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Executive Summary 

This report presents an overview of Task 3.2 progress in the HITEC work package of the European Joint 

Programme on Radioactive Waste Management programme.  The objectives of this task are focussed 

around evaluating the behaviour of clay buffer materials at high temperature.  The findings are expected 

to inform the feasibility of designing geological disposal facilities to operate at elevated temperature 

conditions.  The objectives of this work are described, followed by an overview of progress on this task 

from each project partner.   An emphasis is given on materials used, research planned, laboratory set-

ups used and results available to date.  Testing is focussed on a range of bentonites including: Mx80, 

Kunipia-G, FEBEX, BCV, Bara-Kade, PBC.  Finally, general conclusions from resulting from this work 

are also provided, with an emphasis on the impacts for repository design, remaining uncertainties and 

recommendations for future work. 

Despite delays resulting from the Covid-19 crisis, substantial progress has been made in the 

development and construction of a wide range of experimental apparatus within this task. Progress has 

been made in the development of imaging methodologies and preliminary observations indicate that the 

uptake of water is sensitive to elevated temperatures. Relationships delineated within Task 3.2 include: 

(i) the observation of swelling pressure and permeability as a function of temperature for various dry 

densities, swelling strains, chemical states and conditions and (ii) water retention curves, as function of 

temperature.  For the materials and conditions tested, an influence of elevated temperature on water 

retention capacity has been observed.  Multiple test programmes, in both Ca- and Na-bentonite have 

also found evidence that, whilst changes to hydraulic permeability are perhaps less significant, swelling 

pressure can be substantially impacted by elevated temperatures.  Further work to consider the 

mechanisms and consequences of this behaviour for repository design are recommended as a result.   

The extensive datasets generated by this Task 3.2 will enable the parameterisation, modification and 

validation of numerical simulations to more accurately represent the thermo-hydro-mechanical 

behaviour of bentonite at elevated temperatures. 
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Glossary 

 Abbreviation Full Term 

HLW High-Level Waste 

SF Spent Fuel 

WP Work Package 
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1 Introduction 

Task 3.2 is focussed on evaluating the feasibility and safety of elevated temperatures in a geological 

disposal facility, in relation to the hydromechanical behaviour of engineered barrier materials.  This 

involves the application of pre-existing knowledge, as well as additional information generated within 

this task to examine the response of clay buffer materials at high temperatures. 

To address this, several effects of relevance must be considered.  The clay may be directly impacted 

by the high temperatures, which have the potential to impact the mineralogy mechanical state and 

physio-chemical behaviour of the clay.  In addition, higher temperatures may result in strong evaporation 

near the heater and vapour movement towards the external part of the buffer. Consequently, part or all 

of the barrier, depending on the disposal concept, will remain unsaturated and whilst experiencing 

elevated thermal loading for long periods of time.  Moreover, steep pore pressure and temperature 

gradients have the potential to impact the water phase, which may result in boiling and potentially 

adverse impacts on barrier performance.  In collaboration with other subtasks in T3, the primary 

objectives of Task 3.2 subtask were defined as: 

¶ Determination of bentonite hydro-mechanical properties for temperatures greater than 100°C, 

which will provide parameters for the modelling work. 

This document provides an overview of the progress made addressing these objectives throughout the 

duration of Task 3.2.    The following sections describe the work carried out by each project partner, 

giving detail on the materials, research plan, procedures and results achieved so far.  Finally, a 

conclusion section synthesises findings from across the project partners, provides specific statements 

relating to the impacts for repository design and provides recommendations for future work. 

2 BGS 

 Introduction  

Overall objective 

Recent experiments (Zihms and Harrington, 2015; Daniels et al., 2017) have demonstrated the 

importance of temperature in defining the hydraulic properties of bentonite engineered barriers. 

Permeability decreases on heating, so long as water remains liquid (as defined by its phase envelope). 

This reduction in permeability is thought to be linked to thermally-induced consolidation of the clay, 

which is likely to occur during the operational and early post-closure phases of a repository. The role of 

saturation and dry density, their impact on thermal conductivity and its subsequent effect on the 

hydraulic and mechanical properties remain unclear. This raises several important questions that have 

yet to be addressed regarding the long-term stability and integrity of the buffer, including the effect of 

thermal loading and thermal gradient on the material permeability and hydromechanical behaviour.  

To address this, BGS has conducted a suite of laboratory experiments using bespoke apparatuses 

specifically designed for low permeability studies at high temperatures (from 100 to 200°C). Two 

experimental suites have been carried out, examining bentonite behaviour at elevated temperatures, 

with emphasis on the evolution of: (i) swelling pressure and (ii) permeability.  The first suite of tests 

involved examination of bentonite samples, either (i) constrained to a fixed volume or (ii) allowed to swell 

into an engineering void.  In both cases, the role of density was examined as well as the impact of 

varying temperature. The second suite of tests is focussed on the evolution and hysteresis of 

permeability and swelling pressure, as a function of temperature and initial dry density, the latter 

reflecting the heterogeneous conditions observed within engineered clay buffers as they hydrate. 

Geotechnical and mineralogical characterisation of samples before and after testing to determine 

changes in physical properties has also either been carried out or is underway and additional findings 

will published in future.  In the open literature, no data could be found viewing these processes as a 

single system response (i.e. coupling processes such as permeability, swelling pressure and stress at 

high temperature).  Combining thermal loading with the simultaneous measurement of permeability or 
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swelling pressures provides important insight into the true system behaviour under such conditions.  

Together, these tests provide process understanding and data for parameterisation of numerical 

simulations, which feed into the assessment of barrier performance under elevated temperatures.   

 Material 

Engineered clays selected for testing comprise MX-80 Bentonite (VolClay) and a calcium-activated 

Bulgarian bentonite. The VolClay (Svensson et al. 2017) bentonite samples are compacted at the BGS 

from powder supplied by the American Colloid Company (now Mineral Technologies Inc.) through 

Sibelco Nordic, who crushed and dried the material. Ca-bentonite samples are compacted from powder 

supplied by Imerys through Svensk Kärnbränslehantering (SKB). Detailed information about the 

composition of the two different bentonite test materials can be found in Table 2.1 below. 

Name MX-80 VolClay Imerys Ca-Bentonite 

Origin/Producer American Colloid Company 
(now Mineral Technologies 
Inc.) through Sibelco Nordic. 

Ca-bentonite from Bulgaria 
supplied by Imerys and 
provided by SKB Sweden. 

Description Granular Na-bentonite,  
crushed and dried. Average 
particle size ranges from 16 to 
200 micron. This material is 
composed of predominantly 
montmorillonite (>90%), with 
small amounts of feldspar, 
biotite, selenite etc. At a 5% 
solids dispersion in distilled 
water the pH of the mixture 
ranges between 8.5 and 10.5. 

Granular Ca-activated 
bentonite from Bulgaria, 
industrially homogenised and 
milled to a granular powder. 
The material contents are 
predominantly montmorillonite 
(>80%), with calcite, quartz, 
mica and trace gypsum. 

Table 2.1 ï Origin and composition of the bentonite powders utilised or available as the test materials 
for the experimental program in Task 3.2. 

Due to delays in the test programme resulting from the Covid-19 pandemic, experiments to date have 

only been conducted using MX-80 bentonite, though Ca-activated bentonite is also available for testing, 

should the new timeframe allow. Granular MX-80 is mixed with deionised water and compacted at 

80MPa for 24 hours to produce the test sample. The sample is then lathed to precisely fit the pressure 

vessel interiors used during testing. 

 Research plan 

Two experimental test programmes have been operating within the UKRI (BGS) contribution to this task.  

To date, these have been conducted in two different apparatuses and are focussed on the examination 

of: 

(i) Swelling pressure development in bentonites at elevated temperatures, under a constant 
volume configuration 

(ii) Permeability evolution in bentonite at elevated temperatures 

The research plan for each of these test programmes is described separately below. 

Swelling pressure development 

The primary objective for this test programme was to assess the impact of dry density and thermal 

loading on swelling pressure development in bentonite. 

The initial intention was to conduct the first tests on samples that, at the start of testing, already fully 

occupy the interior volume of the pressure vessel, thereby resulting in the immediate generation of 

substantial stresses as the clay is hydrated.  However, production of these longer samples required the 
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development of a new sample press, the delivery of which was substantially impacted by lack of onsite 

access for workshop staff and supply chain disruption for necessary components during the Covid-19 

crisis.  As such, the test programme was continued by rearranging the planned test order and beginning 

with shorter samples, which are then allowed to swell axially into a void within the pressure vessel 

interior.  By using samples of varying lengths, the influence of voidage on swelling pressure in the 

presence of elevated temperatures can be examined as a function of axial strain.  Testing then 

proceeded to consider bentonite behaviour under fully constrained (constant volume) conditions. 

A brief summary of the experimental materials and procedure is given in Table 2.2.  Each individual test 

was carried out at a fixed temperature, for a duration of up to 100 days.  Tests were planned to cover a 

range of elevated temperatures: 100, 150 and 200°C.  However, early in the project concerns around 

degradation of the apparatus seals at the highest temperatures led to a decision to run the highest 

temperature at 17°C instead.  Swelling behaviour of the bentonite was, however, still investigated in the 

permeability tests described in the next section.  The test programme follows the test matrix given in 

Table 2.3.  Tests 1 to 11 have now been completed and Test 12 will be completed before the end of the 

project. 

The planned test programme was substantially impacted by the Covid-19 global pandemic, with multiple 

factors setting the test programme back more than 6 months.  However, substantial progress was made 

in bringing testing back on track and the objectives of this experimental programme have been achieved 

despite this, by careful planning. 
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2.1.2.1 Material (BoM item):  

MX-80 to date, Ca-activated bentonite may still be tested before the end of the project, if time allows. 

2.1.2.2 Temperature (to which material was/will be exposed to) and exposure time 

Granular MX-80 is mixed with deionised water and compacted at 80MPa for 24 hours to produce the test 
sample. The sample is then turned down in a machine lathe to fit precisely the constant volume (CVRF) 
apparatus. 

2.1.2.3 Material treatment (sample preparation for test and loading procedure): 

Tests to be carried out at a range of temperatures: 100, 150 and 175°C. Each individual test is carried 
out at a fixed temperature and for a duration of up to 100 days 

2.1.2.4 Temperature (to which material was/will be exposed to) and exposure time 

Tests to be carried out at a range of temperatures: 100, 150 and 175°C. Each individual test is carried 
out at a fixed temperature and for a duration of up to 100 days. 

2.1.2.5 Tests carried out (name, description, sample preparation, procedure, results): 

Initial testing was carried out using shorter samples, which were then allowed to swell axially into a 
void within the pressure vessel interior.  By using samples of varying lengths, the influence of voidage 
on swelling pressure in the presence of elevated temperatures could be examined as a function of 
axial strain. 

The same procedure is applied for each test, as follows: 

¶ The sample is installed in the base of the constant volume pressure vessel. This vessel has 

been manufactured from a type of steel with a low thermal expansion coefficient (INVAR). 

The vessel is sited in the vertical orientation (sample vertical along its length). 

¶ If a void is to be present, this is filled with the same water as the clay sample. Deionised water 

is used as the external pressurising fluid in all of the tests performed. 

¶ The apparatus is heated to the testing temperature (100, 150 or 175°C) in a large oven and 

left to equilibrate overnight. 

¶ A constant water pressure is applied to both ends of the sample. 

¶ The sample is allowed to hydrate and swell. Swelling pressure development is measured at 

multiple locations (both axial and radial) on the sample surface. 

¶ In axial swelling tests, samples were 95mm in length and were allowed to swell axially into a 

remaining void of 25 mm. 

In constant volume tests, samples were 120 mm in length: the full length of the pressure vessel 
interior. 

 

Table 2.2 ï BGS ï Swelling pressure development in constant volume configuration. 
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Test Geometry Temperature 

(
o
C) 

Initial length Dry Density 

(kg/m
3
) 

Duration 
(days) 

1 

(FPR-20-008) 

Axial swelling, 
radially 
constrained 

100 95 mm 1.7 100 

2 

(FPR-20-024) 

Axial swelling, 
radially 
constrained 

100 95 mm 1.5 100 

3 

(FPR-21-010) 

Axial swelling, 
radially 
constrained 

150 95 mm 1.7 100 

4 

(FPR-21-030) 

Axial swelling, 
radially 
constrained 

150 95 mm 1.5 100 

5 

(FPR-22-023) 

Axial swelling, 
radially 
constrained 

175 95 mm 1.7 100 

6 

(FPR-22-048) 

Constant 
volume 

100 Full length 1.7 50 

7 

(FPR-22-092) 

Constant 
volume 

175 Full length 1.7 50 

8 

(FPR-22-051) 

Constant 
volume 

150 Full length 1.7 50 

9 

(FPR-22-118) 

Constant 
volume 

100 Full length 1.3 50 

10 

(FPR-23-011) 

Constant 
volume 

175 Full length 1.3 <50 

11 

(FPR-23-060) 

Constant 
volume 

150 Full length 1.3 <50 

12 

(FPR-23-xxx) 

Constant 
volume 

175 Full length 1.5 <50 

Table 2.3 ï Test matrix for experiments allowing axial swelling of samples.  All tests have been 
completed except Test 12, which will be completed by the end of the project. 

 

Permeability evolution 

The primary objective for this test programme was to assess the evolution and potential hysteresis of 

permeability and swelling pressure in bentonite, as a function of temperature and initial dry density. 
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A brief summary of the experimental materials and procedure is given in Table 2.4.  Two permeability 

tests have been conducted on bentonite samples with a dry density of 1.56 g/cm3 and 1.7 g/cm3.  A third 

test is currently operating and will be completed by the end of the project, with a sample of dry density 

= 1.3 g/cm3.  The first permeability experiment suffered some delays due to a leak in the backpressure 

system and lasted a period of approximately 250 days.  It was subjected to two thermal loading cycles 

with temperatures ranging from 100 to 200°C.  At each thermal step the temperature was held constant 

and swelling pressures and flows were allowed to equilibrate before the next step was applied.  The 

same approach was also applied for the second test.  The test matrix is outlined in Table 2.5.  The 

inclusion of thermal loading cycles means that the duration of these tests is much longer than for the 

swelling pressure development tests, but the result is a continuous dataset showing the long-term 

response of the bentonite to high thermal loads. 

 

2.1.2.6 Material (BoM item):  

MX-80 

2.1.2.7 Material treatment (sample preparation for test and loading procedure): 

Granular MX-80 is mixed with deionised water and compacted at 80 MPa for 24 hours to produce the 
test sample. The sample is then turned down in a machine lathe to fit precisely the constant volume 
(CVRF) apparatus. 

2.1.2.8 Temperature (to which material was/will be exposed to) and exposure time 

All three experiments include several temperature steps across the range: 100-200 °C. The 
temperature is held constant at each step to allow steady-state to be approached and measurements 
to be made before the next step. Each test duration is of the order of several months. 

2.1.2.9 Tests carried out (name, description, sample preparation, procedure, results): 

Each test is carried out according to the following procedure: 

¶ The sample is installed in the constant volume pressure vessel. 

¶ The apparatus is heated to the first testing temperature (100°C) in a large oven. 

¶ Deionised water is used to apply a constant pressure to both ends of the sample. 

¶ The sample is allowed to hydrate and swell.  

¶ A hydraulic pressure gradient is applied across the sample, inducing a small flow and allowing 

the hydraulic permeability to be determined. 

¶ The temperature is then increased and (once swelling and flows have stabilised) the 

permeability is determined again. This procedure is repeated for multiple temperature steps 

(100, 150 and 200°C), to assess the impact of thermal loading and unloading. 

Two permeability tests have been conducted on bentonite samples with a dry density of 1.56 g/cm3 
and 1.7 g/cm3.  A third test is currently operating and will be completed by the end of the project, with 
a sample of dry density = 1.3 g/cm3.  

Table 2.4 ï BGS ï Permeability evolution in constant volume configuration. 
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Test Apparatus Temperature 

stages (
o
C) 

Dry Density 

(g/cm3) 

Duration 

A 

(FPR-20-026) 
INVAR CVRF 100, 150, 200, 

150, 200, 150, 
100 

1.56 6 months 

B 

(FPR-22-043) 
INVAR CVRF  100, 150, 200, 

150, 200, 150, 
100 

1.7 6 months 

C 

(FPR-22-094) 

INVAR CVRF 100, 150, 200 
o
C 1.3 ~3 months 

Table 2.5 ï Test matrix for permeability testing of bentonite.  Tests A-B have been completed.  Test C 
is running and will be completed by the project end. 

The planned test programme was substantially impacted by the Covid-19 global pandemic, with multiple 

factors setting the test programme back more than 6 months.  In particular, Test C was substantially 

delayed due to excessive lead times in the delivery of high temperature seals during this time.  Test C 

will have a shorter duration than Tests A-B but will still provide its planned outputs.  The objectives of 

this subtask have, therefore, all still been achieved. 

 Procedures 

 Laboratory set-ups, procedures and protocols 

Two apparatuses were constructed for the test programmes being conducted in Task 3.2 (Figure 2.1; 

Figure 2.4). Both of these can constrain a sample under a constant volume boundary condition (both 

radially and axial).  Alternatively, a shorter sample than the interior of the vessel can be used, such that 

swelling is permitted in an axial direction until the pressure vessel interior volume is filled by the clay.  

Both of these geometries have been tested in this project.  In the permeability experiments, full length 

volume samples have been used, meaning that both axial and radial volume change of the sample is 

minimal.  The test apparatuses used for the two test programmes are described below.   

Swelling pressure development 

This is a bespoke apparatus that was designed and built at the BGS, and consists of (1) a thick-walled, 

dual-closure pressure vessel; (2) an injection pressure system; (3) a backpressure system; (4) 12 

bespoke pressure transducers measuring radial and axial total stress; and (5) a microcomputer-based 

high-speed data acquisition system (Figure 2.1). The pressure vessel is comprised of a dual-closure 

tubular vessel manufactured from Invar Alloy 36 steel, pressure-rated to 70 MPa, with the internal 

surfaces hard-chromed to prevent damage.  Samples can be hydrated and/or a backpressure can be 

applied through two porous filters mounted on the end-closures.  Samples are constrained radially, by 

the rigid stainless-steel cell, resulting in the development of a swelling pressure on hydration. 

The pressure sensors used in this vessel are XP1147-200BS temperature-compensated custom 

sensors supplied by StrainSense Ltd.  A detailed description of this second apparatus is given by 

(Daniels et al., 2017). The pressure measurements made in these experiments can be considered 

accurate to ±15 kPa.  Large axial sintered filters were also inserted into the end closures to ensure an 

even distribution of fluid entering the vessel at each of its ends.  The test fluid (deionised water) was 

supplied to the sample using high precision syringe pumps (Teledyne ISCO D-Series 260D).  The entire 
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apparatus is contained within a BINDER GmbH oven (Series FED 400), to allow heating, whilst the 

syringe pumps operate outside the oven. 

 

 

Figure 2.1 ï [A] cut-away diagram and [B] schematic of the apparatus for the swelling pressure 

development tests showing the positioning of the pressure sensors and axial filter discs; [C] photo of the 

experimental set up including vessel, end closures and pressure sensors. This part of the assembly is 

now situated in a large oven; [D] internal view showing the eight radial and two axial pressure sensors. 

The axial sensors are embedded in the end closure filter (from Harrington and Daniels, 2018). [BGS © 

UKRI] 
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Permeability evolution 

The constant volume apparatus used to conduct permeability testing in this Task is shown in Figure 2.4. 

As with the apparatus for the swelling pressure tests, this is a bespoke set-up that has been designed 

and built at the BGS, and consists 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) 3 port-arrays with transducers for porewater pressure measurement; and (6) a 

microcomputer-based high-speed data acquisition system. The pressure vessel is 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. 

The pressure sensors used to measure swelling pressure in this vessel are XP1147-200BS 

temperature-compensated custom sensors, supplied by StrainSense Ltd.  A detailed description of this 

second apparatus is given by (Daniesl et al., 2017). The pressure measurements made in these 

experiments can be considered accurate to ±15 kPa.  Large axial sintered filters were also inserted into 

the end closures to ensure an even distribution of fluid enring the vessel at each of its ends. The test 

fluid (deionised water) was supplied to the sample using high precision syringe pumps (Teledyne ISCO 

D-Series 260D).  The entire apparatus is contained within a BINDER GmbH oven (Series FED 400), to 

allow heating, whilst the syringe pumps operate outside the oven. 

Calibration procedure 

Extensive efforts have been made on calibration of pumps and sensors during this test programme.  

Whilst customised sensors have been utilised, which have been specifically designed to compensate 

for changes in temperature. It was considered important to assess sensor performance as a function of 

temperature.  The following calibration procedures were therefore used: 

¶ The pressure vessel was filled with water and the injection and backpressure pumps were set 

to zero at atmospheric pressure. 

¶ A pressure calibrator (periodically recalibrated to a certified standard) was connected to the 

injection pump. 

¶ The oven was switched on and set to the temperature planned for testing.  The vessel was then 

allowed to equilibrate (as assessed by thermocouple data) 

¶ The injection pump was then cycled from low to high pressure in a series of steps of the same 

duration and then lowered again.  Output from the pressure calibrator was also logged for each 

step (Figure 2.2Figure 2.2 ï Example Calibration test data, showing temperature steps (left) and 

sensor responses on pressure cycling (right).). 

¶ The injection pump was next set to run on an equivalent programmed pressure cycle over a 

minimum period of 24 hrs, whilst all sensor responses were logged. 

¶ A least squares regression was used to find a linear fit to the injection pump and calibrator data, 

providing coefficients for correcting injection pump pressure outputs and calculating test set-

points. 

¶ This calibration was next applied to the injection pump data over the programmed pressure 

cycle, which was then used to allow further linear regression of each individual sensor and again 

provide correction coefficients (Figure 2.3). 

In the case of permeability testing, this calibration procedure was conducted for each of the temperature 

steps planned during testing to assess any potential hysteresis. 
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Figure 2.2 ï Example Calibration test data, showing temperature steps (left) and sensor responses on 

pressure cycling (right). 

 

 

Figure 2.3 ï Example showing sensor responses to calibrated pump pressure and least squares 

regression fits, for a given temperature (175°C). [BGS © UKRI] 

Test procedure for the swelling pressure experiments 

The whole pressure vessel assembly (excluding the syringe pumps) was stationed inside an oven 

(BINDER GmbH, Tuttlingen, Germany, Series FED 400) that has a temperature range of 5°C above 

room temperature to 300°C.  At the start of 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 (distilled water).  All of the tubework was carefully flushed with the test fluid through 

each available port to ensure no residual air remained.  The apparatus was then heated to the testing 

temperature before the commencement of the first test.  The sample was pushed to the base of the void 

inside the apparatus.  For shorter samples intended to swell axially, the remaining void space above the 

sample was filled with distilled water; the sample was not heated in advance of insertion because this 

would have affected the pre-test saturation. 
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Figure 2.4 ï [A] Cut-away diagram of the apparatus for the permeability evolution tests showing 
positioning of the total stress sensor locations and load cell housings, and the locations of the 

porewater pressure filters; [B] Photograph of the apparatus inside the large experimental oven. Five 
total stress sensors are located around the periphery of the sample, two axial and three radial. Three 
radial flow arrays record the porewater pressure in the sample at three points along its length. Each 
radial flow array comprises four filters set at 90° to each other (from Harrington and Daniels, 2018). 

[BGS © UKRI] 

[A] 

[B] 
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Where a sample smaller than the pressure vessel interior was used, pore pressure was carefully applied 

alternately to each end of the sample in steps to the target value of 4.5 MPa, starting at the end of the 

apparatus that was originally void space. This kept the sample fixed against the other end of the 

apparatus interior and prevented it from sliding along the bore of the vessel before the sample swelling 

began. The pore pressure reference value was chosen for comparability with Swedish plans for a 

disposal facility, as outlined by SKB.  This also ensured water would remain in the liquid phase during 

testing. The flow rate into and/or out of the sample was then 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 external hydraulic gradient 

was then applied to the clay at any further point in the test.  FieldPointÊ and cRIO logging hardware 

and the LabVIEWÊ data acquisition software (National Instruments Corporation, Austin, TX, USA) were 

used to log the flow rate, stresses and pore pressure at 2 min intervals, providing a detailed time series 

dataset. Over the duration of each test, the sample was able to swell in the axial direction, into the 

remaining interior void space. 

Each test was operated for a fixed duration of 100 days, allowing comparison between the tests. At the 

end of each test, the pressure was incrementally reduced at both ends of the vessel at the same time 

to ensure that there was no hydraulic gradient applied across the sample.  The oven was also switched 

off, but remained closed for a minimum of 16 h whilst the temperature reduced to ambient. The sample 

was extruded out of the vessel in increments and sliced into approximately 10 mm thick pieces using a 

sharp blade. The slices were weighed immediately after their extrusion, whilst the remainder of the 

sample still in the vessel was covered with cling-film to minimise moisture loss. 

The weighed slices were placed in an oven at 105°C and dried to determine the moisture content. The 

post-test dry density was calculated from the moisture content for each sample, using a specific gravity 

of 2.77 and assuming a saturation of 1. This is a reasonable assumption because the start saturation of 

the samples was close to unity and the void was filled with water (Daniels et al. 2021). 

Test procedure for the permeability experiments 

The initial test procedure for the permeability experiments is outlined in Table 2.4 and followed that of 

the swelling pressure test programme described above, with the exception that the initial water pressure 

applied to the samples was lower, at 2 MPa.  The sample was left to hydrate until swelling pressures 

had reached a plateau.  At this stage, the test programmes diverge and the injection pressure was 

increased to a value of 4 MPa to initiate hydraulic testing.  This resulted in a 2 MPa pressure gradient 

across the sample, which induced a small flow, allowing the hydraulic permeability to be determined.  

Once swelling and flows had stabilised, the oven temperature was then increased and the permeability 

could be determined again. This procedure was then repeated for multiple temperature steps (100, 150, 

200, 150, 200, 150, 100°C), to assess the impact of thermal cycling on the clay.  Decommissioning of 

the experiment was conducted in the same fashion as for the swelling pressure tests. 

 Data and other results available 

Swelling pressure development 

The parameters/properties measured/determined by these experiments include: 

¶ the swelling pressure as a function of time at various temperatures and dry densities 

¶ the fluid volume into and out of the sample, providing the net fluid volume change with time 

¶ post-test geotechnical information 

¶ XRD analysis of test samples after heating is currently underway 
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Permeability evolution 

The parameters/properties measured/determined by these experiments include: 

¶ the fluid volume change with time as the sample hydrates 

¶ the swelling pressure as a function of time and temperature at a range of temperatures from 

100-200°C 

¶ the fluid flow rates across the sample during hydraulic testing under a constant pressure 

gradient 

¶ the hydraulic permeability as a function of temperature 

¶ the porewater pressure development in the sample at multiple locations, as function of time 

¶ post-test geotechnical information 

¶ XRD analysis of test samples after heating is currently underway 

 Results 

 Investigation performed 

The tests planned for this study are summarised in Table 2.3 and Table 2.5.  All of these tests have 

been completed except Swelling Test 12, which is due to start and Permeability Test C, which has yet 

to finish.  Both will be completed by the end of the project.  The objectives of this study have, therefore, 

been achieved. 

 Results from investigation 

Swelling pressure development ï axial swelling permitted 

This section details the findings from swelling pressure experiments where axial swelling into a void was 

allowed (samples were smaller than the interior of the pressure vessel).  The samples were subjected 

to an applied water pressure of 4.5 MPa, whilst being subjected to an elevated temperature of either 

100 or 150°C for a period of 100 days.  Swelling pressures were calculated by subtracting the average 

applied water pressure (at the up- and down-stream pumps) from the recorded axial and radial stresses. 

As would be expected, the initially-generated swelling pressures were seen to vary substantially at 

different measurement locations (Figure 2.5) for all tests. The lowest pressures were recorded at the 

void end of the vessel and the highest pressures were detected at the end where the clay sample was 

initially present.  Over the duration of testing, axial and radial stresses were observed to converge, as 

the clay swelled into the void end of the pressure vessel.  Nevertheless, a significant heterogeneity in 

the observed stress distribution was found to persist even after 100 days (Figure 2.5).  As would be 

expected, substantially greater swelling pressures were generated for the higher density samples 

(Figure 2.5).  For the same dry density, similar peak swelling pressures were observed at 150°C, as 

compared to 100°C.  However, at the higher temperature, swelling pressures had yet to reach a plateau 

by day 100 and were continuing to decline at the end of testing (Figure 2.5). This experiment also 

showed a wider residual range of differential pressures at the end of testing, indicating that 

homogenisation was inhibited.  This observation was in contrast to previous findings from the EC 

BEACON project that indicate a higher uniformity at temperatures of 90°C, as compared to ambient 

temperature conditions.  It may be that this effect may only become significant at the higher temperatures 

used in this test programme.  Additional geochemical (XRD) analysis may provide further insight. 
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Figure 2.5 ï From left to right, Swelling pressure evolution of tests: FPR-20-24 (100°C, 1.5g/cm3), 
FPR-20-008 (100°C, 1.7g/cm3), and FPR-21-010 (150°C, 1.7g/cm3). [BGS © UKRI] 

This dataset completes the existing data generated from the EC BEACON research project by Daniels 

et al. (2021) and the findings from both test programmes are compiled here to provide a deeper insight 

into the observations to-date.  To compare the evolution of swelling pressures at a range of temperature 

conditions and in the presence of a void, an average swelling pressure was found over an interval of 30 

data points at day 100 of each experiment.  Given the ongoing differential pressures seen at this stage 

of testing, an average value was found for those sensors closest to the initial void location and those 

closest to the compacted clay end of the pressure vessel interior.  These values are shown in Figure 

2.6, as a function of temperature.  A substantial difference is apparent in the swelling pressures 

determined above and below 100°C. 

 

Figure 2.6 ï Swelling pressure as a function of temperature at the low density (initially void) end of the 
sample. [BGS © UKRI] 
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