
DOCTORA L  T H E S I S

Department of Civil, Environmental and Natural Resources Engineering
Division of Mining and Geotechnical Engineering

Maturation of Clay Seals in Deep Bore Holes 
for Disposal of Radioactive waste

– Theory and Experiments

Ting Yang

ISSN 1402-1544
ISBN 978-91-7583-973-8 (print)
ISBN 978-91-7583-974-5 (pdf)

Luleå University of Technology 

T
ing Y

ang  M
aturation of C

lay Seals in D
eep B

ore H
oles for D

isposal of R
adioactive w

aste 

Soil mechanics 



 



DOCTORAL THESIS

Maturation of Clay Seals in Deep Bore Holes 
for Disposal of Radioactive waste

- Theory and Experiments

Ting Yang

Luleå, November 2017

Department of Civil, Environmental and Natural Resources Engineering
Division of Mining and Geotechnical Engineering

Luleå University of Technology
SE-97187 Luleå, Sweden



Printed by Luleå University of Technology, Graphic Production 2017

ISSN 1402-1544  
ISBN 978-91-7583-973-8 (print)
ISBN 978-91-7583-974-5 (pdf)

Luleå 2017

www.ltu.se



i 

Acknowledgements

How time flies! I have been studying for my PhD at Luleå University of Technology for the 
past four years. I would like to take this opportunity to say thank you to all those who have 
supported me and made this work possible.  

Financial support from East China University of Technology allowed me the opportunity to 
complete the doctoral study in Sweden. Luleå University of Technology also supported me and 
provided laboratory resources. All of the financial support provided for this research work is 
most gratefully acknowledged.  

The research work was carried out in the division of mining and geotechnical engineering under 
the supervision of Professors Jan Laue, Roland Pusch, Sven Knutsson and Xiaodong Liu. I 
would like to say a special thank you to my principle supervisors, Jan Laue (2015-now) and 
Sven Knutsson (2013-2015) for their very kind support, encouragement and motivation, which 
helped me grow throughout my journey.  

I would like express my deepest gratitude to my assistant supervisor Prof Roland Pusch, without 
whom this thesis would have never started, for all of the guidance, fruitful discussions and 
helpful advice on my research. Form his words and deeds, I also learned a good attitude towards 
both work and life. I am also grateful to my assistant supervisor Xiaodong Liu, who helped me 
to get the financial support, providing GMZ raw materials and funded me personally, enabling 
me to join International conferences.

I would like thank to Prof. Jörn Kasbohm at University of Greifswald for his comprehensive 
help with the tests and analysis of the mineralogical and chemical composition of GMZ clay. I 
also would like to extend my thanks to Prof. Hans Mattsson for his assistance and discussions 
of the mathematics model, colleague Roger Knutsson for his help with Matlab, technician 
Thomas Forsberg for his very experienced technical support. All my colleagues, Prof. Nadhir 
Al-Ansari, Kerstin Pousette, Jenny Lindblom, Tommy Edeskär, PhD friends in the research 
group and other friends in Sweden are highly appreciated for their help in various aspects and 
for many delightful moments during my study period.  

Finally, I would like to express my deepest gratitude to my lovely family for their patience, 
understanding, support and encouragement.  

Ting Yang

November 2017 



ii



iii

Abstract 

KBS-3 and very deep borehole (VDH) concepts are two major types of long-term geological 

disposal methods for high-level radioactive waste (HLW) isolating from the biosphere. The 

KBS-3V concept for isolating the HLW at the depth of 400-500 m, is the officially proposed

option in Sweden and has been the subject of considerable research in the past few decades, 

while the VDH concept was considered as an option in the 1950s but later became discouraged 

because of insufficient experience in drilling technology. The greatest merit of the VDH 

concept is that the almost stagnant groundwater in the deep boreholes prevents the transport of 

the possible release of radionuclides into the rock or up to the ground level. Since various 

disadvantages of the KBS-3V concept were found in previous research, the superiority of VDH 

concept attracted the researchers to continue studying it into the late 1980s. 

The geological repositories of both of KBS-3V and VDH types primarily consist of a natural 

barrier (host rock) and of an engineering barrier (also known as a buffer/backfill barrier). 

According to the principle of IAEA and national relative research organizations, the 

buffer/backfill material should have low permeability and good expandability, as well as 

suitable physical and sealing properties.  

The thesis concerns the VDH concept and is focused on the construction and performance of 

those parts of the sealed repository that are not affected by high temperature or gamma radiation.

In the lower part of a VDH repository, the clay packages containing HLW will be exposed to 

high temperature (100-150 ) in the borehole and to highly saline groundwater. In the 

installation phase of HLW, the groundwater will be pumped out and replaced by medium-soft 

smectite clay mud in which the HLW packages are installed vertically. During the hydration 

and maturation of the clay components, the microstructural reorganization, water transport, 

migration of clay particles and redistribution of the density of the components take place. The 

maturation determines the transient evolution of the clay seals and influences the rheological 

and soil mechanical behavior in the installation phase. The maturation of clay system also

determines their ultimate sealing potential of VDH repositories.

This study presents the work carried out for investigating the maturation of the buffer-backfill 

clay in the HLW deep borehole. Initially in the study three types of clays, the Na- 

montmorillonite, magnesium-rich and illite-smectite mixed layer clays, were examined for
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estimating their performance as the barrier candidate material. This is mainly presented in the

literature review. The experimental study was conducted on montmorillonite GMZ clays and 

I/S mixed-layer Holmehus clay. The expandability and permeability tests were carried out for 

interpretation of the recorded swelling development and assessment of the effect of the saline 

conditions, with the goal of deriving a relationship between swelling pressure and hydraulic 

conductivity for different dry densities. The maturation tests of initially fully-saturated 

Holmehus clay and partly saturated GMZ clay were performed. During the tests, the shear 

strength mobilised by the relative movement of densified mud and migrated dense clay -

contained in a perforated central tube - were determined. According to the results of shear 

strength tests, the maximum operation time or the number of clay packages to be placed in a 

single operation was evaluated, whilst the suitable saturation degree of the dense clay was 

discussed as well.

A model of the maturation of initially water-saturated clay seals based on Darcy’s law was 

worked out and the evolution of the clay components in a lab-scale borehole using Holmehus 

clay were performed and compared with the experimental recordings. Good agreements

between the physical behaviors of the theoretical simulations and the measurements was 

achieved by which the validity of the model was verified. Using the results, the hydration and 

soil migration in the entire maturation process were presented in diagram. The model was also 

used for preliminary evaluation of the maturation products in real boreholes by assuming the 

same Holmehus clay as used in the tests. Two constellation of borehole and dense clay with 

different diameters, 80 cm borehole /60 cm clay and 80cm/50cm, were assumed. The results

respecting dry density and hydraulic conductivity of the ultimate maturation products, and the 

degree of homogeneous of the buffer and backfill clay system in the assumed boreholes, are 

presented and discussed. The options of different mineral types and initial physical properties 

of the candidate buffer clays provide a reference for engineering barrier design of HLW disposal 

in VDH. 

Keywords: high-level radioactive waste (HLW), very deep borehole (VDH), disposal,

saturation degree, water transport, maturation, model, shear strength, hydraulic conductivity, 

swelling pressure, homogenization.
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1

CHAPTER 1 

Introduction 

1.1 Background

The matter of isolating high-level radioactive waste (HLW) has been investigated for many 

years. The regulations of organizations like the International Atomic Energy Agency (IAEA) 

form the basis of proposing safe methods for HLW repository design and construction (Pusch, 

2008; IAEA, 2003). Geologic disposal of HLW can be environmentally acceptable if the 

radionuclides are kept isolated from human beings for more than 100,000 years. There are two 

major repository design concepts, KBS-3 types and very deep boreholes (VDH). They are 

presently discussed in various countries (Pusch, 1994, 2008; Yong et al., 2010). 

1.1.1 HLW disposal concepts

KBS-3 concepts

The so-called KBS-3 concepts are currently being proposed by the organization Swedish 

Nuclear Fuel and Waste Management AB (SKB). The design principles of these repository

options are indicated in Fig. 1, assuming the HLW canisters to be isolated at a depth of 400-

500 m in crystalline rock vertically (KBS-3V), inclined (KBS-3i) or horizontally (KBS-3H). 

The KBS-3V concept is an official Sweden/Finnish version that has been examined and 

developed more thoroughly than the other types. The KBS-3V option implies that tunnels with 

cross/section of 20–25 m2 are blasted at 400-500 m depth and equipped with 1.9 m diameter 

canister deposition holes bored with a spacing of 6–8 m to about 8 m depth from the floor

(Pettersson and Lönnerberg, 2008; Pusch and Weston, 2015).
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Fig. 1. HLW disposal concepts. Left: A: HLW canisters placed vertically in the floor of wide tunnels. 

B: KBS-3i with inclined deposition holes, C: KBS-3H with long nearly horizontal tunnels with canisters 

surrounded and separated by dense seals of smectitic clay. Right: Schematic section of KBS-3V. (Pusch 

and Weston, 2015; Pusch, 2015)

VDH concept

The earliest idea of the VDH method was proposed in the USA and the USSR in the 1950s, but 

was discouraged because the drilling technology was considered to be difficult, and waste 

retrieval deemed nearly impossible and expensive. The concept returned to the spotlight when

Woodward-Clyde Consultants (1983) developed the very deep hole system with a diameter of 

0.51 m to a depth of around 6,000 m in a design for a project. In 1989, Juhlin and Sandstedt 

concluded that deep boreholes with a diameter of up to 0.80 m and a depth of 4000 m were

suitable for disposal of nuclear waste. Harrison’s design (2000) has the same borehole depth as 

Juhlin and Sandstedt, but he proposed boreholes with a diameter of 0.762 m with a feasible 

design for a deep borehole disposal system. Beswick (2008) suggested that a borehole diameter 

of 0.75 m is feasible with current technology to a depth of 3000 to 4000 m. Pusch et al. (1992, 

2008 and 2016) proposed that very deep holes should be drilled to 500 m with 1.3-1.4 m 

diameter and to 2000m with 0.8 m for sealing, and for disposal of canisters from 2000 to 4000

m. The VDH design can be as depicted in Fig. 2. 
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Fig. 2.  Schematic of VDH concept for disposal of HLW in SKB (Pusch, 2015).

1.1.2 Geological basis for deep HLW disposal

The effective geological isolation of HLW over many thousands of years requires application 

of a multi-barrier principle, implying use of artificial engineered barriers and natural barriers,

taking the rock mainly as a mechanical protection. The rock can have an isolating effect on

HLW by providing absorption of potentially released radionuclides by fracture-coating 

minerals like chlorite, clay minerals and zeolites. Even short-term strain under present and 

future stress conditions at any depth makes its isolating role rather unimportant. The stagnant 

heavy groundwater at great depth provides the main barrier of the host rock to radionuclide 

migration. An important requirement is that the upper part of a VDH is sealed with very low-

permeable clay so that flow and diffusive transport of possibly released radionuclides moving 

upwards from the waste-bearing part is negligible.

Rock types

Effective isolation of nuclear waste can be provided by repositories constructed in salt, 

crystalline and argillaceous rock (Pusch, 2008). The first two rock types normally offer very 

stable chambers at 400-500 m depth in contrast to excavations in argillaceous rock. The rock 

stresses at these depths are often high enough to create spalling and poor stability of the roof 
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and walls of blasted tunnels and rooms in crystalline rock and even more critical conditions can 

be caused by tunnel boring (TBM), which causes high tangential stresses. Chambers and tunnels 

will be surrounded by a continuous, very permeable excavation-disturbed zone (EDZ) which 

can serve as a very effective water conductor and transport path for possibly released 

radionuclides. Such disturbance, although with much less impact on the rock, is caused also by 

boring, which makes KBS-3H and VDH repositories more favorable than those of KBS-3V

type. While salt rock has the excellent property of undergoing self-sealing of the EDZ and any 

void or defect in the rock, it may in fact be too tight and burst if gas produced by canister 

corrosion or otherwise, becomes pressurized (Pusch, 2008).

Rock structure – a primary factor for VDH performance

The fracture system in the “near-field” rock of deposition holes and tunnels is responsible for 

the dissemination and migration of possibly released radionuclides from placed HLW. 

Identification of major water-bearing structural elements, which are termed low-order 

discontinuities in various categorization schemes, exist at any depth and make up constellations 

of dominant paths for groundwater flow. They are of primary importance in the site-selection 

process for repositories and represent major “fracture zones”, which should naturally be 

avoided in this process. Permeable finer fractures and fracture zones are frequent down to 1-2

km depth and responsible for the large part of groundwater movement in shallow rock. Deeper 

down they are compressed under the high stresses that prevail below a couple of kilometers 

depth. Table 1. shows a categorization scheme for rock structural features. Similar schemes 

have been employed by SKB and its sister organizations in Spain, Switzerland and other 

countries at the location of HLW repositories. The scheme is described in the following and the 

structural elements that can be accepted in repository rock are those termed discontinuities of 

4th and higher orders (Pusch, 2008):

1st order discontinuities, i.e. very large discontinuities (faults) that must not intersect a 

repository.

2nd order discontinuities, being large fracture zones, may intersect a ramp or shafts of a 

repository but must not intersect or interact with the parts of a repository where waste 

is disposed.
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3rd order discontinuities are moderately large discontinuities, i.e. minor fracture zones 

that are allowed to intersect parts of a repository where waste is disposed but not holes 

or parts of tunnels and holes where waste containers (canisters) are located.

4th order discontinuities are discrete water-bearing and mechanically active or 

activatable fractures that have to be accepted anywhere in a repository including holes 

or parts of tunnels where waste containers (canisters) are located.

Table 1. Categorization scheme for rock discontinuities (Pusch 2008; Pusch et al., 2012) 

Geometry of discontinuities Characteristic properties

Order Length, m Spacing, m Width, m Hydraulic conductivity Gouge content Shear strength

Low-order (conductivity and strength refer to the resp. discontinuity)

1st >E4 >E3 >E2 Very high to medium High Very low

2nd E3-E4 E2-E3 E1-E2 High to medium High to medium Low

3rd E2-E3 E1-E2 E0-E1 Medium Medium to low Medium to high

High-order (conductivity and strength refer to bulk rock with no discontinuities of lower order)

4th E1-E2 E0-E1 <E-2 Low to medium Very low Medium to high

5th E0-E1 E-1 to E0 <E-3 Low None High

6th E-1 to E0 E-2 to E-1 <E-4 Very low None Very high

7th <E-1 <E-2 <E-5 None None Very high

Fig. 3 shows a rock structure model with repositories of KBS-3 types at 400-500 m depth and 

a VDH extending to 4000 m depth. At this depth the primary (natural) rock stresses are about 

40 MPa in the horizontal plane and 10 MPa vertically (Pusch et al., 2015a). Hydraulically and 

mechanically active 1st and 2nd order discontinuities at that depth are not much different from 

those deeper down, while those of 3rd and higher orders are more frequent than at a depth of 

more than about 2000 m. Regional hydraulic gradients primarily drive water through major 

permeable discontinuities that interact with the EDZ, which have a high porosity and hydraulic 

conductivity (Pusch et al., 2015a). According to the literature and comprehensive 

measurements by SKB and its sister organizations the average hydraulic conductivity of granitic 

rock with minor fracture zones (3rd order) is 1E-7 m/s at 100 m depth, 5E-10 m/s at 500 m, 5E-

12 m/s at 2000 m and 5E-13 m/s at 4000 m depth. Therefore, unexpected strong inflow of water 

in the holes causing difficulties in tunnel excavation and hole boring as well as in constructing 

seals and placing waste containers are foreseen as major problems in constructing the relatively 

shallow KBS-3 type repositories (Pusch, 1995). 
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Considering the conditions for VDH construction with waste placed at a depth of 2000-4000 m, 

the rock stresses are as high as 50-110 MPa (Brady et al., 2009; Pusch et al., 2012). This causes 

the significant tightness of the rock between fracture zones deeper than about 2000 m. At these 

depths, the groundwater is very heavy (20 % salt content) and largely stagnant, meaning that 

practically no movement of groundwater with possibly released radionuclides can take place. 

In the study, the focus is on the VDH disposal concept.

Fig. 3. A rock structure model indicating the location of repositories of shallow KBS-3 repositories and 

a VDH hole. The red broken line represents a suitably placed VDH: it intersects with only a small 

number of major discontinuities. (Pusch et al., 2012).

1.1.3 The engineering buffer-backfill clay

For the geological disposal of canisters with HLW, they need to be embedded in dense smectite-

rich “buffer clay”. The criteria imply that the engineering buffer-backfill material must serve 

without leakage for a very long time. Smectite clay is proposed since it has low permeability,

low ion diffusion capacity, sufficient expandability (swelling pressure) and self-sealing ability 

during the period.  As to the VDH concept, the dense clay packages consists of pre-compacted 
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clay blocks fitted in perforated steel tubes 1(super-containers) in the upper 2000 m long parts, 

while the lower 2000 m part has the same type of super-containers that also host canisters with 

HLW (Fig.4).

In the installation phase of clay packages, the high water suction potential of the dense smectite-

rich clay makes it absorb water from the surrounding groundwater in the borehole. Salt water 

would cause coagulation (flocculation) of the mud and a risk of erosion of the clay packages

under construction. In order to overcome the above defects, smectitic clay mud with a total 

density of 1100-1300 kg/m³ is proposed to pump down in the holes to replace the salt 

groundwater (Pusch, 2008).

Fig.4. “Super-container” with dense smectite-rich clay placed as seal in the upper part of a VDH (left), 

and containing HLW-canisters embedded in such clay in the deeper part (Pusch, 2015). Concrete is 

casted where the hole intersects water-bearing fracture zones.

During the installation of the clay packages, the compacted smectite-rich clay absorbs water 

from the mud around. The maturation process in clay seals includes clay hydration/migration 

and dehydration/densification proceeds (Yang et al., 2017). Pusch (2008 and 2015) pointed out 

that the maturation of the clay seals must be neither too rapid nor too slow. If the process is too 

quick, densification of the mud can require application of a high axial force for overcoming the 

wall friction and the shear strength that generated by the relative movements between densified 

1 Perforated steel tubes are used to slow down the water absorption and swelling of dense clay, as well as to 
protect the dense clay from damage.
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mud and migrated dense clay at the installation. Ideally, the sets of clay packages will sink 

down into the designated position under their own weight. If the maturation is too slow, the 

ability of placed clay packages with or without canisters to carry the load of concrete cast upon 

them at where fracture zones are intersected will be too low. (Pusch et al., 2016; Yang et al., 

2015b)

Prefilled with soft clay mud which is prepared with tap water, use of perforated tubes (super-

container, Fig. 4), and buffer dense clay with a relatively higher degree of water saturation,

therefore, becomes the considered solution for delaying the densification of the mud and 

regulating the migration of the dense clay at the beginning of the installation.  

1.1.4 Previous work on the aspect of water transport in the buffer-backfill clay seals

In the repository holes, the clay barrier is in a humid environment for some time. Water

transport in smectite barriers has been investigated by a number of investigators and relevant 

literature has been examined in the thesis. Ohkubo et al. (2016) determined the pore-water 

distribution in water-saturated compacted clay and found that samples with low density contain 

freer, interlamellar water. Pacovsky´ et al. (2007) conducted a buffer mass test of the type 

representing the Swedish KBS-3V disposal system on bench-scale, with artificial wetting of the 

buffer clay. They found that the degree of saturation closely followed the development of the 

swelling pressure and that temperature does not affect the degree of saturation. Wang et al. 

(2003) modelled the flow in porous media using homogenization theory, micro-flow 

permeation and macro-scale seepage. They found that a constraint film of clay has a vital effect 

on the coefficient of the permeability but that the stochastic multi-dimensional effect can be

ignored for clay because of the small pore sizes. Pusch et al. (2015) and De Vries et al. (2017) 

have pointed out that in many of the process-based macroscopic models, flow exchange with 

the smaller intra-aggregate pores is believed to be controlled by diffusion. Kristensson and 

Åkesson (2011) investigated the homogenization process in a bentonite clay buffer of KBS-3V 

design in terms of average void ratio. They found that the effective pressure difference between 

the buffer and adjacent smectitic clay determines the ultimate density and porewater distribution. 

Schanz (2016) agreed that the initial heterogeneity ultimately transforms into homogeneity in 

the transient hydration process of compacted buffer material under coupled thermo-hydro-

mechanical (THM) conditions. He stated that the microstructure evolution drives the 

homogenization process, and that the changes in pore size distribution in terms of micro- to 
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macro- porosity, are highly sensitive to the correlated physic-chemical processes. 

Bouchelaghema and Pusch (2017) recently contributed to the understanding of the effective 

hydraulic conductivity tensor by solving the equations for porewater flow through a 2D 

microstructural element of soft and dense smectite gels with channels.

1.2 Problem statement and research question

The VDH concept of HLW placement implies that the isolation of nuclear waste is where the 

rock has a low hydraulic conductivity and stagnant groundwater at depth. The impact of 

temperature generated from the deep stratum and the radiogenic heat, and the salt concentration 

in the groundwater are especially important for the long-term physical stability of clay. In the 

upper 2000 m part of the borehole, it is preferable to use clays that have very low permeability 

and good expandability while the clays in the lower 2000 m deployment part should, ideally,

not be easily modified by the cation in the salt water. Mineral stability in the critical 100-200

year long hot period and retained low hydraulic conductivity are asked for.

For a VDH for HLW disposal, the smectite clay mud is expected to occupy the holes during the 

drilling period and exchange with the groundwater should be none. The mud, into which the 

super-containers with HLW canisters are submerged, retains its physical properties during the 

installation, except for some reduction in viscosity and some aggregation. The thixotropy of the 

mud makes it stiffen somewhat which increases the resistance to penetration of the containers. 

Such resistance is successively increased in the first hours by the migration of clay from the 

central, dense clay in the perforated tube, causing densification of the mud. It is therefore 

essential to complete the installation of each super-container, or set of containers, relatively 

quickly, i.e. in less than one to two days. By this the maturation of the clay packages can be 

brought down to the designed position in the borehole without too much wall friction. In 

addition to this, it provides tight, uniform and stable sealing of the holes. A further function is 

that the mud will seal off the small fractures in the rock, avoiding the possible erosion of the 

buffer-backfill seals. Utilizing of perforated tubes and the dense clay with a relatively high

water saturation degree are proposed for delaying the growth of wall friction.

In the installation and isolation periods, the dense buffer clay absorbs water from surrounding 

mud. Due to the impact of the water suction potential difference, the water will move in the 

clay seals, which are expected to ultimately be homogenous.  In theory, the maturation process 
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includes both water transport and particles migration associated and generated by 

microstructural reorganizations. The prediction of the rate of maturation with time, and the 

status and sealing ability of the clay seals at any time are of primary importance for the 

designing of the clay barrier in HLW repositories.

Logically, the research questions focusing on the problems discussed above can be summarized 

as follows:

Are the clays studied suitable to be the buffer/backfill barrier in HLW disposal? 

Does the initial saturation degree of the dense buffer clay influence the sealing 

properties? -which saturation degree is suitable?

How does the maturation process proceed in the clay seals in the upper part of a VDH?

How to evaluate the maturation products of buffer/ backfill clay in the upper part of a

VDH?

1.3 Objectives of research work

The primary objectives of the present thesis work were to:

1) Assess the studied clays as buffer-backfill candidate for isolating HLW in a VDH.

2) Investigate the maturation of the studied buffer-backfill clays in the borehole.

In order to fulfill these objectives, the following specific tasks were carried out:

1) Laboratory investigation on :

Mineralogical analysis and other basic properties of the studied clays.

Permeability and expandability of the studied clays.

Shear strength and the maturation products of clay seals with various initial degrees

of saturation.

2) Numerical modelling on:

Conceptual maturation model according to the theoretical analysis of the maturation 

process.

Maturation of fully saturated lab-scale sealing cases.

Verification of the maturation model by comparing results from numerical simulation 

with experiments.

The maturation of clay in the proposed size of borehole. Evaluate the ultimate 

maturation products.  
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1.4 Scope of study

The findings of the present study are limited to the following materials and methods:

Material. Existing GMZ17 clay does not have such high content of montmorillonite as 

GMZ08 clay. The maturation tests were only carried out with clay of medium 

montmorillonite content.

Test methods. Hydraulic conductivity of smectite rich clay is low; the measurements 

were not performed with very dense specimens. 

Model. In contrast to the real environment of a VDH, the numerical model proposed

just considers the maturation in one-dimensional radial direction and at normal 

temperature. Also, rock pressure that surrounded the clay system is not taken into 

consideration.

Evaluation of results. The retardation of the maturation process caused by the 

perforated tubes cannot be readily modelled. The accurate relationship of maturation 

time in the case of with and without perforated tubes must be built on a large number 

of experiments.

1.5 Layout of the thesis

This thesis is divided into two parts, Part I: Content of the thesis and Part II: Appended papers. 

Part I consists of, Introduction, Experiments, Numerical modelling of maturation, Results 

comparison of modelling and experiments, Numerical simulation of the real borehole, 

Conclusion, Summary and future work. Part I can be viewed as synthesis of the appended 

papers in Part II.
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CHAPTER 2 

Experiments 

2.1 Material and Method

In the study, smectite-rich clay is planned to be used as buffer-backfill material for the high-

level nuclear waste isolation. From the viewpoints of both mineralogy and chemical 

composition and the permeability and expandability, the borehole sealing properties of the clay

components can be evaluated.

2.1.1 Assessment of clay barriers 

Based on the literature review, three different mineral dominated smectite clays, i.e.

montmorillonite-rich (MX-80, GMZ), saponite (magnesium-rich) and montmorillonite/illite

mixed-layer clay (Friedland, Holmehus), were compared on the following basic physical 

properties: permeability, expandability and long-term performance at raised temperature. Due 

to the different buffer criteria for KBS-3 (400–600 m) and VDH (2000–4000 m) disposal 

concepts, very dense montmorillonite-rich clays MX-80 and GMZ are expected to seal shallow

repositories and the upper part of a VDH. While in the lower part of VDH where the rock is 

tighter, very dense saponite-rich clay and mixed-layer clays are proposed. They are proposed 

as being less sensitive to high salt concentrations in the groundwater and are mineralogical more 

stable at high temperatures (100- (Pusch, 2008; Liu X.D. et al., 2011). For both 

concepts, the use of smectitic mud is an option for supplying the buffer with water from start,

for controlling the hydration rate, and for supporting the surrounding host rock.
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2.1.2 Studied smectite clays

Material properties

GMZ clays from the Inner Mongolia Autonomous Region of China are buffer-backfill 

candidate materials for isolating HLW in China. GMZ08 clay is rich in montmorillonite with 

Na as dominant sorbed cation and is equivalent to Wyoming bentonite MX-80 (Yang et al., 

2016). The montmorillonite content is different depending on the location of the bentonite 

deposits. GMZ17 clay has less montmorillonite content than GMZ08 clay. Holmehus clay from 

Denmark is a illite/smectite mixed-layer (IS-ml) clay, which has the advantage of having a 

hydraulic conductivity that is not very sensitive to variations in porewater salinity (Yang et al.,

2014). The materials that were used for the investigations have the particles of 60%, 97% and 

71% smaller than 0.063 mm for Holmehus, GMZ08 and GMZ17 clay, respectively.

Mineralogical analysis of the GMZ08, GMZ17 and Holmehus clay samples have shown the

dominance of montmorillonite (75-78%) for GMZ08 clay, montmorillonite (47%)2 for GMZ17 

clay and illite/smectite mixed-layer (55%) for Holmehus clay (Yang et al., 2016; Pusch et al.,

2015b). The evaluated element composition, essential physical properties and cation exchange 

capacity (CEC) of GMZ and Holmehus clays can be found in Paper I and (Yang et al., 2016).

Table 2. Mineralogical composition of virgin clay samples as determined by XRD. (Weight percentage)

Clays Muscovite, Chlorite Quartz/Cristobalite Feldspar K-feldspar Zeolites Gypsum Jarosite

Holmehus 20-10 <5 15-10 <5 5 - 2 2

GMZ08 - - 11.7-19 - - - - -

GMZ17 - - 21-22 21 - 9 - -

Preparation of specimens

1) ‘DW’ method 

The dense clay blocks with various degrees of saturation are prepared by mixing the clay 

powder with the ‘dry water (DW)’ (Forsberg et al., 2017; Yang T., 2015a), which consists of 

droplets of water coated with very thin shells of a silicious substance (Fig. 5). On compaction 

2 The mineral composition of GMZ17 clay is tested and analysed in University of Greifswald, Germany.
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of the mixture at a pressure of 40-80 kPa, the shells break into fragments that are smaller than 

silt particles and the water is released (Forsberg et al., 2017). Water is then homogenously

distributed within the dense specimens (Fig. 5 and 6).

Fig.5. Redistribution of DW water at compaction (left), and subsequent maturation of the clay matrix 

(right).

Fig. 6. Dense clay specimens with various degrees of water saturation (33%, 80%, 100%).

2) Loading force of compaction

The mixture of clay powder and DW is filled in the mould and compacted to the designed dry 

density by the loading machine. Fig. 7 shows the loading force for compacting the specimens 

with 33%, 60%, 80% and 100% degrees of saturation. The left curves show the load 

development with the operation time. The load for fully saturated specimens increases 

extremely rapidly and its value is much higher than that of unsaturated dense clay. Fig. 7-right 

shows the load distribution with the resulting saturation degrees of the specimens. The loads 

are around 260-350 kN for preparing fully-saturated specimens while only 40-70 kN for non-
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saturated specimens.  Therefore, the compaction for preparing fully saturated specimens

consumes much energy.

Fig. 7. Load of the compaction for preparing specimens. Left: Load versus operation time.  Right: 

Required loads for preparing specimens with various degrees of water saturation (33%, 60%, 80% and 

100%).

2.1.3 Permeability and expandability test apparatus

For evaluating a clay as the buffer barrier, the permeability and expandability of the clay need 

to be determined. In the experimental study, stainless steel oedometer cells were used (Fig. 8). 

Two sets of clay blocks with natural water content and dry densities 1090, 1300, 1450 kg/m3

were compared; one saturated and permeated with distilled water and the other with 3.5% CaCl2

solution. With the same procedure, GMZ08 clay samples were prepared with the desired  water 

contents 15.1%, 19.6%, 23.9% compacted to the dry densities of 1200 ~ 1700 kg/m3. After 

saturating the samples, permeation started until stable flow was reached. The hydraulic

conductivity was evaluated using Darcy’s law, the hydraulic gradient being maintained at 100

m/m (meter water head difference over one meter flow length). Stiff pressure cells of 3-5 kN 

load capacity were mounted on the oedometers for logging the swelling pressure that evolved 

in the saturation phase (Yang, 2015; Al-Taie, 2014).
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Fig. 8: Experimental setup for fluid saturation and determination of the hydraulic conductivity and 

swelling pressure (Left: Al-Taie, 2014; Right: Yang, et al., 2016).

2.1.4 Lab-scale sealing and maturation test apparatus

In the lab experiments, the setup of components shown in Fig. 9 was used for simulating the in-

situ situations of a VDH. The pervious acrylate-stabilized sand tube representing water-

saturated rock was currently kept saturated in the test periods. The 60% perforation steel tubes 

with dense clay simulating the clay package in the upper 2000 m part of the repository. Dense 

clay blocks were prepared by mixing smectite clay with DW and compacting it to a total density 

of 1600-2000 kg/m3 with various degrees of saturation. Clay mud with a total density of 1150 

kg/m3 was filled in the rock cylinder before placement of the clay packages. The entire clay 

packages, including dense clay specimens and perforated tubes were forced down into the 

freshly prepared clay mud followed by tightly connecting the end plates of steel bolting them 

together. Maturation was allowed for various periods of time. At termination, the matured clay 

were pushed out from the filter cylinder, simultaneously, tested the shear strength by the UCS 

device. In addition, the densified mud and slightly softened dense clay were examined with 

respect to the water content and dry density at different distances from the symmetry axis.

Maturation takes place in the dense clay and soft mud. The difference of suction potential 

between these materials drives water from the softer to the denser part by which the dense clay 

absorbs water and expands. The expanded clay compresses the mud, which becomes denser 
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also by migration of clay particles into the mud. Simultaneously, water sucked from the mud 

migrates into the dense core of the clay in the perforated tube and the homogenization process 

therefore continues until the dry densities of mud and dense clay come in balance.

In theory, the major mechanisms retarding maturation of the contacting mud and dense clay in 

the perforated tubes used was the reduction of the contact area between them. This caused

successive reduction of the true hydraulic conductivity of mud, and changes the microstructural 

tortuosity of the two contacting clay components.

Fig. 9. Components in the laboratory test. (a) Setup of matured, hydrated clay components with the top 

lid removed; (b) Schematic of test setup with clay seals (soft clay mud and dense clay blocks). (Yang et 

al., 2017) (c) 96h laboratory experiment with clay plugs in perforated steel tubes and with a mud 

surrounding it; (d) Perforated steel tube with perforation degree of 60% and thickness of 1 mm.
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2.2 Results and Discussion

2.2.1 Permeability and expandability tests

Holmehus clay

Tests with two sets of Holmehus clay blocks with natural water content and dry densities 1090,

1300, 1450 kg/m3 were performed. Fig. 10 and 11 presents the swelling pressure and hydraulic 

conductivity of Holmehus specimens that had different dry densities and saturated with distilled 

water. In addition, the fitted curves for the test results are worked out. Therefore, the fitted 

relational expression between hydraulic conductivity  and dry density , as well as swelling 

pressure and dry density are given as= 6 10 exp ( 0.01 ) (1)

and

= 2.16114 + 0.49613 (1.53378 10 ) ,      960 /       0,                                                                                          < 960 /       (2)

respectively.

Fig.10. Relationship between swelling pressure and dry density of Holmehus clay at complete water 

saturation. 

These fitted equations (1) and (2) are incorporated into the numerical modelling (Section 3) to 

compute the transient soil properties. Since the swelling pressure and hydraulic conductivity 
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are different among clay candidates, like the type and content of clay mineral, the expressions 

are different for different clays. The fitted relationships of  and with for other clays have 

to be further investigated based on the corresponding laboratory tests.

Fig. 11. Relationship between hydraulic conductivity and dry density of Holmehus clay at complete

water saturation.

To evaluate the impacts of Ca2+on hydraulic conductivity and swelling pressure, the specimens 

were also saturated and permeated with 3.5% CaCl2 solution. The developments of swelling 

pressure and hydraulic conductivity of Holmehus are presented in Fig. 13 and 14, comparing

and discussing together with the results of GMZ17 clay. 

GMZ clay

Fig. 12 shows the evolution of the swelling pressure of GMZ08 clay as a function of the

hydration time. In Fig. 12-a and b, there are two areas (GDA I and II) where the swelling 

pressure increases slower or even decreases. While in Fig. 12-c, it was observed that the 

retardation of development of swelling pressure turned lightly. The GDA I and II were almost 

disappeared in Fig. 12-d. This reveals the mechanisms in the transformation of initially 

desiccated granulated clay, confined in a closed space, to the ultimately nearly homogeneous 

state of the clay. The phenomenon can be explained by assuming two wetting-swelling stages

of which one is caused by swelling of the clay aggregates giving the primary pressure peak 
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followed by relaxation, and the other caused by the formation of electrical double-layers. The 

latter process concurrently starts exerting inter-particle pressure.

A slightly different explanation is that when the particles soften from water uptake, the initial 

high contact pressure between particles drops and allows slip of particles to new positions 

followed by reconstruction of a homogenized particle skeleton. For the clay with higher water 

content or lower dry density, the collapses of the soil skeleton will be less significant and occur 

simultaneously to the swelling. This would cause a delay in the development of swelling.

Fig. 12. Relationship between swelling pressure ( ) and hydration time ( ) of GMZ08 clay with various 

initial water content and dry density. (a) are complete curves when the initial water content 

of specimens is 15.1%; (b) is a enlarged image of the start part of curves in a ; (c) are

curves when is 19.6%; (d) are curves when is 23.9%.

Comparison of two clays

Figs. 13 and 14 show the relationship between swelling pressure and hydraulic conductivity for 

Holmehus clay saturated with distilled water and salt water (3.5% CaCl2), and for GMZ08 clay

saturated with distilled water. It is recognized that the most effective barrier to flow of 
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radioactively contaminated water migrating from a HLW repository is provided by low-

permeable montmorillonite-rich clays. Na-montmorillonite mineral has more space in the 

interlayer for water molecule and thereby has a good expandability. In weakly saline 

electrolytes water, expanded montmorillonites form abundant clay gels. The gels largely fill in 

the microstructural voids and channels of particles, resulting a low permeability of the clay.

Therefore, clays rich in Na-montmorillonite, like GMZ08 and reference MX-80 clay, have 

particularly suitable permeability and high expandability for serving as buffer/backfill material. 

The I/S mixed-layer Holmehus clay with a lower content of montmorillonite appears to have a 

slightly lower swelling pressure and higher hydraulic conductivity, but is still considered to be 

suitable as clay seals because of its mineralogical stability.

Fig. 13. Relationship between swelling pressure and dry density of candidate clays.

Fig. 14. Relationship between hydraulic conductivity and dry density of candidate clays.
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2.2.2 Borehole sealing simulation tests

Holmehus clay

1) Maturation tests 

The fully saturated clay specimens with dry density 1550 kg/m3, held by a perforated super-

container and surrounded by soft mud, maturated in the closed filter setup for 6, 12, 24, 48, 96 

hours and one year. The dry density of different parts of the specimens changed with the 

maturation time. The results are shown in Fig. 15. In general, during the first four days, the 

average dry density of mud increased, while the dry density of dense clay close to the mud 

decreased significantly. With time the entire clay system became relatively uniform as predicted 

by the theoretical model.

Fig. 15. Variation of dry density of lab-scale clay seals with hydration time.

2) Shear strength of the clay components

As discussed in section 1.1.3, during the installation stage, the dense clay absorbs water from 

surrounding mud and swells, whilst the mud loses water and is compressed. The shear strength 

generates by the relative movement of expanded dense clay in the densified mud when the clay 

package is brought down the hole. In the lab-scale maturation tests, the shear strength was 

measured by pushing out the mature clay from the filter. Fig. 16 shows that the shear strength
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of fully saturated Holmehus clay specimen was low initially but rose significantly already after 

one day. 

Fig. 16. The increase in shear strength of clay packages with hydration time.

3) Number of clay packages for installation

In VDH disposal concept, the clay packages consist of dense clay and perforated tubes. For 

sinking in the mud, the required number of clay packages for submergence in the installation 

phase can be predicted once the shear strength of the clay and weight of those packages are 

known. Fig. 17 shows the results of such a prediction: assuming the weight of an 8m long 

supercontainer (diameter 0.7 m) filled with dense clay is estimated to be 60 kN, therefore, the 

resistance of this clay package is less than its weight in first few hours. Nevertheless, with time, 

the shear strength increases and after 2-5 days it is required to have sets of more than 2 

connected containers in order to get them to sink down by gravity. The limited straightness of 

the holes may not allow larger numbers of containers. Therefore, for deep down or other reasons 

to stop for a longer time during the installation, an extra load of force has to be put on the set 

in question.



EXPERIMENTS

25

Fig. 17. Example of the predicted number of connected clay packages for sinking in the mud.

GMZ clay

1) Maturation tests 

A series of tests were performed by maturating GMZ17 clay specimens with initial dry density 

of 1580 kg/m3 and the saturation degrees of 33%, 60%, 80% and 100%. To analyse the 

condition of water absorption in clay specimens with various initial degrees of saturation, the 

ratio of water content increase was introduced. is calculated by the difference of water 

content after hydration and initial value divide by the initial water content. The expression is =  100%. Here, and are water content after hydration and the initial water 

content, respectvily.

Fig. 18 shows the water content raising ratio of clay at different positions of the specimen 

maturated for 2, 4 and 8 days. In 2 days of hydration of 33% clay, the shallow part that near the 

surface of specimens absorbed water very rapidly while the water absorption in the core part 

was very low.  For specimens with higher saturation degree (60%, 80% and 100%), the ratios

of water content increase of surface part were much lower than 33% clay because of the 

lower suction of those specimens. After 2 days, the value of the core increaseds gradually 

whilst the surface part almost maintained unchanged in 4-8 days. Therefore, during the 

maturation in 8 days, the water uptake of shallow part had increased significantly for the clay 

blocks with a saturation degree of 33%, but less for those with saturation degrees of 60%, 80% 

and 100% in the first few days. Afterwards, the water content of the shallow part maintained 

and water had migrated from the edge to the core of the specimen in the next few days.
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Fig. 18. The ratio of water content increase at different positions of the specimen for maturating in 
2, 4 and 8 days.



EXPERIMENTS

27

Fig. 19 shows the values of clay with saturation degrees 33%, 60%, 80% and 100%, 

respectively. It is observed that the specimens with a saturation degree of 33% had a significant 

increase of at the surface part (the interface of dense clay and mud) in first 2 days, and at 

the core part in the next 6 days. The specimens with saturation degrees of 60%, 80% and 100% 

had much lower absorption ratios than the samples with the saturation degree of 33%. It is seen 

that the common development of water absorption is from the surface part to the core of the 

dense clay. In Fig. 19-c and d, both of the maturation curves of 80% and 100% in 8th day show 

that of the surface part decreased slightly with the  value increased in the core part. 

Furthermore, with longer time of hydration, such as 6 months in Fig. 19-c, the phenomena of 

water migration in the specimens as aforementioned was more significant. According to the 

evolution of the water absorption in 80% clay, it is expected that a very high degree of 

homogeneity of the entire clay blocks would ultimately have been reached.

Fig. 19. The ratio of water content raising at different positions of the dense specimens with various 

saturation degrees (33%, 60%, 80%, 100%).
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2) Shear strength of clay packages 

Fig. 20 shows the generated shear strength of GMZ17 clay because of the relative movement 

of densified mud and migrated dense clay after hydration of the clay packages. Considerable 

differences were found between the dense clay with low saturation degree and those with high 

degree of saturation.  The shear strength of the specimens with low saturation degrees (Sr, 33%, 

60%) experienced increase in four days and decrease in the next four days. The main reason is 

probably the microstructure reorganization when water is absorbed into the pores of the relative 

dry clay.

For the dense specimens with high saturation degrees (80%, 100%), during the first two days, 

the shear strength rose rapidly. In the beginning of maturation process, the water absorbed in

the shallow part is considered to fill in the pores of clay particles and partly get into the 

interlayer contributing for the swelling of the clay minerals. After two days, the shear strength 

still increased but not fast as in the beginning.  The explanation is that the amount of water, 

which could be absorbed by the core of the clay, decreased progressively, leading to slower 

expansion of the clay specimen. The increase in shear strength of the dense clay with saturation 

degrees of 80% and 100% became very moderate.

Fig. 20. Shear strength of dense GMZ17 clay (Sr= 33%, 60%, 80%, 100%) and mud in various 

maturation time.
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2.3 Concluding remarks on the experiments

The major conclusions on the experiments were draw in the following:

Buffer/backfill material of Na-montmorillonite rich GMZ08 clay has particularity 

suitable permeability with magnitude of E-12 m/s and expandability with 2.7 MPa when 

the dry density is 1430 kg/m3. According to the criteria that was proposed by IAEA, 

GMZ08 clay is acceptable to seal the upper part of a VDH, while very dense mixed-

layer Holmehus clay, which has a slightly lower swelling pressure and higher hydraulic 

conductivity but good thermal stability, will suffice in the lower part of the VDH.

The functional relationships of swelling pressure and hydraulic conductivity and dry 

density of Holmehus clay have been worked out. The fitted relationship equations are

used for numerical simulation.

At the beginning of the swelling, the clay, which is initially dry and dense, has obvious 

developmental delay stages. The possible reason is microstructure reorganization. For 

the clay with high water content or low dry density, the swelling pressure increases 

smoothly because of the structural reorganization of clay aggregates being slight.

The smectite clay that saturated by salt water has higher permeability and lower 

expandability than that saturated by distilled water. A high salt concentration in the 

porewater of clay causes coagulation of the clay gels and soft parts of the microstructural

particle network and hence widening of the voids, which results in raised average bulk 

hydraulic conductivity.

The dense clay with low initial degree of saturation (33%) has a very high water 

absorbing capacity. Combined with the expandability study of GMZ08 clay, the rapid 

water absorption is not good for the steady development of the swelling. In the very 

beginning, the rapid expand of the interlamination and of the aggregates cause collapses 

of the soil skeleton and microstructural reconstruction during the swelling.

In 8 days of maturation, the shear strengths of dense clay with saturation degrees of 80% 

and 100% are continued moderate increase. This also explains that the maturation of 

clay develops steady and continuously.

In the VDH repository, to avoid a great amount of groundwater that is rich in Ca2+, Mg2+

metal cations getting into the clay particles and the interlayers thereby effecting the 

permeability and expandability of clay barrier, the dense clay with high initial degree of 

saturation is highly recommended for practical use.  
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CHAPTER 3 

Numerical modelling of maturation of   
clay seals 

3.1 Mathematical description of the model

In order to understand the maturation of clay seals and predict the final status of maturation 

products, such as the dry density, permeability and expandability, the model of maturation is 

developed. Darcy’s law gives an accurate representation of the flow within a porous medium 

(Harr, 1991). In this research, the maturation model is proposed based on Darcy’s empirical 

law=  (3)

where fluid flux is related to the cross-sectional area of the soil A, hydraulic conductivity k

and hydraulic gradient .

In the case of maturation of fully saturated dense clay and mud in the borehole, key assumptions 

and criteria implicit in the model have to be highlighted in advance as follows:

1. Darcy’s law is valid.

2. The dense clay and mud is respectively homogeneous initially.

3. The total volume inside the hollow cylinder filter, contains dense clay and mud, is 

constant during the entire maturation process.

4. Expansion and flow are taking place only in the radial direction.

5. The maturation process is under isothermal condition.
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3.1.1. Parameters in the model

In the case of maturation of clay seals in the deep borehole, the hydraulic gradient and thereby 

the hydration/dehydration of the dense clay is a function of the position of clay elements and of

time. Therefore, the dense clay is considered to consist of a sequence of strata with conceptual 

vertical separaterixes, subject to one-dimensional maturation, implying only radial flow and 

clay migration. As Fig. 21 shows, the left half of the specimen is viewed because of the 

symmetric condition. If a unit of sample with height and initial radius is divided into  elements ( is a positive integer), correspondingly, the parameters of each element are 

presented with the subscript   ( = 1, 2, 3 … ). Here, 1 = 0 means mud. The main 

parameters in the numerical model and simulation are collected in Table 3.

Fig. 21. Schematic illustration of specimen and the geometric parameters. (a) Clay specimen surrounded 

by water-rich mud, absorbs water in radial direction. (b) Division of analytical dense clay into elements 

for the numerical model and simulation.
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Table 3. Symbols of the parameters in the modelling

Symbol Parameters Symbol Parameters

( ) Suction potential, [MPa] Radial length, [mm]

( ) Dry density of element, [kg/m3] Size of elements, [mm]

( ) Dry density of mud, [kg/m3] Size of mud cell, [mm]

Hydraulic conductivity, [m/s] Expansion of  elements, [mm]

Weighted average value of , [m/s] Expansion of  mud, [mm]

( ) Weighted average value of ( ), [kg/m3] Unit weight of water, [N/m3]

Permeated fluid volume, [m3] Number of time steps, [-]

Water absorbed in the clay, [m3] Total time, [s]

 Volume of flow in 1st stage, [m3] Time in one step, [s]

 Volume of flow in 2nd stage, [m3] Height of elements, [m]

Distance of elements to core, [mm]

Distance of the mud to core, [mm]

Total expansion of elements, [mm]

3.1.2. Numerical model

In the modelling, the computation is performed in one time step firstly and is repeated iteratively 

with the same process in the other time steps. If T is the total computation time and is the 

maturation time in the th step, the number of time steps (1, 2, 3, … , ). When (t-1)=0,

it means the initial status before  maturation.

The model starts from the derivation of the relationship of flow volume and hydraulic 

conductivity based on Darcy’s law. By rearranging and integrating the functional relationship 

Eq. (3), the permeated fluid volume in time becomes

=       ( ) · (4)

where and is the height and radius of the specimen, respectively. to represent flow

path. ( ) is the hydraulic head difference causing moisture transport. Since suction

drives water movement, Eq. (4) becomes
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=       · · (5)

In the case of water migration in the saturated clay elements ( ), the values of hydraulic 

conductivity and suction potential difference should be representative from the centre of the 

clay cell ( )( ) to the adjacent one ( ). The hydraulic conductivity is proposed to be the

weighted average value ( ) of the clay. Substituting weighted average hydraulic conductivity, 

flow path ( )( ) to ( ) and suction difference into Eq. (5), one obtains

( ) =       ( )   ( )( ) ( )      ( )( )( ) · ( )( )
, (6)              

In case the hydraulic conductivity in the flow path have large difference in magnitude, the 

weighted average hydraulic conductivity, which is calculated by , will lead to numerical 

problems. Therefore, the weighted average value of hydraulic conductivity should be calculated 

by referring to the weighted average dry density ( )( ), which is the value weighted with 

respect to the thickness of clay elements.

In the numerical simulation, modelling begins with the study of lab-scale clay components

(section2.2.2 Holmehus clay). The initial dry density of mud in the lab-scale experiment was

around 222 kg/m3, meaning that the clay particles formed a stable clay gel. In the beginning of 

maturation process (the first stage), due to the sufficient water in the mud, the water transports

from the interface ( ) of mud/dense clay to the centre of the first element at distance  ( ).

The permeability of controlling the transport into the first element is determined by the first 

element. Mathematically defined as when       ( )    ( )( )       ( )         ( )( ) , the water in mud is not 

sufficient to transport from the interface to the dense clay element. At this stage (the second 

stage), the densified mud is deemed to be one element, as other clay elements, and the water 

starts to transport from the mud to the first element. Therefore, the volume of flow into the first 

element in two stages is

 ( ) =        ( )   ( ) ( )       ( )( ) · ( )( )
(7)

and 



NUMERICAL MODELLING OF MATURATION OF CLAY SEALS

35

 ( ) =   ( )( ) ( )     ( )( ) · ( )( )
                                                                         (8)

respectively. 

For each element, water flows both into the element and out from the element following into 

the next element during one time step. The volume of water stays in the stacks of lamellae of 

the element, leading to the swelling of the element, is denoted as( ) = ( ) ( )( ) (9)

Considering that clay swells only in the radial direction and that the total volume of mud and 

dense clay is constant during the entire maturation process, the volume of clay expansion is 

equal to the volume of water sucked by elements. Based on the relations mentioned above, the 

expansion of the element becomes

( ) = ( ) ( ) + ( ) ( ) +    ( ) · (10)

The other state parameters are updated and gathered with time as follows,( ) = ( 1) + ( ) (11)

( ) = ( 1) + ( ) + ( ), (12)

( ) = ( 1) + ( ) (13)

( ) = ( 1)   ( ) (14)

( ) = ( 1) + ( ) (15)

( )( ) = ( )( 1)       ( ) ( )      ( ) ( ) (16)

( )( ) = ( )( 1)       ( ) ( )      ( ) ( ) (17)
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3.2 Numerical simulation procedure

The model proposed in section 3.1.2 was implemented using MATLAB, following the 

procedure schematically shown in Fig. 22 and 23. The solid mass of both mud and dense clay 

is conserved throughout the maturation process. Fig. 22 shows the computation with 

elements in total simulation time . The entire procedure includes two stages from which the 

flow to the first element is calculated by Eq. (7) and (8), respectively. In one time step, when 

the swelling/shrink length of the clay elements and mud are computed, all the other state 

parameters, like R, , , , k, , for both mud and elements, have to be updated for the 

computations in the next time step. The parameters are iteratively computed with time steps 

until the total time is reached.  

Fig. 22. Flowchart of the computation with N elements starts with the first time stage , followed by

the second time stage .

Fig. 23 shows an overview of the entire simulation for getting the solution convergence. The 

same computation procedure is performed for a larger elements number ( + ), (1, 2, …) , 

as above-mentioned of elements. However, the value of the maturation time  correspond 

to the computation with ( + ) elements is less than that with elements. The value of 

maturation time in each time step is estimated initially by getting computation results available.

The relationship of the maturation time and the element number is preliminarily investigated 
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and discussed in section 4.1.2. Compare the computation results of ( + ) and  elements 

when the simulation is done to find out if the solution converges.  If convergence is not reached,

the number of elements are gradually increased with associated time, which is estimated 

utilizing the relationship of time and elements number in section 4.1.2, until the computation 

gives a solution that converges.

Fig. 23. Overview of the procedure flowchart. 
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CHAPTER 4 

Results comparison of simulation and 
experiments 

4.1 Numerical simulation of lab-scale clay seals

4.1.1 Numerical solution convergence

In the experiments, the initial dry density, thickness of the mud and dense clay specimens 

were 222 and 1550 kg/m3, 6.5 and 43 mm, respectively. A series of numerical computations 

with various numbers of elements were performed with respect to the lab-scale clay seals. 

Numerical solution convergence is estimated by the correlation coefficient , implying

the statistical relationships between two maturation curves.  is calculated by covariance( , ) divided by standard deviation ,   . The calculation expressions are= ( , )                                                                                                  (18)

( , ) =   ( )   
                                                                                                  (19)

and

=    ( )
                                                                                                                               (20)

=    
                                                                                                                 (21)

respectivily.

where, , are random variables. and are mean of random variables. For 

approaching unity the similarity of the curves is high. If =1, there is maximum positive 

similarity between two curves while for =0 there is no similarity.
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Fig. 24. Maturation of the mud in computation with different numbers of clay elements.

Left: plotting of all computation results. Right: plotting without the computation of 20, 40, 

60, 80 and 100 elements.

Computations with 20, 40, 60, 80, 100, 150, 200, 250, 300, 400, 500 and 800 elements were 

done. The maturation graphs in Fig.24 indicate visually that the convergence would be 

reached somewhere between 150 to 300 elements. In comparison with the simulation 

results with 800 elements, which is assumed to be a standard, the correlation coefficient 

values for the maturation curves were calculated and given in Table 4. For 200 elements, it 

is considered that the solution converges with a correlation coefficient higher than 0.9999.

Table 4. Correlation coefficient values of different elements with 800 elements.

Element No., 

N

Correlation 
coefficient

Element No., 

N

Correlation 
coefficient

20 0.966051 200 0.999911
40 0.994154 250 0.999953
60 0.997926 300 0.999974
80 0.999021 400 0.999991
100 0.999441 500 0.999997
150 0.999805 800 1.000000
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4.1.2 Maturation time of each step

The accuracy of the solution is improved by using small elements. However, the time in 

each time step is correspondingly smaller to get a valid solution and to avoid numerical 

instability in the computation. Fig. 25 presents the maximum values of t with assumed 

numbers of elements. To simplify the choice, the empirical formula, which is based on the 

fitted curve in Fig. 25, is utilized to choose a suitable time t and is given,

 = 50 + 60exp ( 6.31522 10 ) , 4500 (22)

In the simulation, a time interval shorter than the designed t in Eq. (22) works as well, 

but is not economical due to longer computation time. The functional relationship is

confirmed usable in the simulations with Holmehus clay presented in this study and is 

expected to be further investigated for the applicability for other clays.

Fig. 25. The relationship of maturation time in steps and numbers of elements computed.

4.1.3 Dry density variation of matured clay

Fig. 26 shows that the dry density of the clay components changes with the hydration time 

in the numerical modelling with 200 elements. The left figure shows the curves of all 

elements whilst the right one presents the curves of every 20 elements. During the 

maturation process, dry densities of clay elements decrease from the initial 1550 kg/m3,
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while the dry density of mud increases from the initially 222 kg/m3. In the numerical 

simulation, the lab-scale clay seals became isotropic and uniform with a dry density 1225

kg/m3 in around 540 min. According to the relationship of  and with dry density in 

Eq. (1) and (2), the corresponding hydraulic conductivity and swelling pressure would be 

around 2.90E-11 m/s and 1.08 MPa, respectively. 

Fig. 26. Maturation of clay seals in simulation with 200 elements. Left: plotting with mud 

and 200 elements. Right: plotting with mud and every 20 elements.

4.2 Maturation influenced by perforated tubes

In order to verify the validity of the numerical model, it is expected to proof that the 

simulation of the laboratory-scale clay seals agree with the experimental results. However, 

the retardation of the maturation process caused by the perforation of the tubes cannot be 

readily modelled but it is still possible to assess its impact by developing a relationship of 

the maturation time in the cases of with and without perforated tubes. 

Two series of tests were performed with 12h and 48h durations using and disusing

perforated tubes containing dense GMZ17 clay. The results are presented in Fig. 27.

Considering the area between the maturation curve and the initial horizontal line one can 

calculate the volume by rotating the area 360 degrees around the y-axis (dry density axis).

The volumes obtained are , and , for 

maturation in 12h and 48h with and without perforated tubes, respectively. Building 

relationships of the volume of rotation for  and , as well as  and , one obtains  relationships between with time ,

and with time . Assuming that maturation is synchronous for the 
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computation and experiments when is equal to one arrives at the following 

relationship of the maturation time for the cases with and without a tube:

= 0.013112 . (23)

where, and represent the maturation time in the experiment and numerical 

simulation in hours, respectively. With the value of maturation time in the experiment, the 

corresponding time in computation at the same state is calculated utilizing Eq. (23). The 

results are collected in Table 5.

Fig. 27. Maturation of dense clay with and without perforated tube in 12 and 48 hours, respectively.

Table 5. Maturation time in the experiment compared to the time in numerical simulation

Time in experiment,( h )
Time in simulation,(60 min )

6 8
12 20
24 50
48 125
96 310
1 (year) 105
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4.3 Comparison of results

According to Table 5, which presents the experimental and corresponding simulation time

in the same matured state, the dry density of clay seals in numerical simulation are 

compared to experimental results (Fig. 28). In Fig. 28, the blue curve consists totally 201 

points. Among them, 200 points represent the simulated results with 200 elements and one 

for mud. Every point of simulation implies information of the dry density and the position 

in the seal at the respective maturation time.  The red curves that consist of 8 points of the 

dense clay and 3 points of mud represent experimental results. The black curve is plotted 

based on the simulation results. The black curve consists of 8 points, each representing the 

average of 25 computed dense clay elements in order to achieve similar amount of data 

points with the experimental results. The orange triangle point that belongs to black curve

represents mud.

In general, as shown in Fig. 28, the numerical simulation of maturation agrees well with 

the experiment results of dense clay part for 6, 12, 24, 48 hours and one year. For the part 

of mud, the differences between experiments and simulation are great. In the simulation, 

the thickness of the mud changes with the maturation of the dense clay elements, 

performing the position of the orange point in figure changes. In contrast, the tested mud 

in the experiment contains some expanded dense clay, since the same thickness of the 

matured soil as the mud initially was tested. Due to the different evaluation method for the 

dry density of mud in the simulation and measurement, the comparison of mud is not

regarded as important here. By contrast, the maturation development of the experiment in 

96h lags behind the numerical simulated result significantly (Fig. 28e). A possible reason 

for this discrepancy could be the functional relationship Eq. (23), which is based on a 

limited number of experimental tests. It is expected that the agreement of the simulation 

and experimental results in Fig. 28e will be improved if the relation is developed further 

and base it on more experimental tests.
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Fig. 28. Comparison of clay maturation in numerical modelling and laboratory experiments.
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4.4 Maturation progress of clay seals

The maturation process of clay seals includes both water transport and clay migration. 

Water transport is generated by suction potential differences, whilst the clay migration is 

generated by the expansion of the crystal layers and the microstructural reorganization.

From the results of the numerical simulation with 200 elements, the maturation progress of 

the clay seals can be studied referring to Fig. 29. Fig. 29-1a, b, c, o, p, q, x, y, z, demonstrate 

water transport in clay seals by colour shadings. A water content ratio, =   ,

is introduced, corresponding to the colour bar in the figure. Here,  , are the 

water contents of the initial dense clay, initial mud and is the water content at any time 

in the seal. ranges between 0 and 1. Value 0 stands for water content equalling to the 

initial dense clay, whilst 1 is that in the initial mud. As Fig. 29-1 a, b, c shows, the initial 

water content at the interface of mud and dense clay is very high. Water move rapidly into 

the elements that are very close to the mud. Over time, with water gradually spreading into 

more elements, the dense clay becomes wetter but will not be as rich of water as the 

elements next to the mud in the earliest stage (Fig. 29-1o, p, q). With the development of 

the maturation, the difference in water content between the elements will not be as 

significant as in the initial stage, the maturation process becomes slowly (Fig. 29-1x, y).

After a long time, the water evenly distributes in the entire seals, the homogenization status 

is finally reached (Fig. 29-1z).

During the modelling, the total solid mass of the mud and dense clay elements is conserved,

whilst the total volume of them is also constant all the time. The variation of dry density is 

caused by the migration or densification of the clay. During the maturing, at the primary 

stage, mud gives away plenty of water and becomes rapidly denser. The volume of the mud

decreases because of the swelling of the clay elements which are closest to the mud (Fig.

29-2a, b, c). Along with more elements absorbing water and expanding, the swelling forces 

are high enough to compress the mud resulting in an even denser mud than certain elements 

in the central section (Fig. 29-2q, x). After a slow and slight adjustment of the volume of 

the mud and the elements, the ultimate homogenization of the whole clay seals is reached 

(Fig. 29-2y, z). 
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Fig. 29. Numerical simulation of the maturation process of the clay seals. (1a, b, c, o, p, q, x, y, z) 
show water transport as a function of time; (2a, b, c, o, p, q, x, y, z) show screenshots of clay 
migration animation, presenting dry density variation and the expansion of the clay at different parts 
as a function of time.
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CHAPTER 5 

Numerical simulation of real boreholes

In a VDH for HLW disposal, the upper 2000 m depth is tightly sealed with smectite-rich clay 

except where fracture zones are intersected. In the lower 2000 m part, the supercontainers are 

filled with dense clay and nuclear waste canisters. Without the influence of decay heat from 

radioactive waste in the upper part, the numerical modelling in this study is suitable to apply to 

the computation of maturation in the full-scale borehole. The diameter constellation of 

borehole/clay plugs of 80 cm/60 cm, termed here ‘real case 1’, and 80 cm/50 cm, termed ‘real 

case 2’, are proposed.

The criteria valid for the buffer-backfill seals in a VDH are that they should not be more 

permeable than the boring-disturbed surrounding rock taken here to have a hydraulic 

conductivity of approximately 10-11~ 10-12 m/s and that the seals must be ductile enough to exert 

an active pressure on the rock of at least 100 kPa (Pusch, 2008).

Fig. 30. Numerical simulation of maturation of clay seals in real case 1. Plot with mud and every 100 
elements. Drawing all elements will end up in an unreadable graph.

According to the computation of ‘real case 1’, the final dry density of clay seals will be 969

kg/m3 if the initial dry density of mud and dense clay are 222 kg/m3 and 1550 kg/m3,
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respectively (Fig. 30). The corresponding hydraulic conductivity and swelling pressure of the 

maturation products is 4.06E-12 m/s and 0.002 MPa. As shown in Table 6, the suitable dry 

density of dense clay should be more than 1800 kg/m3 assuming the initial dry density of the 

mud to be 222 kg/m3. The maturation process will take more than 100 days to have the 

homogenous seals, and an even much longer time when the initial dry densities increase. 

Fig. 31. Numerical simulation of maturation of clay seals in real case 2. Plot with mud and every 100

elements. Drawing all elements will end up in an unreadable graph.

For ‘real case 2’, with an initial dry density of mud of 222 kg/m3 and dense clay of 1600 kg/m3,

the ultimate dry densities of them are not going to be the same level (Fig. 31). It is not until the 

initial dry density of the dense clay is higher than 2000 kg/m3 together with the mud less than 

245 kg/m3, that the maturation products become relatively uniform (Table 6.). Due to the higher 

shear resistance expected to be generated by the densified mud during the installation phase, 

the high initial dry density of mud is not recommended.

Table 6. Numerical simulation of maturation in reference to the real VDH with Holmehus clay

Case

Initial dry density End of process

Case 

Initial dry density End of process

(dense clay/mud) Dry density Time P (dense caly/mud) Dry density Time

kg/m3
(clay seals), 
kg/m3 days m/s Mpa kg/m3

(dense cl y/mud), 
kg/m3 days

1

1550/222 969 78 4.06E-10 0.002

2

1600/222 (910-960)/458 43
1650/222 1025 74 2.12E-10 0.229 2000/222 (878-960)/960 75
1800/222 1112 104 8.89E-11 0.570 2250/222 1014/1014 137
1900/222 1166 155 5.18E-11 0.806 1900/245 (891-960 )/933 57
1900/245 1178 140 4.59E-11 0.861 2000/245 (879-960 )/960 78
1900/490 1283 277 1.61E-11 1.389 1900/490 1042/1042 85
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CHAPTER 6 

Conclusions 

Based on the laboratory tests and numerical modelling, the main objectives of the research work

on maturation of clay seals in borehole for isolation HLW are reached. Four questions were 

initially raised in the study, which the thesis is based upon. Conclusions related to each of these 

questions are presented below:

Research question 1. Are the clays studied suitable to be the buffer/backfill 
barrier in HLW disposal?

In terms of the mineral composition, permeability and expandability, the GMZ clays and 

Holmehus clay studied can be buffer/backfill candidate materials.

GMZ clays (from China) are Na-montmorillonite clay, the content of the expansive clay 

mineral montmorillonite in GMZ08 and GMZ17 is 75-78% and 47%, respectively.

Holmehus clay (from Denmark) is a smectite/illite mixed-layer (IS-ml) clay, which 

contains around 33% montmorillonite.

The permeability and expandability of clays depend on the dominant mineral, the initial 

dry density and the impact of the ion concentration of the solution. The hydraulic 

conductivity and the swelling pressure of GMZ08 clay and Holmehus clay at 1450-1500 

kg/m3 (dry density) is approximately 2.6E-13 m/s and 2.5E-12 m/s, as well as 4.6 MPa 

and 2.4 MPa, respectively. When the dry density of GMZ08 and Holmehus clay is 

reduce to 1200 and 1270 kg/m3 separately, the values of hydraulic conductivity and the 

swelling pressure become 1.5E-11 m/s, as well as 0.8 and 1.3 MPa. For Holmehus clay, 

the permeability increases whilst the swelling pressure decreases when the specimens 

are saturated with 3.5% CaCl2 solution. The values of hydraulic conductivity and 

swelling pressure become 7E-12 m/s and 1.5 MPa at 1430 kg/m3 (dry density), 3E-11 

m/s and 0.6 MPa at 1270 kg/m3 (dry density) . 
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According to the criteria for the permeability and expandability of the buffer-backfill 

material in HLW isolation, GMZ clays and Holmehus clay with dry density larger than 

1250 kg/m3 can be the buffer/backfill candidates utilized at the deployment part.

It is supposed to be denser than 1450 kg/m3 (dry density) to be used at the upper 2000 

m. Nevertheless, this needs to be further investigated to cover other aspects.

Research question 2. Does the initial degree of saturation of the dense buffer 
clay influence the sealing properties? Which saturation degree is suitable?

The initial degree of saturation influences the development of swelling pressure, the speed of 

water uptake and the development of shear strength of dense clay. To be less effected by the 

salt groundwater and to swell smoothly, the use of dense clay with high saturation degree is 

highly recommended.

In the swelling pressure tests, there are phenomena of temporary stagnation and even 

declination of the development of the swelling pressure when the water content is very 

low. These phenomena abate when the water content increases and they almost 

disappear when the water content is high. The higher water saturation degree of the 

smectite clay is expected to relieve the extent of the collapse in the clay aggregates,

making the development of swelling pressure becomes smoother.

In the borehole sealing experiments, the variation of the water content of the specimens 

with saturation degrees 33%, 60%, 80% and 100% were tested. The dense specimens 

absorb water very rapidly in the beginning. The phenomena discussed above may occur.

The retardation of swelling and structure reorganization may result in the sealing system 

not being stable at the beginning of the installation.  

During the maturation of 8 days, the shear strength of GMZ17 specimens with 80% and 

100% saturation degrees increases gradually. With maturation of the clay and 

development of the shear strength, clay components will have the ability to carry the 

load of the sealing upon them soon after the installation.

The load of compacting the clay to around 1600 kg/m3 with 100% saturation degree is 

5-6 times higher than the compaction load of other saturation degree specimens.

Considering the saline concentration of groundwater increases with the depth in the real 

VDH, the impacts of metal cations on the sealing property of clay shouldn't be ignored.

For the dense clay, the higher the degree of saturation the clay specimens have, the less 

influence by the cation exchanges the dense clay will suffer. When Na-ions in smectite  
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clay are exchanged with other cations, the permeability of the clay will increase whilst 

the expandability will decrease. 

Based on the experimental results and discussions above, the 80% and 100% in the four 

tested saturation degrees (33%, 60%, 80%, and 100%) are more suitable for the initial 

water saturation level of the buffer clay.

Research question 3. How does the maturation process proceed in the clay
seals in the upper part of a VDH?

The maturation process of clay seals contains hydration of the denser clay and dehydration of 

the softer clay, as well as migration of the denser clay and densification of the softer clay. 

Assuming the maturation is at room temperature and isn’t influenced by the diffusion 

of the saline ions. The maturation of buffer and backfill clay in a borehole consists of 

water hydration and particles migration of dense clay, as well as dehydration and 

densification of soft clay. The driving force of the hydration is the water suction 

potential difference between the clay elements with a different dry density.

Assuming the total volume of clay seals during the entire mature process is always 

constant, the maturation of fully saturated clay seals was modelled. The numerical 

simulation results explain the water transport route in the mud and dense clay.

Meanwhile, the computation results reveal the variation of the dry density and the 

position of clay elements. In the beginning of the maturation process, water is 

transported from the mud to the edge of the dense clay rapidly. After this initial phase,

water gradually goes into the core of the specimens. Accompanied by the water transport, 

the dense clay at the edge swells fast and the mud is compressed, resulting the density 

of clay decreases and mud increases. With successive absorbing of water and slight 

adjustment of the density, the ultimate status (relative homogeneity) of the entire clay 

is reached.  



CONCLUSIONS

53

Research question 4. How to evaluate the maturation products of buffer/ 
backfill clay in the upper part of a VDH?

The maturation model proposed is utilized to compute the ultimate dry density of clay seals. 

The hydraulic conductivity and swelling pressure of the maturation products are used to 

evaluate the buffer-backfill clays; the shear strength gives the basis of practical design of the 

installation of the clay packages. The evaluations of the maturation products in the thesis 

provide a reference for engineering barrier design of HLW disposal in VDH. 

In the maturation of the mud and dense clay, the dense clay migrates whilst the soft mud 

become densified. The shear strength generated from the relative movement of the 

migrated dense clay and densified soft mud during the installation period increases with

time. By comparing the shear strength to the weight of the clay package allows for 

estimation of the maximum operation time allowed for one clay package or the number 

of packages required for a single operation.

Based on the Darcy’s law, the numerical model of maturation of the fully saturated clay 

seals were worked out. As the value of dry density of the clay seals is available at any 

stage, the permeability and expandability at the corresponding stage are used to evaluate 

the maturation products.

The model is utilized to simulate the maturation of the clay seals in a conceived real 

VDH, assuming the entire maturation process is under the isothermal room temperature

and without confining pressure. Numerical modelling is performed on two diameters

constellation of borehole/clay plugs of 80cm/60cm and 80cm/50cm. The simulations of 

case 80cm/60cm illustrate that the initial dry density of the dense clay, which is used at 

the upper 2000 m depth, is supposed to be higher than 1900 kg/m3 since the mud is 

expected to be softer than 490 kg/m3. The simulations of case 80cm/50cm illustrates

that the maturation products with initial dry density 2000 kg/m3 of dense clay and 222 

kg/m3 of mud can reach relative uniformity.  

The ideal matured clay in borehole should has a similar hydraulic conductivity as the 

host rock. To get such seals, the initial dry density of dense clay has to be more than 

2250 kg/m3 when mud is 222 kg/m3, and more than 1900 kg/m3 when mud is 490 kg/m3.

The high density of mud will lead to installation difficulties. In this case, the dense clay 

with a high saturation degree but not fully saturated is considered to be more suitable. 

Apart from the degrees of water saturation, smectite-rich clay with a high 

montmorillonite content is also considered a solution. 
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CHAPTER 7 

Summary and outlook 

Original contributions are summarized as follows:

The performances of clays in the VDH repository were studied. GMZ clays and 
Holmehus clay are proposed to have the higher dry density and high saturation degrees
of 80%-100% for well-behaved sealing in the borehole. 

Maturation of the mud and clay packages consists of water hydration and particles
migration of dense clay, as well as dehydration and densification of soft clay.

Shear strength generated during the installation period is utilized to evaluate the

maximum operation time or to design the number of clay packages to be placed in a 

single operation.

The maturation model of the fully-saturated clay seals under the isothermal condition 
was worked out. The numerical simulation of the lab-scale clay seals agrees well with 
the behavior of the experimental results generally.

Numerical simulations of the real VDH reveal the state of final maturation clay products. 
The computation results are used to assess whether the final clay seals fulfill the criteria 
set for the buffer backfill candidate, as well as to provide the references of the initial 
state of the buffer and backfill clay.

For future research related to this study, the following key areas are suggested:

There remains a need for study of the hydraulic conductivity value of very dense clay. 
The results are beneficial for the accuracy of the numerical simulation. 

It is worthwhile to further improve the maturation time relationship in the cases both 
with and without perforated tubes, as well as the relationships of element numbers and 
computation time in each time step of the numerical simulation.

To further enhance the assessment of the maturation of the buffer/backfill clay system, 
it is important to take into consideration the influence of the temperature and pressure 
around the system. 

It is also interesting to develop the maturation study of unsaturated cases.
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Abstract 

Great effort is put into finding optimal buffer clays for isolating highly 
radioactive waste (HLW) in countries utilizing nuclear energy. Different 
materials are required to provide a hydrologically and mechanically suitable 
surrounding of canisters with highly radioactive waste in repositories in 
crystalline rock. For shallow disposal the high hydraulic conductivity of the rock 
makes very dense smectite-rich clays necessary while for disposal in very deep 
holes the primary desire is to use smectitic clays with a potential to resist high 
temperatures. In both cases montmorillonite, with Al being a dominant lattice ion 
in the octahedral layer, is suitable, but saponite with Mg as the dominant 
octahedral constituent can be preferable for deep disposal. For both concepts the 
use of smectitic mud is an option for supplying the buffer with water from start 
and for controlling the hydration rate. 
Keywords: high-level radioactive waste (HLW), HLW disposal in very deep 
holes (VDH), buffer clay, hydration. 

1 Introduction 

The multibarrier principle has been followed when countries utilizing nuclear 
energy worked out concepts for disposal of high-level radioactive waste. Some 
of them have considered the repository rock to be the most important barrier 
followed by the waste canisters and the canister-embedding substance, clay or 
concrete. Today the order tends to be changed since the isolating function of 
crystalline host rock is being questioned because of its complexity and sensitivity 
to seismic and tectonic impact and of the uncertainty in structural and 
hydrological characterization. For large repositories constructed underground, 
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causing considerable structural changes, the role of the rock can be considered as 
mechanical protection of the chemical apparatus. For HLW disposal in very deep 
holes (VDH) [1] the largely undisturbed rock can, however, still be taken as a 
major barrier, firstly because the very salt groundwater at great depth will stay 
there and not bring possibly released radionuclides up to the biosphere and 
secondly because of the very low hydraulic conductivity of rock at depth. The 
design principles for the two concepts are illustrated in Figure 1. 
 

 
 
 
 

 
 

Figure 1: Upper: Chinese and Swedish concept for disposal of HLW at 
moderate depth (500 m) – B: Buffer material C: Canister with V: 
Solid or solidified Waste F: Backfill material; G: Surrounding 
rocks  W: Groundwater. Lower: Swedish VDH concept [2] 
(2000–4000 m). 
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     We will examine the function of different buffer clay types here with respect 
to their HLW-isolating potential, basing the study on the following performance 
criteria: 

 The buffer clay must be tighter than the surrounding rock so that flowing 
   groundwater is directed around and not through the buffer; 

 The buffer must provide the canisters with a ductile embedment with  
   sufficient bearing capacity; 

 The physical properties must be preserved for a long, defined time, taken 
   here as 100000 years. 

2 Buffer clay material candidates  

2.1 Preparation of buffer 

The raw material for preparing clay buffer shall be well characterized smectitic 
clay that is dried and ground to the desired granular composition, which is 
different for compacting dense blocks and for preparing muds. Compression of 
blocks with low water content (4–6%) under 100–150 MPa pressure gives a dry 
density of 1600 to 1900 kg/m3. Muds are commonly prepared with a density at 
water saturation of 1100 to 1700 kg/m3 (dry density 160 to 1110 m3). According 
to certain concepts smectite granules with a density similar to the blocks are used 
for preparing muds. 

2.2 Physical properties of buffers 

The most important physical property of smectite-rich buffers is the hydraulic 
conductivity, which is determined in the laboratory by compacting 
powder/granules in oedometer cells to the desired dry density and letting the 
sample  saturate by sorbing water or solutions of specified composition. The 
swelling pressure exerted by the confined clay is recorded parallel to the 
saturation, which is followed by percolating the sample with the same type of 
fluid used for the saturation [3, 4, 5]. The recorded through-flow gives the 
hydraulic conductivity by applying Darcy’s law. 
 

 

Figure 2: Example of hydrothermal cell in closed system, heated from 
outside and cooled by the water in the perforated tube. Radial 
thickness and height of the clay were 12 and 40 mm, respectively.  

Granite water 
solution

Clay

Heat 
cables

Perforated tube
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     The evolution of the clay at hydrothermal treatment, maintaining the sample 
in a closed or open system at predetermined temperature and water transport 
conditions, is evaluated by measuring the hydraulic conductivity and swelling 
pressure. Chemical and mineralogical analyses are included in such work [3, 6]. 

2.3 Candidate buffer clays  

2.3.1 Materials 
Smectites are commercially available in large quantities in different parts of the 
world and those considered to be of potential use as buffers are rich in 
montmorillonite (dioctahedral), saponite (trioctadhedral) and mixed-layer 
minerals (montmorillonite/chlorite/illite) with high montmorillonite content. 
Wyoming bentonite (American Colloid Co) is manufactured with a certain 
granulometry and known as MX-80 that is rich in montmorillonite with Na as 
dominant sorbed cation. It serves as an international reference buffer material 
and has an equivalent material termed GMZ in China [7]. 
     Saponite, i.e. magnesium-rich smectite, is employed in the petroleum industry 
for preparing drilling muds for deep borings where the temperature can be well 
over 120°C [8]. 
     Mixed-layer montmorillonite/muscovite clay, which has the advantage of 
being compressible to very high densities almost irrespective of the water 
content of the granules, and of having a hydraulic conductivity that is not very 
sensitive to variations in porewater salinity, can be considered as well. Friedland 
clay from northern Germany and the Danish Holmehus clay, having different 
montmorillonite contents, represent this type of clays. 

2.3.2 Properties 
Typical chemical, mineralogical and physical properties of the three major buffer 
candidate types, i.e. clays rich in montmorillonite, saponite and mixed-layer 
minerals are given in Tables 1, 2 and 3.  
 

Table 1:  Chemical composition of montmorillonite-rich MX-80[7] and 
GMZ [7] clays, and of saponite (Geo-Hellas, Greece), and the two 
mixed-layer clays Friedland (Frieton AG) and Holmehus 
(Dantonite AS), (weight percentages, %) [9]. 

Clay SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O 
MX-80 63.8 19.8 5 3.1 3.2 1 2.8 
GMZ 69.2 14.4 3.1 1.3 3.3 0.8 2 
Saponite 55 12 11 - 10 0.5 0.1 
Mixed-layer clay 
(FIM) 53 18 5 - 4 4 0.5 
Mixed-layer clay 
(Holmehus) 58.6 15.3 6.5 0.7 2.2 2.8 1.4 
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Table 2:  Mineralogical composition of MX-80, GMZ, saponite and mixed-
layer clays (weight percentages, %) [7, 9]. 

Minerals MX-80 GMZ Saponite 
  Mixed-layer 

clay (FIM)  (Holmehus) 
Smectite 50 50 50 - - 
Mixed-layer 
illite/smectite - - - 50 55 
Palygorskite - - 10-20 - 5 
Quartz traces traces traces traces 10-15 
Muscovite - - - - 10-20 
Kaolinite - - - traces - 
Illite traces - - 10-20 - 
Chlorite - - - 5-10 5 
Silica 5-10 10-20 - 10-20 - 
Feldspar 5-10 traces - 5-10 5 
Gypsum - - - - traces 
Jarosite - - - - traces 
Calcite 5-10 - - traces 3 
Content of 
particles <2μm 
(wt.%) 80 90 80 90 90 

Table 3:  Hydraulic conductivity and swelling pressure of MX-80, GMZ, 
saponite and mixed-layer clays for typical densities at saturation 
and percolation with 3.5% CaCl2 solution water saturation density 
[7, 9]. 

Samples 
Density 
kg/m3 

Dry density
kg/m3 

Hydraulic 
conductivity 

(K), m/s 

Swelling 
pressure (ps), 

kPa 
MX-80 1800 1310 E-10 200 
MX-80 2000 1175 2E-13 4700 
GMZ 1788 1233 E-11 530 
Saponite 1800 1175 4E-12 1300 
Mixed-layer FIM 1800 1392 4E-11 280 
Mixed-layer FIM 2000 1175 2E-11 1000 
Mixed-layer 
Holmehus 1800 1310 2E-11 600 
Mixed-layer 
Holmehus 2000 1175 8E-12 2000 
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2.3.3 Long-term performance 
Hydrothermal experiments have been made on clay samples of GMZ, MX-80 
and FIM clay material prepared by compaction of air-dry clay granules in cells 
under 1.3 MPa pressure and saturated with distilled water and 3.5% CaCl2, 
followed by exposing the cells to a thermal gradient of 15 C per centimetre by 
heating one end to 85–95 C for 8 weeks and keeping the opposite at 35 C  
by circulating 1% CaCl2 solution through it [6, 7, 10]. The results are 
summarized in Tables 4a and b, the latter representing an experiment with 
saponitic clay. A general observation is that the densities of the hot-end samples 
were higher than the cold-ends because of the consolidation caused by the early 
raised swelling pressure of the lastmentioned. One also sees that the difference in 
swelling pressure between the cold and hot end samples was smallest for the 
mixed-layer FIM sample. For the saponitic clay (Table 5) the average 
conductivities and swelling pressures for the cold and hot ends were less strongly 
affected. Determination of the compressive strength made separately showed that 
the compression at failure was smallest for the most heated montmorillonite-rich 
GMZ clay (1.5%) and MX-80 clay (3.2%), and largest for the montmorillonite-
poor mixed-layer FIM clay 6.4%. For virgin clay of the respective type the 
percentages were 6.7%, 6.4% and 3.5%.  

Table 4:  Evaluated hydraulic conductivity (K), swelling pressure (ps) and 
density ( / d) for GMZ, MX-80 and FIM after the hydrothermal 
experiment and subsequent saturation with 3.5% CaCl2  
solution [6, 7, 10]. 

Property GMZ MX-80 FIM 
Hot  
end 

Cold 
end 

Hot  
end 

Cold 
end 

Hot  
end 

Cold 
end 

/ d 
(kg/m3) 

1871/ 
1040 

1788/ 
1233 

1951/ 
1375 

1844/ 
1310 

1958/ 
1412 

1875/ 
1392 

K, (m/s) 2.6E-11 2.6E-11 1.2E-11 1.2E-11 1.8E-11 4.0E-11 
ps (kPa) 110 53 130 1140 430 280 

 

Table 5:  Evaluated hydraulic conductivity (K), swelling pressure (ps) and 
density ( / d) for a saponitic (about 50%) DA0464 sample from 
GeoHellas Co with an initial dry density of 1527 kg/m3 after 
hydrothermal experiment and subsequent saturation with 3.5% 
CaCl2 solution [6, 7, 9, 10]. 

Property 
DA0464 

Hot end Cold end 
/ d 

(kg/m3) 
1880/1380 1800/1175 

K, (m/s) E-12 to 7.0E-11 4.0E-12 to 8E-12 
ps (kPa) 1880-2000 1170 to 1300 
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     The major conclusions from the test series can be summarized as follows. 
 Montmorillonitic  clay (MX-80): The swelling pressure of the most heated 

part had been reduced by about 90% and the hydraulic conductivity of this 
part was about 100 times higher than that of untreated MX-80 clay [10, 11 ]. 

 Saponitic clay (Geo-Hellas, Greece): The swelling pressure of the coldest 
part caused some but rather small compression of the hot part of the samples 
in the saturation phase. The average hydraulic conductivity of the hot part 
was roughly 10 times higher than that of the cold part but on the same order 
of magnitude as for untreated saponite (Table 3), [9, 10]. 

 Mixed-layer clay (FIM): The swelling pressure of the most heated part had 
been reduced by about 50% while the hydraulic conductivity of the cold part 
was nearly the same as for untreated Friedland clay [9, 10]. 

     Experience from the wide use of the mixed-layer clay (FIM) of 
smectite/muscovite type as the top and bottom liners of hazardous landfill shows 
that it has a relatively poor swelling ability and a relatively high hydraulic 
conductivity. The Holmehus clay has a higher montmorillonite content and 
performs in principle as MX-80 and GMZ.  

3 Selection of candidate buffer clay for different repository 
types 

3.1 Conditions affecting the use of candidate buffers 

We will consider here the possibilities and limitations of using clays of 
montmorillonite-, saponite- and mixed layer clay type in repositories of KBS-3 
and VDH types. Fair comparison and selection of primary buffer candidates 
require definition of the rock conditions, earth-quake risks and glaciation 
scenarios, which we will leave out here, however, and make assessments 
referring only to the impact of temperature for placement of canisters and 
buffers, and of long-term performance of the buffers.  
     Several of the commonly proposed concepts for disposal of highly 
radioactive waste (HLW) imply construction at medium depth (400–600 m) in 
granitic rock, which is excellent for constructing a stable repository since it 
provides effective mechanical protection of the waste. At this depth water-
bearing fracture zones are frequent and must be avoided in the site selection 
process since they can undergo large deformations and cause failure of waste 
containers located in or near them. The effect of such events can be minimized 
by surrounding them with ductile, rather soft “buffer” clay. The softness gives a 
rather high hydraulic conductivity, which must be compensated by using very 
smectite-rich buffer.  
     The concept implying placement of HLW in very deep boreholes (VDH) 
where the rock has a low hydraulic conductivity and where the very salt, heavy 
groundwater is stagnant, makes the impact of temperature and salt concentration 
in the groundwater especially important. In the upper parts, down to about 2 km, 
the temperature is lower than about 60 C, while it will be 100-150 C between  
2 and 4 km depth. Thus, in the upper parts it is preferable to use clay that is very 
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tight while the buffer in the lower, hot part it does not have to be very low-
permeable but not very sensitive to high salt concentrations. At the placement the 
holes are kept filled with clay mud into which the supercontainers with clay-
embedded canisters are inserted. The mud, which replaces the original mainly 
salt water, shall be strongly thixotropic and soften at their placement and become 
stiff once they are on site. It consolidates by being exposed to the swelling 
pressure of the dense clay blocks that occupy the supercontainers, which also 
contain waste canisters in the lower part of the holes. For the buffer in the lower 
parts of the holes long-term physical stability is of primary importance.  

3.2 Assessment of candidate buffers for different repository types 

3.2.1 General 
The hydration and maturation of the buffer clay in KBS-3V and its Chinese 
equivalent concept (Figure 1) and of the mud and dense clay components in 
VDH are quite different and affect their long-term chemical stability differently. 
For the aforementioned concepts, the water pressure will be relatively low and 
the inflow into the deposition holes low, which can delay water saturation by 
tens to hundreds of years. During this period the desiccated clay is exposed to at 
least 100 C and salt enrichment, dissolution and precipitation processes on the 
microstructural scale can reduce the expandability and self-healing ability of the 
ultimately water saturated clay, and also make it stiffer. 
     In the upper, sealed part of the VDH the temperature will range from about 
15 C to 60 C causing no heat-induced changes of any of the potential buffer clay 
candidates and providing total tightness early after installation. In the 
deployment part, which will be heated to 150 C in its lowest part, mineralogical 
changes and less good isolation are expected [10, 12]. Montmorillonite is 
converted to (non-expansive) illite via mixed-layer smectite/illite minerals or by 
precipitation, and quartz is formed at a rate determined by the access to 
potassium and temperature. Cementation is caused by neoformed quartz and 
illite. Natural analogues from various parts of the world indicate that Tertiary 
and Ordovician bentonites exposed to about 130–160 C for a few thousand years 
have a significant part of their montmorillonite contents preserved,  
and a common belief is that this will also be the case for KBS-3V and  
VDH [6, 10, 11]. We will consider buffers with a density at saturation with Ca-
salt water of 2000 kg/m3 in this section. 

3.2.2 Preliminary ranking of buffer candidates for use in KBS-3V 
repositories and their Chinese equivalents  

The most important criterion for the buffer for use in medium-depth repositories 
of KBS-3V type is that it should be less hydraulically conductive than the rock 
surrounding the deposition holes. A number of experimental studies have 
demonstrated the excellent tightness and expandability of dense smectite-rich 
buffer under isothermal conditions and temperatures up to at least 100 C, while 
exposure to temperature gradients and temperature of this and higher orders 
initiate early degradation [6, 10]. 
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     The hydraulic conductivity of very dense montmorillonite-rich buffer clay is 
judged to be lower than the conductivity of the surrounding rock [10]. 
Montmorillonite, being strongly expandable, may be partly washed out during a 
major glaciation cycle when electrolyte-poor melt water can percolate the 
repository rock and maximize the expandability and dispersivity. However,  
the most practically important and counteracting process is stiffening by 
silicification causing a loss in expandability and ability to self-seal after 
seismically and tectonically induced disturbance [6, 10].  
     This risk is lower for saponite-rich clays. The experiments referred to in this 
paper indicate that they will be only slightly or moderately affected by the 
hydrothermal conditions due to low solubility, and homogeneous microstructure 
with few collapsible gel components. Such clays are therefore strong buffer 
candidates in HLW respositories. 
     The mixed-layer clay used in the hydrothermal experiments was only 
moderately affected, hence showing considerable chemical integrity. Mixed-
layer clays must, however be rich in smectite for being sufficiently tight and the 
Holmehus clay should hence be higher ranked than the FIM clay. The most 
obvious but still moderate chemical and mineralogical changes of this latter clay 
in the hydrothermal experiments were an increase in silica content in the coldest 
part and precipitation of silicious minerals, gypsum and kaolinite in the most 
heated parts. It remains, however, to investigate if the more smectite-rich 
Holmehus clay behaves acceptably at hydrothermal testing. 
     In summary, using Table 3 as a basis of ranking the clays and considering 
also the chemical stability, which determines the risk of stiffening by 
precipitation of dissolved mineral particles, the most suitable buffer clay material 
is deemed to be saponite. The second best is very dense mixed-layer clays of 
FIM and possibly also Holmehus types, while montmorillonite-rich clay, 
represented by MX-80 type clays, has the lowest ranking. The differences are 
small, however, and the often significant content of certain accessory 
constituents that can promote canister corrosion, like sulphur-bearing minerals, 
needs to be determined and assessed.  

3.2.3 Preliminary ranking of buffer candidates for use in VDH  
The high-temperature conditions in most of the deployment zone calls for a 
buffer that is chemically and mineralogically stable and that will not undergo 
significant loss of expandability and only moderate increase in hydraulic 
conductivity in a 100 000 year perspective. The hydrothermal test project 
referred to indicates that saponite-rich clay is the best buffer candidate.  

4 Discussion and conclusions 

Two basically different concepts for the disposal of highly radioactive waste are 
the often cited KBS-3 method, being a candidate also for Chinese authorities, 
and a concept for deep waste placement termed VDH. The formerly mentioned 
implies HLW disposal at 400–600 m depth in rock, and at a 2–4 km depth for the 
latter. 
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     There are different buffer criteria for the two disposal concepts. For the one 
implying disposal of HLW at medium depth (400–600 m) in granitic rock, the 
buffer clay should have a sufficient swelling pressure and a lower hydraulic 
conductivity of the buffer clay than of the surrounding rock. This is fulfilled by 
the montmorillonite-rich clays MX-80 and GMZ. For the upper part of VDH this 
conclusion is valid as well. For the lower part of VDH where the rock is tighter, 
the buffer clay does not have to be as low permeable as for the upper part but it 
should still be low and not very sensitive to high salt concentrations. The most 
important property is a high mineralogical stability, which is fulfilled by 
saponite-rich clay with a density of at least 2000 kg/m3. Very dense mixed-layer 
clays of the Holmehus type are expected to serve acceptably in the upper part of 
VDH holes and those of FIM type may be good enough in the deeper part 
provided that the density is very high and that smectite-rich mud is used.  
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2.2  Experimental setup 
 

2.2.1  Acrylate-stabilized sand tube 
 

2.2.2  Supercontainer 
 

2.2.3  Clay mud 
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2.3  Test procedure and program  
 

3.1 Shear strength of the clay components 
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3.2 The maturation process - water migration in clay  
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Swelling Properties and Permeability of Expandable 

Clays of Potential use for Nuclear Waste Disposal

Ting Yang1, Sven Knutsson2 and Xiaodong Liu3

Abstract
Bentonite clay has attracted considerable attention as isolating material for safe disposal 
of high-level radioactive nuclear waste (HLW) on account of its low hydraulic 
conductivity and high swelling capacity. In the presently described study, three candidate 
smectitic clay materials were investigated and compared with respect to hydraulic 
conductivity and expandability. The clay samples were prepared from desiccated and 
crushed raw material placed and compacted in oedometer cells for saturation with 
distilled water and 3.5% CaCl2 solution in separate test series to a density at fluid 
saturation of 1200 ~ 1900 kg/m3. The samples were tested with respect to the hydraulic 
conductivity and swelling capacity.   
The MX-80 and Homehus clays matured as expected giving a successively monotonous 
increase in swelling pressure during the wetting process while GMZ clay showed two 
pressure peaks. The pressure development was different for low and high densities and 
can be explained by crystal expansion via interlamellar wetting, followed by osmotic 
swelling including establishment of electrical double-layers. The phenomena can 
alternatively be explained by the microstructural changes when clay minerals absorb 
solutions in the hydration phase. Differences in granule size distributions and mineral 
composition can explain different swelling abilities and permeabilities.

Keywords: Highly Radioactive Waste (HLW), clay, hydraulic conductivity, swelling 
pressure.

1  Introduction 
Hydraulic conductivity, swelling and ion sorption capacity are properties that determine 
whether smectitic clay can be selected as isolation material for canisters with highly 
radioactive waste (HLW) and for use as seals in various parts of a repository for such 

1Ting Yang. East China University of Technology, China and Luleå University of Technology, 
Sweden. 
2Sven Knutsson. Luleå University of Technology, Sweden.
3Xiaodong Liu.East China University of Technology, China.  
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waste. Compacted smectite-rich clay (“bentonite”) can be an effective barrier to migration 
of radionuclides and for providing a ductile embedment of canisters [1]. Its constitution as 
raw material depends on the chemical and pressure conditions where the clay was formed. 
Chinese GMZ clay, which has a similar content of montmorillonite as American MX-80
clay, which is taken as reference material in the study, is considered as a possible material 
for preparing engineered barriers (“buffers”) in Chinese HLW disposal program. Danish 
Holmehus clay, which is illite/smectite mixed layer but smectite-rich clay, represents 
another type of clay buffer that has also attracted considerable attention for isolation of 
HLW. In the present study, the swelling ability and hydraulic conductivity of these three 
clays prepared with distilled water and 3.5% CaCl2 solution were determined and 
assessed. 
Beishan, which is located in Gansu province in China, has been selected as one of several 
potential disposal sites. The groundwater here is rich in Na+ and Ca2+ and the main 
chemical compounds Cl,SO4/Na and Cl,SO4/NaCa [2]. This will cause some change of 
the physical or chemical properties of the clay, and will thereby affect the role of buffer 
clay candidates to serve acceptably as buffer/backfill.

2 Material
2.1 Location and Origin
Holmehus clay beds are situated in the northern Lillebält area in Denmark. Several 
geologists have investigated the origin of this clay and concluded that it belongs to a 
Paleocene formation of Tertiary age comprising also the Æbelö and Rödbyhavn clays 
according to Foged& Bauman, [3, 4].
Gaomiaozibentonite (GMZ) originates from Xinghe county, Inner Mongolia Autonomous 
Region (113º58' to 114º06' E, 40º27' to 40º44'N), China (Figure 1.).  The total reserve is 
about 120 million tons of Na-bentonite. In the Gaomiaozi deposit, which represents a 
mining area about 72 km2, five bentonite layers have been identified. The clay mass is 
homogeneous with uniform high smectite content, especially the part termed “the III layer 
bed” (Figure 2.).
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Figure 1: GMZ clay deposit location in China

Figure 2: GMZ clay beds. (a: open pits, b: the “III layer bed” outbowed.)

2.2 Basic Properties of Materials
2.2.1 Mineralogy

X-ray diffraction 
Mineralogical characterization of the GMZ clay samples was made by X-ray diffraction 
analysis (Figure 3.) using a Rigaku D/MAX-IIIB diffractometer of East China University 

also as secondary mono-chromator. The scanningangle, voltage and current intensity were 
3-
in air-dry and ethylene-glycol treated forms have shown dominance of montmorillonite
(75-78%) for GMZ clay, IS-ml (55%) for Holmehus clay [4] and montmorillonite 
(77-85%) for MX-80 clay [5]. Semiquantitative evaluations give additional essential 
components. (Table1.)

a b
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Figure 3: XRD pattern of GMZ clay.

Table 1: Mineralogical composition of virgin clay samples as determined by XRD. 
(Weight percentage)

Clay
Muscovi
te, 
2M1

Chlor
ite

Quar
tz

Cristoba
lite

Plagiocl
ase

K-
felds
par

Anata
se

Gyps
um

Jaros
ite

Pyri
te

Feldsp
ars

Holme
hus 10-20 <5

10-1
5 - <5 5 0.5 2 2 0.3

MX-80
[5] 1 - 5 3 13 - - - - -
MX-80
[6] 2 - 4 2 5 - - <1 - - 5-8
MX-80
[7] <1 - 15 - 5-8 - - - - 0.3 4.3
GMZ 11.7 7.3 -

FT-IR Analysis
FT-IR analyze of GMZ clay shows a strong infrared absorption peak at 800 cm-1 due to 
the existence of MgAl-OH bonds and hydration ion (mainly Na+) that weakens H-O-HOH 
Mg Al bonds. The analysis verified that the clay is Na- montmorillonite clay (Figure 4.) 

Figure 4: FT-IR of GMZ clay. (East China University of Technology)
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2.2.2 Chemical composition and physical properties

The evaluated element composition of GMZ clay is compiled in Table 2, the 
corresponding data for Holmehus and GMZ clays being shown for comparison. 

Table2: Element data of bulk clay samples. ( a,b, [4]; c[8].)
Element SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O
Holmehus, a 58.6 15.3 6.5 2.2 0.7 1.4 2.8
MX-80, b 63.6 19.8 5.0 3.2 3.1 2.8 1.0
GMZ, c 69.2 14.4 3.1 3.3 1.3 2.0 0.8

Essential physical properties and cation exchange capacity (CEC) of Holmehus, MX-80
and GMZ clay are shown in Table 3. The higher montmorillonite content agrees with the 
higher CEC (The Cu-triethylenetetramine method for Holmehus clay; the neutral 
NH4Cl-ethyl alcohol method, [9]). It is also confirmed by the high Plasticity Index (IP) of 
this clay. The dominance of sorbed Na explains their high liquid limits, the highest value 
represented by the MX-80 clay (WL).

Table3: Cation exchange data and Atterberg consistency limits of the three clays [10], sis
the specific gravity of soil grain.

Clay CEC 
(meq/100 g)

Exchangeable 
cations

WL WP IP s

Holmehus 29.7-31.6 K, Na 234 29 205 2.58
MX-80 78.8±4.8 Na 519 35 484 2.76
GMZ 77.3 Na- Ca 313 38 275 2.66

3 Swelling Pressure and Hydraulic Conductivity Tests

Figure 5: Experimental setup for fluid saturation and determination of the hydraulic 
conductivity and swelling pressure [11]

Stainless steel oedometer cells were used for the experiments (Figure 5).Two sets of 2cm 
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high and 3cm diameter Holmehus clay blocks with saturated densities 1675, 1800, 1900 
kg/m3 were compared; one saturated and permeated with distilled water and the other with 
3.5% CaCl2 solution. The permeation was made from the lower end of the cells. After 
saturating the samples, permeation started until stable flow was reached. The discharged 
permeant was collected in 100ml glass containers with rubber caps that had thin 
needlesfor keeping equal air pressure in and outside the containers. The hydraulic 
conductivity wasevaluated by using Darcy’s law, the hydraulic gradient being maintained 
at 100m/m (meter water head difference over one meter flow length).Stiff pressure cells 
of 3-5kN load capacity were mounted on the oedometers for logging the swelling pressure 
evolved in the saturation phase [11]. The pressure was perfectly stable after 3 weeks using 
distilled water and around 2 weeks using the salt solution.
GMZ clay samples were prepared in the same way with the desired  water contents 
15.1%, 19.6%, 23.9% corresponding to “wet” densities of 1200 ~ 1700 kg/m3. Figures 6-a, 
b, c, d give that the evolution curves of the swelling pressure of GMZ clay samples (water 
contents a, b=15.1%, c=19.6%, d=23.9%) for distilled water as a function of time. Figure 
7 and 8 show the relationship between swelling pressure and hydraulic conductivity at 
saturationfor the three clays saturated with  distilled water and salt water (3.5% CaCl2

solution), respectively. Examination of these graphs is described in Paragraphs4.1 
respecting the swelling behavior, and 4.2 concerning the hydraulic behavior. 

Figure 6: Relationship between swelling pressure (ps) and swelling time (T) of GMZ clay. 
a: completeps -T curve when w%= 15.1, b: part ps -T curve when w%= 15.1, c: part ps -T

curve when w%= 19.6, d: part ps -T curve when w%= 23.9.
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Figure 7: Relationship between swelling pressure and density at saturation.  (-Di W is 
distilled water; -Sa W is salt water)

Figure 8: Relationship between hydraulic conductivity and density at complete saturation.

4 Discussion
4.1 Swelling Mechanism
4.1.1 Influence of accessory minerals

The MX-80 and GMZ clays have a content of montmorillonite of 77-85% and 75-78%, 
respectively. The accessory minerals are mainly quartz, plagioclase, feldspar, cristobalite, 
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gypsum, pyrite, and chlorite. They make up about 20 % in these clays and have a limited 
influence on the bulk physical properties except for those belonging to the fine-silt 
fraction [12]. Their role is negligible in the GMZ and MX-80 clays but can possibly have 
some impact on the behavior of Holmehus clay in which they make up some 20-30 % of 
the mineral phase.

4.1.2 Crystalline swelling

It is recognized that the swelling of clay on exposure to water or saline water was 
primarily controlled by the crystalline swelling and the interaction of diffuse 
double-layers [13, 14].  
Crystalline swelling is related to the hydration of the exchangeable cations (K+, Na+, Ca2+,
and Mg2+) between montmorillonite unit layers (lamellae). The matter may be rather 
complex, in fact, as pointed out by Tan [15], who conducted a test with Na-
montmorillonite prepared with NH4NO3 solution of different concentrations and then 
made XRD analysis of the mixture. The results showed that the crystal lattice swelled 
when the concentration of solution was low, remained  unchanged when concentration 
was intermediate, and shrank when the concentration was high (Figure 9.). This 
phenomenon cannot be explained by ordinary hydration and diffuse double layer theories. 
In natural saturated soil, montmorillonite crystal layers are in contact with interlamellar 
(interlayer) water and free porewater. Isomorphous replacement of Si4+ in silicon-oxygen 
tetrahedron can be partly replaced by Al3+, Fe3+, while and Al3+in aluminium-oxygen 
octahedrons can be exchanged by Mg2+, Fe2+,according to classical colloidal chemistry 
and basic clay mineralogy. It is well known, also, that the charge deficiencies in the 
crystal structure are largely balanced by uptake of exchangeable cations in the 
interlamellar space. For montmorillonite, the ion concentration in crystal layers is about 
1-7 mol associated with different numbers of water layers. Based on the physico/chemical 
theory, ion osmotic pressure in crystal layers at various ion concentrations is about 
2.4-17.0 MPa [15].

Figure 9: Relationship distance of crystal layer d001 of Na- montmorillontie and 
concentration of NH4NO3 [15].

For Holmehus clay, which is an illite/smectite mixed layer (IS-ml) clay, isomorphous 
replacement can take place of Al3+ in aluminium-oxygen octahedron being replaced by K+
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instead of by Mg2+and Fe2+. K+ makes firm contact between the crystal layer units, and 
cations in the interlamellar space are thence not easily exchanged. The vacant charges for 
IS-ml are mainly in the tetrahedrons which are different from montmorillonite where they 
mainly take place in the octahedrons, making the swelling pressure of Holmehus clay 
lower than for MX-80 and GMZ clays. The differences depend on the proportion of 
smectite in Holmehus clay.
For Na-montmorillonite it is well known that when the Ca2+ concentration in the 
interlamellar space is higher than the Na+ concentration in the free porewater, Na+will be 
gradually be replaced by Ca2+. Furthermore, when the Na+ concentration in the 
interlamellar space is higher, there is no ionic migration because of the higher osmotic 
pressure, since hydrogens will enter and reduce the high ion osmotic pressure. The 
process makes crystal layers enlarge and swell; the effect being called osmotic swelling 
potential. The ion osmotic pressure and osmotic swelling potential can also explain why 
the swelling pressure at saturation with distilled water is higher than for salt water (3.5% 
CaCl2 solution). 
Except for the impact of the ion osmotic swelling potential, the matrix suction potential 
for unsaturated clay should also be considered. The montmorillonite matric suction in Tan 
and Kong’s research [16] could reach up to 39MPa, which is equal to the suction potential 
at RH (relative humidity) of about 70% (cf. [17]). 

4.1.2 Role of diffuse electric double-layers

Diffuse electric double-layersare considered to be the main reason for the second expands 
stage. The Gouy–Chapman diffuse double layer theory has been widely used for 
explaining basic particle/water/cation interaction. According to this theory, the interaction 
force between two double layers depends on the ion concentration at the mid-plane 
between two adjacent parallel clay layers and is given by the osmotic pressure in that 
plane. Therefore, for any given separation distance between two clay layers the osmotic 
pressure can be determined from the theory by knowing the concentration of the ions in 
the central plane between the layers [18]. In general, the thicker the diffused layer, the 
larger is the space between particles. This has a strong impact on the size of smectite 
particles and thereby on the size of water-filled voids and on the bulk permeability. 
The exchange capacity of cations is of fundamental importance. The order of exchange 
potential of different cations is Fe3+>Al3+>H+>Ba2+>Ca2+>Mg2+>K+>Li+>Na+. For MX-80 
and GMZ clay, Na+ is the main exchangeable cation, while in Holmehus clay, K+ was 
sorbed in the formation of this clay in nature, leaving only a rather small amount of 
exchangeable positions in the crystal aggregates. In Ca-dominated salt water, Na+ is 
expelled from the montmorillonite aggregates, and K+, Na+ from those in illite-smectite 
clay. This lead to thicker electrical double-layers when MX-80 and GMZ clay are 
immersed in water Holmehus clay. The swelling capacity of MX-80 and GMZ clay is 
therefore much higher than of Holmehus clay.
Some of the graphs in Figure 6 show two maxima indicating that there are two stages in 
the swelling process. In the early one the swelling pressure increases rapidly and reaches a 
peak that may be caused by crystalline swelling. Rao and Shivananda [19] proposed that 
this swelling stage is reached relatively quickly and is related to the dissipation of matric 
suction, which drops when the degree of saturation rises. According to these investigators 
the suction of unsaturated specimens absorbs water to dissipate both matric suction and 
osmotic suction and to satisfy electrostatic force on the clay surface. Matric suction 
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dissipates on saturation of void spaces while osmotic suction dissipates by equalization of 
the dissolved salts concentration in the pore water and reservoir water. The electrostatic 
force reaches to a balance in the soil-water system when inter-particle repulsion force 
becomes equal to the force of inter-particle attraction, which arises because of 
electrostatic repulsion between diffuse ion layers of adjacent clay particles.
The curve for samples with 15.1% initial water content (Figure 6-a, b) indicates a first 
delay in pressure rise (marked GDA I). Compared with the 19.6% and 23.9% sample 
curves (Figure 6-c and d), the delay in curves with higher water content samples becomes 
weaker and finally disappeared at highest water content and lowest dry density. It is 
probable when the water fills the clay voids, and lightly collapses the soil skeleton takes 
parallel to the crystalline swelling. Furthermore, the higher water contents of samples, i.e. 
higher saturation degrees, relieve the extent of the collapse in this stage.
After the first peak diffuse double-layer repulsion successively dominates and shearing of 
big particles and particle aggregates makes them disintegrate in conjunction with a drop 
in swelling pressure. The large number of thin stacks of smectite lamellae, exfoliated 
from dense aggregates, reorganizes and forms soft gels in the voids without contributing 
to the macroscopic swelling pressure. For the samples with 15.1% initial water content 
this phenomenon may represent the second delay in pressure build-up (GDA II). For the 
19.6% and 23.9% samples, we see the same effect but they are less obvious. 
For very densely compacted clay samples, there is only a small amount of adsorbed water 
in the interlamellar space of montmorillonite and illite/smectite particles or in the contact 
region of adjacent particles [20]. It may, however, be sufficient for formation of local 
double-layers in parts of the regions [21]. The structure of expandable clays may hence 
rebuild and become stable, representing the aforementioned second stage. This 
explanation is similar to an alternative model proposed by other investigators, who claim 
that there is a very high contact pressure between smectite grains in compacted granular 
clay before they become weakened by water uptake. Until this takes place the particles are 
intact and exert a very high contact pressure that drops when the contact zone is wetted, 
by which inter particle slip takes place that brings the particles in new positions where 
they establish new bonds and cause successive “secondary” growth of the bulk swelling 
pressure [22]. The distribution of swelling pressure in confined smectite soil samples will 
therefore not be uniform and the swelling of individual aggregates is different [20, 23]. 

4.2 Hydraulic Behavior
The hydraulic conductivity depends on the degree of saturation and on the density of the 
clay, as well as of the strongly temperature-dependent viscosity of the porewater. When 
water is infiltrated into the clay, capillary forces make it migrate in the network of big 
pores, which are first filled with water then transported by the hydration potential of the 
smectite clay particles causing expansion of the particles and aggregates of particles. As 
mentioned, the density of a smectitic clay formed by compaction of clay granules 
followed by water saturation, varies throughout the clay and even for very smectite-rich 
clays there are a number of channels - empty or filled with soft clay gels - of varying size 
and interconnectivity that are responsible for the bulk hydraulic conductivity. The 
expansion causes initial collapse of the soil skeleton, followed by structural rebuilding 
and renewed swelling [17].
Figure 8 verifies that the hydraulic conductivity significantly changes with the dry density. 
In a microstructural perspective compaction to a high dry density implies that the cross 
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section of macro-pores forming channels decreases and that the interconnectivity of the 
latter is reduced. The electrical double-layers integrated in viscous water films that exist 
on all the clay surfaces exposed in the channels provide resistance to porewater flow 
making the conductivity extremely low for highly compacted smectite-rich clays. The role 
of the electrical double-layers is particularly important in this context: a high salt 
concentration in the porewater causes coagulation of the clay gels and soft parts of the 
microstructural particle network and hence widening of the voids, which results in a 
raised average bulk hydraulic conductivity.
These considerations are validated by comparing the results of tests with electrolyte-free 
and salt percolates: one finds that the value of hydraulic conductivity changes from 
2.50E-12 m/s (with distilled water) to 7.00E-12 m/s (with 3.5% CaCl2 solution) for 
Holmehus clay (saturation density 1900 kg/m3), and from 7.00E-12 m/s to 1.00E-11 m/s 
for MX-80 (saturation density 1800kg/m3).

5 Conclusion
In HLW repositories, buffer/ backfill material should have good swelling capacity, and 
low hydraulic conductivity. The chemical compositions in the groundwater in a deep 
geological repository can affect the properties of seals of compacted smectite-rich clay, 
like most bentonites. They are considered as potential candidate materials for 
buffer/backfill material. The main conclusions of the study are the following: 

The most effective barrier to flow of radioactively contaminated water migrating from 
a HLW repository is provided by low-permeable clays, i.e. those with high content of 
smectite minerals, with montmorillonite as major constituent. This makes the MX-80
and GMZ clays particularly suitable for use in practice. However, also the 
mixed-layer I/S Holmehus clay with significantly lower content of montmorillonite 
can be considered to be suitable as buffer or seals. The reason for the lower 
permeability of the clays with much montmorillonite is that the expandability of these 
particles makes the microstructural voids and channels largely filled with clay gels 
with considerable density when the porewater is poor in electrolytes, and that the 
voids are relatively well filled with (somewhat denser) clay gels also when the 
porewater is salt. Clays with lower montmorillonite contents have larger voids and 
less ability of the expandable montmorillonite to fill up voids, and they are therefore 
more conductive. 
Clay buffer placed to isolate canisters with HLW, and clay seals in boreholes in 
repository rock are preferably prepared by strong compaction of granular raw material. 
This gives both high density and low permeability but also the required expandability 
to establish tight contact with surrounding rock by exerting a sufficiently high 
swelling pressure on the contacting rock.  As for the permeability the most 
smectite-rich clays MX-80 and GMZ give the highest swelling pressures, but the 
significantly less montmorillonitic mixed-layers Holmehus clay gives only a slightly 
lower pressure. This apparently strange condition can be explained by different 
granular size of the raw-material of clay, or by higher dispersibility of the Holmehus 
clay.
The peculiar appearance of pressure peaks in the recorded development of the 
swelling pressure in the course of wetting in the laboratory deserves attention since it 
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reveals the mechanisms in the transformation of initially desiccated granulated clay 
confined in a closed space to the ultimately apparent homogeneous state of the clay. 
The phenomenon can be explained by assuming two wetting stages: a first caused by 
swelling of the clay aggregates giving the primary pressure peak followed by 
relaxation, and a second in which electrical double-layers are being developed and 
start exerting delayed interparticle pressure. A slightly different explanation is that an 
initial high contact pressure between particles in desiccated clay, representing the first 
pressure peak, drops when the particles soften by water uptake in their contact region, 
a process that is followed by shearing that causes disintegration and slip of  particles 
to new positions where reconstruction of a homogenized particle  skeleton can take 
place. This matter deserves more attention by considering the force-fields on the 
microstructral scale.
Longevity of the smectite content in clays described in the study has not been in focus 
but naturally requires attention. This issue has been and is considered in the literature 
[17]. At present there are reasons to believe that most of the smectite component of 
bentonite clays, and particularly of mixed-layer S/I clays exposed to moderate 
temperatures (<100oC) under the hydrothermal conditions in repositories for 
high-level radioactive waste, survive for many thousands of years. Their degradation 
appears primarily in the form of cementation by precipitated silica and iron 
complexes.
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Abstract:

As an optional long-term geological disposal concept, the isolation of high-level radioactive 

waste (HLW) in very deep boreholes (VDH) is becoming increasingly attractive to planners 

and researchers. One of the major challenges for borehole sealing is to anticipate the maturation 

behaviour of clay seals in the borehole. The ultimate homogeneity of clay seals is expected to 

stabilize the borehole and prevent possible leakage of radioactivity.

Employing Darcy’s law, a numerical model for predicting the maturation of clay seals 

consisting of soft clay mud and compacted saturation clay was worked out. In maturation1

model, suction potential differences and clay permeability control water transport in the clay.

As the numerical simulation shown, the successive maturation of clay seals fully 

acknowledges the expeditious water transport and clay migration in the initial stage, as well as 

in the slow, subsequent homogenization. A series of laboratory tests simulating maturation of 

constantly saturated clay in the borehole were initiated in previous work and utilized to compare 

with numerical simulation to verify the model in the present study. The main difference between 

the modelling and practical function is that perforated steel tubes. In the model, it does not 

consider the roles of the perforation tubes around the dense clay. Based on the laboratory tests

that were performed with and without perforated tubes, the functional relationship for how 

                                                           
1 Maturation is here taken as the combined hydration/dehydration and migration/densification of the clay.
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much the perforated tube delayed the maturation process was primary worked out and used to 

evaluate the maturation results in the case of with tubes.

The model proposed was applied for predicting the maturation of clay seals in the upper

2000m part of a VDH with two referential sizes, i.e. 80cm/60cm diameters and 80cm/50cm 

diameters for the borehole/dense clay plugs, respectively. Computation of the diameter

80cm/60cm in a borehole shows that the desirable initial dry density of mud and dense clay 

should be more than 222 and 1900kg/m3, respectively, implying that the ultimate dry density 

of the clay seals becomes at least 1170kg/m3 after around 155days. Because of the higher 

thickness ratio of soft mud and dense clay plug in a 80cm/50cm borehole, the ultimate dry 

density is around 960 and 1042kg/m3 with an initial dry density of 245 and 490kg/m3 for mud,

and 1900kg/m3 for dense clay, respectively. In this case, the hydraulic conductivity of the final 

maturation product is one- to two orders of magnitude higher than the permeability of the rock 

at 1-4km depth. Even though it is considered not of concern since there is no water-driving 

hydraulic gradient, the final status of the placed clay is still proposed to be tighter and less 

permeable. Smectite-rich clays or incompletely saturation form of the clay components might 

be the solution. 

Key Words: high-level radioactive waste (HLW), very deep borehole (VDH), compacted

water-saturated clay, maturation model, homogenization.

1. Introduction

1.1 VDH concept evolution and hydration investigations of clay seals

The very deep borehole (VDH) concept is considered as an option for geological isolation 

of high-level radioactive waste (HLW) at great depth, away from human life. The earliest idea 

was proposed in the USA and the USSR in the 1950s, but was discouraged because the drilling 

technology was considered impracticable, until Woodward-Clyde Consultants (1983) 
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developed the very deep holes system with a diameter of 0.51m to a depth of around 6km for a 

proposed project.

Compared with other nuclear waste repositories of SKB-type (Swedish Nuclear Fuel and 

Waste Management Co) the KBS-3 concepts at relatively shallow depth (400-500m), VDH has 

eminent characteristics because deep groundwater is almost stagnant, and the rock fractures and 

joints at a depth of more than 2km are largely closed under the very high rock stresses. 

Therefore, there is no transport of possibly released radionuclides by groundwater flow up to 

the ground level, or by movement of the groundwater in the rock (Pusch, 2008; Pusch et al.,

2016b).

Even though there are difficulties in engineering technology, some planners and researchers 

are more attracted by the VDH concept and continue studying it. From Juhlin and Sandstedt 

(1989) to Pusch and Börgesson (1992), till Harrison (2000) and Beswick (2008) as well as some 

other researches, the borehole with the diameters of 0.75-0.8m and a depth of 4km were 

proposed and discussed. The most preferred VDH design by SKB is schematically depicted in

Fig. 1. In the upper 2000m long parts, the dense clay seals consist of pre-compacted clay blocks 

fitted in perforated steel tubes (supercontainers), while the lower 2000m part has the same type 

of supercontainers but which also host canisters with HLW. 

Fig. 1.  

For the VDH, the criteria imply that tight clay seals must serve without leakage for at least

100,000 years and the clay should be less permeable than the confining rock for this period of 

time. Furthermore, the buffer/backfill clay should have sufficient expandability and the ability

to self-seal, which occurs when the clay exerts a certain minimum swelling pressure – about 

100 kPa - on the confinement. Smectitic clay mud with a total density of 1100-1300kg/m³ is 

proposed for use in the holes, pumped down for replacing the very salt groundwater. In the 

installation phase of dense clay packages with and without HLW canisters, the dense smectite
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clay absorbs water from the surrounding mud, which densifies by this and by expansion of 

dense clay through the holes of the perforated tubes (Yang et al., 2015). Pusch (2015) has 

pointed out that maturation of the clay seals must neither be too rapid nor too slow. If the process 

is too quick, densification of the mud can require application of a high axial force for 

overcoming the wall friction at the installation. Ideally, the sets of supercontainers will sink 

down into the designated position under their own weight. If the maturation is too slow, the 

ability of placed seals to carry the load of concrete cast upon them (i.e. where fracture zones 

are intersected), may be too low (Pusch et al., 2016a; Yang et al., 2015). Pusch et al. (2012)

proposed a way of delaying densification of the mud by coating the perforated supercontainers 

with smectite paste or by using dense clay with an initial high degree of water saturation and 

hence reduced suction potential, which retards migration of dense clay significantly.

Some investigations of the water transport in clay have been performed. Ohkubo et al. (2016) 

determined the porewater distribution in water-saturated compacted clay and found that 

samples with low density contain freer, interlamellar water. Pacovsky´ et al. (2007) conducted, 

on bench-scale, a buffer mass test of the Swedish KBS-3V disposal system, with artificial 

wetting. They found that the saturation process closely followed the development of the 

swelling pressure, and that temperature does not affect the degree of saturation. Some research 

projects on the hydration process on microscopic and mesoscopic scales were carried out as 

well. Wang et al. (2003) modelled the flow in porous media using homogenization theory, 

micro-flow permeation and macro-scale seepage. They found that a constraint film of clay has 

a vital effect on the coefficient of permeability but that the stochastic multi-dimensional effect 

can be ignored for clay because of the small pore sizes. Pusch (2015) and De Vries et al. (2017) 

have pointed out that in many of the process-based macroscopic models; flow exchange with 

the smaller intra-aggregate pores is believed to be controlled by diffusion. Kristensson and 

Åkesson (2011) investigated the homogenization process in a bentonite clay buffer of KBS-3V 
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design in terms of average void ratio. They found that the effective pressure difference between 

the buffer and adjacent smectitic clay determines the ultimate density and porewater distribution.

Schanz (2016) agreed that the initial heterogeneity ultimately transforms into homogeneity in 

the transient hydration process of compacted buffer material under coupled thermo-hydro-

mechanical (THM) conditions. He stated that the microstructure evolution drives the 

homogenization process. Bouchelaghema and Pusch (2017) recently contributed to the

understanding of the effective hydraulic conductivity tensor by solving the equations for 

porewater flow through a 2D microstructural element of soft and dense smectite gels with 

channels.

1.2 Research question and outline of the paper

The present work focuses on numerical modelling of the maturation of clay seals in a

simulated VDH for HLW disposal, and preliminarily estimates the ultimate status of such clays

in a real borehole. The principle of the model is described in Section 3. The numerical 

simulation describes the water transportation and soil migration process from the initial

heterogeneous state of soft mud and dense clay to the ultimate homogeneous condition of the 

entire clay seals (Section 4.3). The influence of the perforated steel tubes (supercontainers) on 

the maturation is not included in the numerical model but was examined by deriving a

relationship between the maturation time for the numerical simulation and experiments (Section 

4.2.1). The previous laboratory measurements of the specimens are briefly reported in this paper 

in conjunction with presentation and discussion of predictions and selection of parameters

(Section 2 and 3.2). The experimental results and computed performance of the lab-scale clay 

seals (Section 4.1, 4.2.2 and 4.3), are compared in Section 4.2.2. Extending the modelling to 

comprise the function of the upper 2000m part of a full-size VDH (Juhlin and Sandstedt, 1989;

Pusch, 2008) is discussed in Section 5.  Discussion and conclusions are given in Section 6.
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2. Laboratory test of maturation  

Systematic laboratory tests were made using a pervious acrylate-stabilized sand tube, 

representing a borehole in water-saturated rock. The steel tubes with 50% perforation

containing dense clay simulating the clay seals in the upper 2000m part of a VDH, were closed 

at the ends by steel plates. The entire setup was submerged in water in order to keep the sand 

filter continuously saturated during the tests (Fig.2-a, c).

Fig. 2. 

Holmehus clay, produced in Southern Denmark, was the sealing material used in the tests.

It is an illite/smectite mixed layer (50-55%) clay with about 60% montmorillonite and a low 

content of muscovite, feldspars, chlorite, quartz and gypsum (Yang et al., 2015). The clay 

specimens were manufactured by mixing the air-dry granulate with ‘dry water’ (Forsberg et al.,

2017) to become fully water saturated at uniaxial compaction to a dry density of 1550kg/m3

(Yang et al., 2015). The dense clay blocks in the perforated tubes, surrounded by soft clay mud, 

were contained in the filter for maturation in 6, 12, 24, 48, 96 hours and one year. Fig.2-b shows 

that, after a certain time of maturation, the dense clay started to swell through the perforation, 

forming small clay columns that displaced mud and sorbed water from it. Because of the 

difference in suction potential between the mud and the dense clay, and also within the different 

parts of the dense clay, the mud underwent consolidation, while the dense clay softened. After

maturation tests, the slightly densified mud and softened dense clay were examined with respect 

to the water content at different distances from the symmetry axis (Yang et al., 2015). The dry 

density of the dense clay and mud were determined for comparison with the corresponding 

computed data from the theoretical modelling (cf. Section 4.2.2).

3. Numerical model of maturation of clay seals

3.1 The model proposed

As is well known from fluid mechanics, Darcy’s law gives an accurate representation of the
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flow within a porous medium (Harr, 1991). Darcy’s empirical law states =  , where the

fluid flux (m3/s)is related to the cross-sectional area A (m2)of the soil, the hydraulic 

conductivity k (m/s) and the hydraulic gradient (m/m). The permeated fluid volume Q in time 

is given by  =   (1)

If the height of the cylinder specimen is , the radius is , the permeated fluid volume 

becomes = 2                         (2)

where,  is the water head, and   is the hydraulic gradient .

Rearranging and integrating Eq. (2) gives

·  =  2 (3)

Thus,=       ( ) · (4)

where and represent the flow path. ( ) is the hydraulic head difference causing

moisture transport.

In the case of maturation of clay seals in the borehole, key assumptions and criteria that are 

implicit in the model are the following:

1. Darcy’s law is valid.

2. The dense clay and mud is respective homogeneous initially.

3. The total volume inside the hollow cylinder filter, contains dense clay and mud, is 

constant during the entire maturation process.

4. Expansion and flow are taken place only in the radial direction. 

5. The maturation process is under isothermal condition.

Fig.3.
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The hydraulic gradient and thereby the hydration/dehydration of the dense clay is a function 

of the position of the clay elements and of maturation time. Therefore, the dense clay is 

considered to consist of a sequence of strata (annuli) with conceptual vertical separatrixes, 

subject to one-dimensional hydration or dehydration, implying only radial flow and clay 

particle migration. Because of the symmetric conditions, only the left half of the clay sample is 

viewed. If a unit of sample with height (m) and initial radial length (mm) is divided into  elements ( is a natural number) the initial size of each element and the distance from its

center to the symmetry axis is and ( = 1, 2, 3 … ), respectively. For the mud in the 

clay seal, the corresponding parameters are (mm) and (mm), respectively (Fig.3).

Theoretically, in the clay seals, water is absorbed from the mud by the nearest clay element, 

followed then by water movement in the series of elements taking place from the centre of an

element to the centre of the adjacent one. Therefore, in the model, the values of permeability 

and suction differences should be representative from the centre of the clay cell to the adjacent 

one. The hydraulic conductivity is proposed to be the weighted average value ( ) (m/s) of 

the clay. Due to the weighted average hydraulic conductivity, which is calculated by , can lead 

to numerical problems if the hydraulic conductivity in the flow path have large difference in 

magnitude, the weighted average hydraulic conductivity should be calculated by referring to 

the weighted average dry density ( )( ) (kg/m3), which is the value weighted with respect to 

the thickness of clay elements. Based on the derived Eq.(4), the suction potential difference 

( )( ) (MPa) generated by the radial hydraulic gradient gives the amount of transported 

moisture as:

( )( ) = ( )( )( ) ( )     ( )( )( ) · ( )                         (5)

where is the unit weight of water. (s) is the maturation time in the P
th time step 

assuming (s) to be the total time. Thus, (1, 2, 3, … , ), and ( 1) = 0 means the 
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initial status before  maturation. The subscript ( 1) = 0 represents the mud. The parameters 

of ( ) and suction ( )( ) in the model are functions of the dry density. The expressions

of ( ) and ( )( ) are based on the laboratory experiments (Section 3.2).

In preparation of a VDH, the low-density mud is proposed to fill in the borehole. The initial 

dry density of the mud in the laboratory tests was about 222kg/m3, meaning that the clay 

particles formed a stable clay gel. In the beginning of the maturation process, due to the 

sufficient water in the mud, the water transport from the interface ( ) of mud/dense clay to 

the centre of the first element at distance  ( ). The permeability controlling the transport into 

the first element is determined by the value of the first element. Therefore, the volume of 

flow (m3) into the first element during the initial period is:

 ( ) =        ( )   ( ) ( )       ( )( ) · ( )( )
(6)

Along with the losing of the water in the mud, the soil particles in the mud come in contact 

with each other and from this moment,     ( )    ( )( )       ( )         ( )( ) , water starts to move from the mud 

to the first dense element and one considers the densified mud to be one element among all 

others. The mathematical model of flow volume into the first element is transformed to

 ( ) =   ( )( ) ( )     ( )( ) · ( )( )
(7)

For each element, water is both flowing into the element and out from the element. The 

volume of water that stay in the element is denoted as( ) = ( ) ( )( ) (8)

Since the clay seals are closed at the top and bottom, the dense clay swells only in radial 

direction. The volume of clay expansion is equal to the volume of water sucked by elements.
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Based on the relations mentioned above, the expansion of each element during the time step 

becomes:

( ) = ( ) ( ) + ( ) ( ) +    ( ) · (9)

The total radial expansion of clay elements during the time steps is( ) = ( ) (10)

The new radius of the dense clay ( )  after swelling becomes:( ) = ( 1) + ( ) (11)

The mud will be compressed with the same volume as the increased volume of the dense 

clay. The reduced radial size of the mud ( ) is the negative value of the total radial 

expansion of the dense clay elements.

Based on the expansion of clay, state parameters of the elements and mud can be updated

with time as follows,( ) = ( 1) + ( ) + ( ), (12)                                                                        ( ) = ( 1) + ( ) (13)( ) = ( 1)   ( ) (14)( ) = ( 1) + ( ) (15)

Thereby, the dry density of each element becomes:

( )( ) = ( )( 1)       ( ) ( )      ( ) ( ) (16)

and for the mud

( )( ) = ( )( 1)       ( ) ( )      ( ) ( ) (17)

3.2 Soil properties for the numerical modelling 

During the numerical modelling, the hydraulic conductivity and suction for the selected clay 

material must be known for each element and time step. The suction is the negative value of 
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swelling pressure. The parameters and can be calculated utilized the functional 

relationships = 6 10 exp ( 0.01 ) (18)

and

= 2.16114 + 0.49613 (1.53378 10 ) ,      960 3      0,                                                                                       < 960 3    (19)

which are fitted based on results obtained from laboratory experiments (Yang et al., 2015). Note 

that the expressions of the relationship will change with the type of clays if their mineral 

compositions and smectite contents are different.

3.3 Numerical simulation procedure

In the numerical simulation, modelling begins with selection of material properties, i.e.  the

initial dry density of mud and dense clay, the geometrical parameters , , as well as the 

initial hydraulic conductivity and suction. The modelling was implemented using MATLAB. 

The procedure is schematically shown in Fig.4. and described as follows: 

Assume that there are N elements and that the time for each time step in the computation

is sec. Total computation time is , which is divided into two parts (1, 2, … , )

and  ( + 1, … , ) . R represents the time steps number for maturation in the 

initial stage where water moves from the mud/dense clay interface to the first dense clay 

element, while R represents the time steps number in the second stage implying water 

movement from the centre of the  mud to the adjacent dense clay element (Fig.4-right).

Computation start from the first stage , afterwards, is the second stage . In both of 

two stages, the volume of water that flow into the first element and the other elements( ) are computed primarily. Utilizing the volume of water staying in the elements( ), the swelling ( ) of each element is computed.
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In each time step, the state parameters of each element are assumed to be constant. As

soon as ( ) is computed, all the other state parameters R, , ,  , k, , for both 

mud and clay elements have to be updated for the computations in the next time step

(Eq.11-19). The iterative simulation process continues until the total time has been 

reached, the computation is finished and the solution is reached.

The procedure above is performed for conducting the computation with ( + )
elements with time (Eq.20, Section 4.1). Here, (1, 2, …). When the computation

is completed the results are compared with the results for N elements. If the solution 

converges, the solution is accepted. Otherwise, the number of elements is gradually 

increased with associated time interval until the convergence is reached (Fig.4-left).

Fig. 4.

4. Numerical modelling of laboratory tests

Numerical modelling have been performed using parameters and boundary conditions 

relevant to the laboratory tests, referring to the initial dry density, thickness of the mud and 

dense clay, i.e. 222 and 1550kg/m3 for the mud and dense clay, and 6.5 and 43mm for the two 

clay components, respectively. Computations for 20, 40, 60, 80, 100, 150, 200, 250, 300, 400, 

500 and 800 elements were made and convergence was reached for 200 elements, as discussed 

in Section 4.1.

4.1 Simulation results of clay maturation

Dry Density of clay seals in maturation

Fig. 5 shows that the dry density of the clay components changes with the hydration time in 

the numerical modelling with 200 elements. Along with the fluid flow into the fully saturated

dense clay, microstructural reorganisation was successively generated in each of the elements.

The study revealed that the dry density of the dense clay elements decreased from initially

1550kg/m3, while the dry density of the mud increased from initially 222kg/m3. In the numerical 
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simulation, the lab-scaled clay seals became isotropic and uniform with a dry density 

1225kg/m3 in around 540min. The corresponding hydraulic conductivity and swelling pressure 

would be around 2.90E-11m/s and 1.08MPa, respectively. 

Fig.5.

Solid mass conservation

The process of maturation, implying water moving in the clay seal, presupposes 

simultaneous swelling of the dense clay and densification of the soft mud in a closed system.

The solid mass of both mud and dense clay is conserved throughout the process. 

Time for each time step

The accuracy of the solution is improved by using small spacing of elements and short time.

In order to simplify the solution, an empirical formula was utilized for choosing a suitable 

timetable. The expression for t in the modelling assuming that the total number of elements

is given,

 = 50 + 60exp ( 6.31522 10 ) , 4500 (20)

In the computation, a time interval shorter than the designated t in Eq.(20) can also work

but is not economical because of the longer computation time. Eq.(20) is workable for

numerical simulations of the behaviour of Holmehus clay in the paper. The choice of t has to 

be further investigated and verified for other clays.

Numerical solution convergence 

Convergence of the numerical solution is evaluated by using the correlation coefficient ,

implying a certain statistical relationship between two maturation curves.  is calculated 

according to covariance divided by standard deviation. For approaching unity the similarity 

of the curves is high. If = 1, there is maximum positive similarity between two curves while

for = 0 there is no similarity between them.
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The maturation graphs for 20, 40, 60, 80, 100, 150, 200, 250, 300, 400, 500 and 800 elements

(Fig. 6), indicate visually that convergence is reached between 150 and 300 elements.

Comparing against the results with 800 elements, the correlation coefficient values of the 

maturation curves are calculated and given in Table 1. Since the correlation coefficient is higher

than 0.9999, simulation of 200 elements is considered converges.

Fig. 6.

Table 1.

4.2 Verification of numerical model

In order to validate the numerical model, it is expected to proof that the simulation of the 

laboratory-scaled clay seals agree with the experimental results. However, the retardation of the 

maturation process caused by the perforation of the tubes cannot be readily modelled but it will 

be shown in the following that it is still possible to assess its impact.

4.2.1 Maturation influence by perforated tubes

Two series of laboratory tests were performed with 12h and 48h duration using and disuse 

perforated tubes containing dense GMZ clay2 (Fig.7). The results are presented in Fig.7.

Considering the area between the maturation curve and the initial horizontal line one can 

calculate the volume of the area rotated around the y-axis (dry density axis) as, and , for maturation in 12h and 48h with and 

without perforated tube, respectively. Building relationships of the volume of rotation for and , as well as  and , one obtains  relationships 

between with time , and with time . Assuming that maturation is

synchronous for the computation and experiments when is equal to one arrives

at the following relationship of the maturation time for the cases with and without a tube:

                                                           
2 This clay contains somewhat more smectite (montmorillonite) than the Holmehus clay and therefore has higher 
expandability but lower hydraulic conductivity. The net difference between the maturation rate of two clays may 
therefore not be significant. 
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= 0.013112 . (21)

where, and represent the maturation time in the experiment and numerical 

simulation in hours, respectively. With the value of maturation time in the experiment, the 

corresponding time in computation at the same state is calculated utilizing Eq.(21). The results 

are collected in Table 2.

Fig.7.

Table 2.

4.2.2 Comparison with experimental results

Based on the functional relationships of maturation time and , as well as the 

values of the time in Table 2,  the dry density of maturated clay in numerical simulation are 

compared to experimental results (Fig.8). In Fig. 8, the blue curve that presents the computed

results with 200 elements and the mud (regarded as one element) consists of 201 data points.

Each point represents one element, providing information of the dry density and the position in 

the seal at the respective maturation time.

In the experiments, the sample to be analysed after hydration was tested in seven same 

interval positions in the radial direction for determination of the water content. Therefore, each

point in the experimental red curve represents the mean dry density of one piece of clay in the 

respective position.

Fig. 8.

The black curve is plotted based on the simulation results. The curve consists of 8 points, 

each representing the average of 25 computed elements in order to achieve similar amount of 

data points with the experimental results. The orange triangle point represents mud. In the 

simulation, the thickness of the mud changes with the maturation of the dense clay elements,

performing the position of the orange point in figure changes. In contrast, the tested mud in the 

experiment contains some expanded dense clay since the same thickness of the maturated soil 
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as the initial mud was tested. Therefore, the computation of the mud does not represent the 

reality mud in the experiment. The comparison for the mud is not regarded as great concern.

Fig.8 indicates that the presented theoretical model for maturation works in a good way since 

the simulated result agrees well with the experimental results for 6, 12, 24, 48 hours and one 

year . However, for the maturation time of 96h in the experimental test in Fig.8e, the difference 

is quite large between simulated and experimental results. A possible reason for this 

discrepancy could be the functional relationship Eq.(21), which is based on a limited number 

of experimental tests. It is expected that the agreement of the simulation and experimental 

results in Fig.8e will be improved if the relation is developed further by basing on more 

experimental investigation.

4.3 Maturation progress of clay seals

The maturation process of clay seals includes both water transport and clay migration. Water 

transport is generated by suction potential differences; water is absorbed in the interlamellar 

space of the crystals, as a result of hydration of the exchangeable cations and of osmotic 

phenomena (Yang et al., 2016). The clay migration is generated by the expansion of the crystal 

layers and the microstructural reorganization.

From the results of the numerical simulation (with 200 elements), the maturation progress

of the clay seals can be studied referring to Fig.9. A water content ratio, corresponding to the 

colour bar in Fig.9-1a, b, c, o, p, q, x, y, z, is introduced for visual representing the water 

transport in the mud and dene clay by colour shadings. The water content ratio is calculated by 

the water content difference of any unit in the seal and initial dense clay divided by the water 

content difference of initial mud and dense clay. Value 0 in the colour bar represents the same 

water content as the initial dense clay, while 1 denotes the same water content as the initial mud. 

Higher value of water content ratio means higher water content.
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At the beginning of the maturation progress, the water content in the area of the interface of 

mud and dense clay is very high, therefore, water move rapidly into the part of the dense clay 

that is very close to the mud (Fig.9-1a, b, c). With water gradually spreading into more elements, 

the dense clay becomes wetter but will not be as rich of water as the elements next to the mud 

in the earliest stage (Fig.9-1o, p, q). With the development of the maturation, the difference in

water content between the elements will not be as significant as in the initial stage. The clay 

seal becomes successively more uniform and the maturation process becomes slowly since the 

water-driving suction potential becomes lower with time (Fig.9-1x, y). After a long time, the 

water evenly distributes in the entire seals, the homogenization status is reached (Fig.9-1z).

Fig. 9.

In the modelling, the solid mass in mud and clay elements is conserved during the progress.

Because of the expandability of smectite clay, the variation of the dry density is associated with 

a change in volume of the elements, which remain fully saturated throughout the maturation 

process. To begin with, the mud gives off plenty of water and densifies rapidly until it reaches 

a density that approaches that of the adjacent elements. During this period, the red-mud-dot in 

Fig.9-2 moves close to the filter very quickly (Fig.9-2a, b, c). Simultaneously, the series of 

dense clay elements that are close to the mud absorb water and expand as shown by the blue 

dots, which also move towards the mud.

Along with more elements close to the core undergoing expansion, the swelling forces 

further compress the mud and some close elements so that they temporarily become even denser 

than certain elements in the central section (Fig.9-2o, p, q).  With time, elements in the core are 

less dense, the mud and some close elements thereby are less pressurized. Meanwhile, the water 

is sucked from the soft part of clay by the denser part, the volume of mud and elements slightly 

adjust until they ultimately become equidensity (Fig.9-2z). 
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5. Numerical modelling of the evolution of clay seals in a real borehole

In a VDH for HLW disposal, the upper 2000m part is tightly sealed with smectite-rich clay 

except where fracture zones are intersected, which is also the case for the lower 2000m part, in 

which the containers are filled with clay and nuclear waste canisters. Here, the same model is

applied as for the lab-scale-model case, again without paying attention to the impact to the heat 

production caused by the radioactive decay.

As reviewed in Section 1, Juhlin and Sandstedt (1989) and Pusch (2008) have proposed a 

diameter of VDH of 80cm for the borehole and 60cm for the tubes with clay-embedded HLW 

canisters, or alternatively 50cm for dense clay if a borehole casing would be required. The 

maturation of clay seals in a full-scale borehole with the diameter of 80cm/60cm for 

borehole/clay plugs, termed here “real case 1”, and 80cm/50cm, called “real case 2”, will be 

predicted. 

The criteria valid for the clay seals in VDH are that they 1) must not be more permeable than 

the boring-disturbed surrounding rock taken here to have a hydraulic conductivity of E-12m/s 

and that they 2) must be enough ductile and exert an active pressure on the rock of at least 

100kPa (Pusch, 2008).

For “real case 1” (Table 3), with 80cm/60cm design of the borehole repository, a suitable 

dry density for Holmehus clay plugs is more than 1800 kg/m3 assuming  the initial dry density 

of the mud to be 222kg/m3. The maturation process will take more than 100 days, which is 

probably somewhat faster than in practice. If the initial dry density of the mud is high, e.g.

around 490kg/m3, the time to reach homogenization would be much longer.

Table 3. 

For “real case 2”, with an initial dry density of the mud of 222kg/m3 and 1650kg/m3 of the 

dense clay, the migration of solids is not fast enough to densify the mud early because of the 
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high ratio of the thickness of mud and dense clay. As shown in Fig.10, the ultimate dry density 

of the mud is around 450kg/m3 while the dense clay is 910-960kg/m3.

The maturation progress end when the dry density of Holmehus clay turns 960kg/m3 since

the water suction potential of this dry density is extremely low. The heterogeneous condition

lasts until the initial dry density of dense clay is as high as 2000kg/m3, in this case, the mud and 

clay plugs become relative uniform with a dry density around 960kg/m3 after around 80 days. 

With a higher dry density of the mud of 490kg/m3 and 1900kg/m3 of the dense clay, the clay

seals are predicted to be 1042kg/m3 after 85 days. However, with the high density of the mud, 

a significant rising of the shear resistance for installing clay packages is expected. To speed up

the maturation of the entire clay system and achieve ultimate homogeneous sealing status, it 

would be preferable to use a more smectite-rich clay than Holmehus clay or to install it in an 

incompletely saturated form.

Fig. 10

6. Conclusions

The model of maturation of saturated clay in the constant space is worked out, basing on the 

Darcy’s law. The key parameters of the model, i.e., hydraulic conductivity and suction, are 

calculated using the fitted relations that are built from the permeability and expandability 

laboratory tests.

To evaluate the maturation in the designed VDH and to verify the model proposed, the 

maturation retardative effect of the perforated tubes has to be investigated experimentally. 

Based on the relationship of the maturation time in the cases of with and without perforated 

tubes, the computation results are compared with the experiments. A good agreement of the 

physical behaviours is obtained in the majority of the comparison. The development of the 

function relations could further develop the agreements of the simulation and experimental 

results. 
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The maturation process of the soft mud and the dense clay plugs contains hydration of the 

denser clay and dehydration of the softer clay, as well as simultaneous migration of the denser 

clay and densification of the softer clay.

The conducted numerical modelling for predicting the maturation of clay seals in real deep 

boreholes is made without considering the impact of the temperature. For the proposed

geometries (diameter of 80cm/60cm for borehole/clay plugs ), the initial dry density of the mud 

and dense clay should be more than 245 and 1900kg/m3, respectively, for reasonably quick 

maturation and for reaching an ultimate dry density of the clay seals of around 1178kg/m3. The 

estimated time for reaching homogeneity of the investigated clay seal is approximately 140 

days.

In the alternative case with diameters 80cm/50cm, the ratio of the thickness of the mud and 

the dense clay is higher and the migration of dense clay is not sufficiently effective to 

substantially densify the soft mud. With the initial dry density of mud to be 222, 245 and 

490kg/m3, the relative uniform status of the entire clay can be achieved when the dry density 

of clay plugs is 2000, 1900 and less than 1900kg/m3, respectively. The final dry density of the 

maturation products is not high enough to have a very low permeability, therefore, a more 

smectite rich clay or unsaturated clay plugs is proposed for the alternative case.

The established numerical model in the paper is proved to be reasonable by comparative 

assessment between the modelling results and experimental. The numerical simulation of the 

maturation in the conceived VDH presents the ultimate states of the maturation clay production 

and provides valuable reference to engineering design of HLW disposal in a VDH.
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FIGURES AND CAPTIONS 

  
Fig. 1.  Schematic illustration of VDH concept by SKB. The clay package at a depth deeper 

than 2 km consists of a supercontainer and dense clay – embedded HLW canisters (Pusch, 2008; 

Yang et al., 2015)

 
Fig. 2. Instrument in the laboratory test. (a) Setup with clay seals after maturation, the top lid 

was taken away; (b) 96h laboratory experiment with clay plugs in perforated steel tubes

surrounded by mud; (c) Schematic illustration of test setup with clay seals (soft clay mud and 

dense clay blocks).
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Fig. 3. Schematic of specimen and maturation. (a) Clay specimen surrounded by water-rich

mud, absorbs water in radial direction. (b) Division of analytical dense clay into elements for 

the numerical modelling.

 

 

Fig. 4. Flowchart of numerical solution procedure. Left: Overview of the procedure. Right: 

Computation with a certain amount of elements N starts with the first time stage followed by 

the second time stage .
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Fig. 5. Maturation of clay seals in simulation with 200 elements. Left: plotting with mud and 

200 elements. Right: plotting with mud and every 20 elements.

 

 

Fig. 6. Maturation of the mud in computation with different numbers of clay elements.

 

Fig. 7. Maturation of dense clay with and without perforated tube in 12 and 48 hours, 
respectively.
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Fig. 8. Comparison of clay maturation in numerical modelling and laboratory experiments.
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Fig. 9. Simulated maturation process of the clay seals. (1a, b, c, o, p, q, x, y, z) show water 

transport in clay as a function of maturation time; (2a, b, c, o, p, q, x, y, z) show the clay 

migration, presenting density changes of different parts of the clay seal as the function of time.
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Fig. 10 Maturation of clay seals in real case 2. Left: plotting with mud and 1000 elements. 

Right: Plotting with mud and every 100 elements.
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TABLES 
 

Table 1. Correlation coefficient values for multiple number of elements and 800 elements

Element No., N Correlation coefficient Element No., N Correlation coefficient
20 0.966051 200 0.999911
40 0.994154 250 0.999953
60 0.997926 300 0.999974
80 0.999021 400 0.999991
100 0.999441 500 0.999997
150 0.999805 800 1.000000

 

Table 2. Maturation time in experiment compare to the time in numerical simulation.

Time in experiment,( h) Time in simulation, (60 min)
6 8
12 20
24 50
48 125
96 310
1 (year) 105

Table 3. Numerical simulation of maturation in reference to real VDH with Holmehus clay

Case

Initial dry density End of process

Case 

Initial dry density End of process

(dense clay/mud) Dry density Time k Ps (dense caly/mud) Dry density Time

kg/m3
(clay seals), 
kg/m3 days m/s Mpa kg/m3

(dense cl y/mud), 
kg/m3 days

1

1550/222 969 78 4.06E-10 0.002

2

1600/222 (910-960)/458 43
1650/222 1025 74 2.12E-10 0.229 2000/222 (878-960)/960 75
1800/222 1112 104 8.89E-11 0.570 2250/222 1014/1014 137
1900/222 1166 155 5.18E-11 0.806 1900/245 (891-960 )/933 57
1900/245 1178 140 4.59E-11 0.861 2000/245 (879-960 )/960 78

1900/490 1283 277 1.61E-11 1.389 1900/490 1042/1042 85
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ABSTRACT
Disposal of highly radioactive waste (HLW) can be environmentally acceptable if radionuclides are 
kept isolated from the groundwater, which has inspired planners of repositories to work out multibar-
rier concepts that postulate defined functions of the host rock and engineering barriers. Assessment of 
the role of the host rock involves groundwater flow modelling and rock mechanical analysis, which are 
both highly speculative and ignore future changes in rock structure, stress conditions, and groundwater 
flow. This makes use of engineered barriers necessary and possible technical solutions for isolating 
containers with HLW by clay and concrete seals have been described in the literature. The present paper 
examines the performance and interaction of such seals in very deep boreholes with respect to chemical 
reactions and their impact on the sealing functions.
Keywords: cation exchange, clay, concrete, dissolution of clay minerals, interaction of smectite and cement.

1 SCOPE
One way of disposing highly radioactive spent reactor fuel is to place it in deep boreholes 
(Fig. 1). The concept is referred to here as VDH and has clay as major sealing material [1]. 
Concrete is cast where the holes intersect water-bearing fracture zones. The paper deals with 
the chemical interaction of the two materials and its impact on their sealing potentials.

2 ENVIRONMENTAL CONDITIONS
The VDH concept implies construction under water that is very salty, heavy and Ca-dominated 
below about 2,000 m depth. Its density makes it stay at depth, which hence reduces the 
demand for using long-lasting canisters and embedding buffer clay. There are no hydraulic 
gradients and most of the construction work, including boring of the 4,000 m deep holes with 
about 800 mm diameter, can be made by utilizing techniques developed by the off-shore gas 
and oil industry. Certain difficulties are expected in the construction of the deep holes where 
they pass through fracture zones, but the deep-drilling industry has good hope to manage. 
Engineered barriers, clay and concrete, placed in them for guaranteeing effective sealing of 
the holes must perform acceptably for long periods of time, which is the matter focused on in 
the present paper.

2.1 Design and construction

The constant diameter of the deep holes considered here is 800 mm. They are made by bore-
heads with bits, and reamers rotated in drilling fluid of smectite clay mud with a density of at 
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least 1,150 kg/m3, cyclically pumped down through the borehead and cleaned and recharged 
when moved back to the ground surface. It serves to bring up boring debris from the bore-
holes, to stabilize the rock, and to cool the borehead. Such mud also fills the holes in the 
placement of seals and waste and prevents the dense clay seals to expand out through the 
confining perforated supercontainers too quickly since this would cause too high frictional 
resistance [2, 3]. For preventing coagulation of the smectite mud, which should be in sodium 
form, the boreholes are filled with freshwater that is pressed up by mud injected from below 
before installation of supercontainers with dense clay and clay-lined waste canisters starts.

The criterion that no supercontainers shall be installed where the holes intersect water-
bearing fracture zones (cf. Fig. 2) would mean that these will play no role in transporting 
radionuclides while clay placed in such positions would be eroded and dispersed. For further 
reducing the risk of erosion and loss of clay particles from the clay seals in adjacent super-
containers, with or without HLW canisters, the fracture zones should be grouted with 
erosion-resistant fine-granular cement compounds. A recommended grout recipe has 

Figure 1: VDH concept. Supercontainers with clay-embedded HLW canisters (below) are 
placed in the lower 2000 m part. In the upper part the containers are filled only with 
very dense smectite clay.
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6%–10% low-pH cement and aggregate of very fine, well graded quartzite mixed with silica 
flour [4, 5]. Where concrete is to be cast the VDH holes are preferably reamed for anchoring 
the thereby widened concrete seals.

2.2 Waste and seal placement

At present, the following techniques and materials are proposed:
Uppermost 0–50 m; on site-compacted sand/gravel, dry density >1,800 kg/m3,
50–100 m: Varved block layers of dense smectitic clay and low-pH concrete with talc as a 

fluidizer instead of organic substances since they can form organic colloids with a potential 
of transporting possibly released radionuclides,

100–2,000 m: Sets of connected supercontainers (cf. Fig. 3) filled with highly compacted 
blocks of smectite-rich clay forming up to 18 m long units inserted in smetite-rich salt-free 
mud with a density of at least 1,150 kg/m3 (in air),

2,000–4,000 m: Sets of connected supercontainers of titanium or Navy Bronze taken 
here as an alloy of 90% copper and 10% zinc. The diameter is around 700 mm allowing 
canister diameters to be about 500 mm with 3,050 mm length and equipping them with 
50–100 mm compacted smectitic clay liner (cf. Fig. 2). Each supercontainer can have two 
canisters of copper, Navy Bronze (90% Cu, 10% zinc) or titanium with spent reactor fuel 
rods cast in concrete. The canisters are separated in the supercontainers by 1 m long blocks 
of very dense smectite-rich clay and separated from the ends of the containers by blocks of 
the same type. The supercontainers have a diameter of about 700 mm and a length of about  
9 m (cf. Fig. 1).

In practice, there must be a “respect distance” of 10–50 m from the supercontainer nearest 
to the discontinuity, depending on its content.

Figure 2: Displacement of series of supercontainers with waste containers by seismically or 
tectonically generated shearing of a major discontinuity.
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The following criteria shall apply:

The salt-free deployment mud surrounding the supercontainers in the installation phase 
must remain coherent, meaning that no gaps are allowed between canister sets or mud in 
the installation phase at the expected temperature of up to about 150°C,
The supercontainers must be at the planned depth before stiffening of the mud caused 
by the temperature and consolidating pressure from the dense clay in them becomes too 
strong [2, 3]. The required time is estimated at 8 hours for each set of supercontainers,
The seals formed by consolidated mud and expanded dense buffer clay in the holes down 
to 2 km depth must remain coherent and be tighter than the surrounding rock at the ex-
pected temperature 20°C–70°C,
Casting of concrete where the holes intersect water-bearing fracture zones causes inter-
ruption of the installation of supercontainers by one or a few days during which clay mud 
must fill the not yet backfilled part of the respective hole.

3 STABILITY OF CONCRETE AND CLAY COMPONENTS

3.1 Reactions between concrete and clay

A simple model can be used to illustrate the general process of chemical degradation in water 
of concrete with Portland cement [6]:

1. Ca(OH)2 is assumed to be dissolved layer-wise from the original clay/concrete interface 
and inwards in the concrete,

2. The Ca concentration in the clay is initially zero,
3. The solid cement matrix contains C kmol Ca/m3,
4. The Ca concentration in the concrete porewater is constant and equal to c kmol Ca/m3 in 

the unlatched concrete
5. c, which is determined by the solubility of calcium in equilibrium with calcium silicate 

hydrates, is taken as 2E-3 kmol Ca/m3.

Applying diffusion theory, we get the quantity Mt that migrates into the clay at time t after 
onset of diffusion under the diffusion coefficient D:

 Mt = 2c(Dt/π)1/2 (1)

Which equals the calcium content within the distance x from the interface, hence yielding:

 Mt = Cx (2)

Combination of eqns (1) and (2) gives:

 D = π/4 (C/c)2 x2/t (3)

Assuming C = 10 kmol Ca/m3 of the cement matrix and denoting by x half the extension of 
the reacted shallow layer in the concrete we obtain for the diffusion coefficient D = 6E-12 m2/s, 
the depth in meters in the concrete to which Ca dissolution has occurred after a certain time 
in years is given in Table 1 [6].

The table shows that the concrete will be strongly depleted in calcium and mechanically 
weakened to about 0.1 m depth in 50 years and to 0.87 m depth in 500 years. After 500 years 
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a considerable part of meter-long concrete seals will have lost a significant part of their 
mechanical strength. At the rock contact the same degrading process will take place: deple-
tion of calcium of the peripheral parts of the cylindrical plug and loss of this element by water 
flow or diffusion in the boring/disturbed zone that is a few millimeters thick. This excavation-
disturbed zone serves as a path for possibly released radionuclides, but becomes partly sealed 
by clay mud and gels emanating from the dense clay in the supercontainers.

Smectite clay seals in contact with the concrete will undergo cation exchange to Ca that 
moves in from the degrading concrete to a depth of several centimeters from the clay/con-
crete contact already in a few years as verified by field experiments [4]. The cation exchange 
to calcium from originally sodium in the clay raises its hydraulic conductivity about one 
order of magnitude, thereby reducing its sealing ability. The content of smectite in the clay 
seals is important: if they contain only 25 or 50% of such clay minerals the microstructural 
coagulation will cause comprehensive increase in microstructural porosity and raise the con-
ductivity by at least 4 and 2 times, respectively.

3.2 Impact of temperature on concrete and smectite clay

3.2.1 Concrete
In the upper, sealed part of the VDH the temperature will range from about 15°C to 60°C 
causing no heat-induced changes of concrete based on Portland cement or low-pH cement. 
They will both provide total tightness directly after installation. In the deployment part, 
extending from 2,000 to 4,000 m depth, the temperature will be up to 150°C, and there is 
limited experience and proof of the chemical stability of Portland cement concrete under the 
hydrothermal conditions prevailing in this part.

For concrete with low-pH cement and talc as fluidizer1 recent tests of cement-poor con-
crete with quartzite aggregate have been made with the recorded changes in chemical 
composition indicated in Table 2, (cf. Pusch [5, 7]. It shows that the temperature in the tests 
running for 8 weeks has no obvious impact on the chemistry. Dissolution and precipitation 
processes took place with almost constant relative amounts of the respective elements up to 
75°C, which will prevail in the deepest part of the “sealed” zone in a VDH. For the deepest 
part of the deployment zone, with temperatures up to 150°C, one would expect more obvious 

1 Organic fluidizers may be ruled out: they can produce organic colloids capable of transporting radionuclides

Table 1: Distance from clay/concrete interface to where the calcium concentration in the 
concrete has dropped to 5% and 50% of the concentration at the interface.

Time, years Front of 5% concentration, m Front of 50% concentration, m

10 0.12 0.04

50 0.27 0.10

100 0.39 0.13

500 0.87 0.30

1,000 1.22 0.42
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changes than indicated in Table 2, but the variation in the original composition of the tested 
concrete makes prediction of the long-term function uncertain.

Talc concrete with w/c = 9.5 and an aggregate/cement ratio of 12.8 has been investigated 
with respect to its strength properties after exposure to hydrothermal conditions under tem-
peratures up to 150°C for simulating VDH conditions. Samples cured at room temperature 
for 28 days had a compressive strength of 2.6 MPa and 4.5 MPa after 45 days. At 75°C the 
compressive strength had increased to about 9 MPa after 45 days and to the same level at 
150°C, indicating that the strengthening processes were complete already at 75°C and that 
this type of concrete has a potential of serving acceptably in deep repositories even during 
long periods of time. The hydraulic conductivity was about E-8 m/s for the sample cured at 
room temperature, about E-9 m/s for the 75°C sample and E-10 m/s for the 150°C sample, 
indicating that cement gels grew with curing time and ultimately occupied large parts of the 
voids in the aggregate matrix.

3.2.2 Clay
Mineralogical changes and less good isolation potential are expected for smectite-rich VDH 
clay as illustrated by the XRD spectrum in Fig. 3. Montmorillonite, which is the primary 
candidate smectite candidate, is converted to (non-expansive) illite via mixed-layer smectite/
illite minerals or precipitated as such, and quartz is formed at a rate determined by tempera-
ture and access to potassium [8]. Cementation is caused by precipitation of neoformed quartz 
and illite (Fig. 4). Natural analogues from various parts of the world indicate that Tertiary and 
Ordovician bentonites exposed to about 130°C–160°C for a few thousand years have a sig-
nificant part of their montmorillonite content preserved [8, 9], and this is expected to be the 
case also for the clay seals in VDH [5]. Most of them, with the possible exception of the 
superior Mg-bearing species saponite [10], will be more or less cemented by precipitation of 
silicious compounds, losing much of the initial ductility and expandability of smectite clays 
that are typical of smectites.

The chemical evolution of the clay depends on the temperature and salt concentration in 
the groundwater, the K-content in particular [8, 10] as well as on the interaction with the 
metal canisters, supercontainers, and borehole-stabilizing casings. Some minor exchange of 
the initially sorbed sodium ions by metal ions like copper emanating from them will take 
place, but Ca, the dominant cation in strongly brackish KBS-3V groundwater and in very salt 
groundwater (>10 g/l) in the deeper parts of a VDH, will control the microstructural constitu-
tion and thereby the physical properties.

Exposure of water-saturated montmorillonite-rich clay to strong gamma radiation and 
90°C–135°C temperature has no obvious degrading impact, but speeds up dissolution and 

Table 2: Change in chemical composition of talc concrete cured at different temperatures2.

Temperature CO2 Na2O MgO Al2O3 SiO2 CaO TiO2 FeO

20°C 28,6 0,1 9,8 3,8 60,4 0,9 0,5 3,4

75°C 21,7 0,1 19,0 2,3 54,0 1,2 0,2 5,3

150°C 23,5 0,3 10,5 7,5 56,7 1,5 n.d n.d

2 Analyses made by Institute for Geography and Geology. Ernst-Moritz-Arndt University, Greifswald, Germany.
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cementation by precipitation of ion complexes at cooling. This is witnessed by the stiffening 
recorded at several hydrothermal test series [5, 12].

Modelling of the mineralogical changes in montmorillonite according to Grindrod and 
Takase [8] has been used for determining dissolution and precipitation of phyllosilicates by 
taking O10(OH)2 as a basic unit. It defines a general formula for smectite (S) and illite (I) as:

 X0.35 Mg0.33 Al1.65 Si4O10 (OH)2 and K0.5-0.75 Al2.5-2.75 Si3.25-3.5 O10(OH)2 (4)

Where X is the interlamellar absorbed cation (Na) for Na montmorillonite, Ca for Ca 
montmorillonite etc.

According to the model the rate of the reaction r can be expressed as:

 R = A exp (–Ea/RT)(K+)S2 (5)

Figure 3: Schematic diffractograms of a montmorillonite-rich reference (MX-80). Sample (20°C) 
and of the most heated part of a hydrothermally tested sample for one year (130°C). 
Feldspars, amphibole, some of the quartz and smectite disappeared in the hot part [8].

Figure 4:  Smectite-to-illite conversion via mixed-layer I/S formation and/or direct. Precipita-
tion of illite. The dark contours represent precipitations of silica and/or illite.
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Where: A = coefficient, Ea = activation energy for the conversion of montmorillonite to 
illite (S/I), R = universal gas constant, T = absolute temperature, K+ = potassium concentra-
tion in the porewater, and S = specific surface area.

This model shows that silica will be released and transported from the hottest to the coldest 
part of the clay around the canisters. Thus, assuming linear temperature drop with time back 
to 25°C in 10,000 years, silicification and illitization would be initiated very early and be 
significant after a few hundred years, the first-mentioned process taking place close to the 
rock, and the latter occurring in the hottest part (150°C).

For VDH the high temperature in the waste-bearing part accelerates the rates of illitiza-
tion. Thus, using eqn (5), one finds that an increase in clay temperature from 100 to 150°C 
speeds up the rate of conversion of montmorillonite to illite considerably: half the entire 
original content of montmorillonite will be converted to illite about 100 times quicker at the 
higher temperature than at 100°C, assuming the activation energy to be 27 kcal/mole and 
all other factors being the same. The strongest loss in effective sealing potential will take 
place in the first 100 years, but the practical importance is rather small since the isolating 
ability of the clay reaction products is still considerable. Thus, for montmorillonite with a 
dry density3 of 1,600 kg/m3 converted to pure illite, the hydraulic conductivity will still be 
acceptably low (<E-8 m/s; Pusch [12]). Complete conversion to non-expandable illite of the 
dense clay in the supercontainers (2,000 kg/m3) would take 100,000 years because the con-
trolling mechanism is the very slow diffusive transport of potassium from the surrounding  
rock [12].

Figure 5: Compression stages showing that initial failure took place in the upper clay sample at 
519 kPa pressure, corresponding to a shear strength of about 260 kPa of the clay 
saturated with distilled water. The concrete remained intact until the pressure was 
4.2 MPa and the total compressive strain had become about 50% [13].

3 Mass of solids divided by total volume
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3.2.3 Reactions between concrete and clay
Hydrothermal tests of sets of clay samples separated by low-pH concrete with talc as fluidizer 
have shown very significant strengthening of all the components at compression testing after 
8 weeks of curing at 20, 100 and 150°C temperature in pressurized incubators. Fig. 5 shows 
successive stages in determining the compressive strength (Fig. 6). 

Hydrothermal experiments at up to 150°C with a low-pH cement in contact with smectite-
rich clay have indicated that the major mutual chemical reaction will be cation exchange of 
initially sorbed Na in the clay leading to Ca saturation [4, 7]. For 100°C temperature, repre-
senting the upper 2 km part of VDH, there will be an increase in compressive strength and 
stiffness of the clay by approximately 25% compared to room temperature. For 150°C, which 
is valid for the lowermost part of VDH, the same type of stiffening takes place, but the impact 
is stronger: the compressive strength of the clay and cement is estimated to become 50%–
100% higher than at room temperature, making the clay brittle and without expandability. 
The chemical stability of the clay component is determined by the concentration of Si in the 
water.

4 CONCLUSIONS
The major conclusions from the study are:

4.1 Concrete evolution

Concrete with Portland cement and organic fluidizers will be depleted in Ca and suffer from 
considerable loss of strength in a thousand year perspective over the entire length of a VDH, 
but since the amount of cement will be very low (6%–8%) and the porosity hence very low, 
concrete plugs in a VDH will still have sufficient load-bearing capacity. Concrete with a low-
pH cement and talc as a fluidizer are expected to be more chemically stable and have a higher 
mechanical strength than the first-mentioned.

Figure 6: Stress/strain diagram for a compressed combined sample. A-D = compression to failure 
of clay with distilled water. E = compression to failure of concrete.



 R. Pusch & T. Yang, Int. J. Sus. Dev. Plann. Vol. 11, No. 5 (2016) 749

4.2 Clay evolution

In the upper, sealed part of the VDH the temperature will range from about 15°C–60°C caus-
ing no heat-induced changes of the clay seals, and providing complete tightness directly after 
installation. Cation exchange from initially Na to Ca will increase the hydraulic conductivity, 
but it will still be sufficiently low (<E-11 m/s; Pusch [8]) for preventing groundwater to flow 
across and along the deep holes. In the deepest waste-bearing part, where the temperature 
will be up to 150°C in the first 50–100 years, then successively dropping to about 100°C, the 
most obvious effect of the hydrothermal impact is cementation. Conversion to illite will take 
place, but the associated increase in hydraulic conductivity will not be substantial.

4.3 Interaction of clay and concrete

Hydrothermal experiments at up to 150°C with a low-pH cement in contact with smectite-
rich clay have indicated what the mutual impact of concrete and clay seals will be in a VDH 
[4, 13]. The major reaction is cation exchange in the clay of initially sorbed Na leading to Ca 
saturation. For 100°C temperature, representing KBS-3H and the upper 2 km part of VDH, 
there will be an increase in compressive strength and stiffness of the clay by approximately 
25% compared to room temperature. For 150°C, valid for the lowermost part of VDH, the 
same type of stiffening takes place, but the impact is stronger: the compressive strength of the 
clay and cement is estimated to become 50%–100% higher than at room temperature, making 
the clay brittle and without expandability. The chemical stability of the clay component is 
determined by the concentration of Si dissolved in the water.

CONCLUSION
In all parts of a VDH the clay seals are quickly water saturated under the prevailing high 
water pressure. The ultimate density of the clay blocks will be 1,900 to 2,000 kg/m3, giving 
the clay a sufficiently low hydraulic conductivity and an acceptable swelling pressure even in 
a long-term perspective [8].

The most effective barrier to migration of possibly released radionuclides is the low mobil-
ity of the very heavy groundwater at depth.
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Abstract 

The major engineered barriers to migration of radionuclides from HLW in repositories are the canister and surrounding smectite 
clay. They interact physically and chemically by which the properties of both are changed, especially of the smectite “buffer” 
clay that is examined in the paper. The canisters are made of copper-lined iron according to the Swedish and Finnish concepts, 
steel being an alternative. The function of the host rock is of importance and the paper examines the role of two repository 
concepts with long subhorizontal or deep vertical holes for placing the waste.  
The hydraulic conductivity of the canister-embedding smectite clay can be significantly raised by high temperature and 
temperature gradients, which generate precipitation of salt and silica in different parts of the buffer clay. The impact of the 
degrading processes on the waste-isolating capacity is different for shallow repositories in permeable rock and for very deep 
disposal with higher temperature. The latter has stagnant groundwater as major barrier to the migration of radionuclides.   
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of WMESS 2015. 
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1. Scope 

The host rock, which has earlier been appointed primary barrier to migration of possibly released radionuclides, 
merely provides mechanical protection of the engineered barriers, i.e. the HLW canisters and their surrounding clay 
buffer (Pusch et al, 2014, Pusch 2015a).  Their roles are different in different repository types, two of them being 
considered and compared in the present paper. They both have the form of bored large-diameter holes oriented 
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subhorizontally (KBS-3H) or subvertically (VDH), Fig.1 (Svemar, 2005). The different interaction between clay 
seals, concrete and waste containers of copper and steel is a key issue.  

2. Description of considered repository concepts 
  
Fig. 1 shows schematically the two concepts that we will examine with respect to the performance of seals made of 
smectite clay, separated by concrete cast where the holes intersect active fracture zones.  
 

 
Fig.1. Principles of storing HLW in long, bored holes with waste separated by clayey seals. 

 
Both concepts are based on the assumption that the canisters with gamma-radiating, very hot HLW in the form of 
spent fuel are placed in “supercontainers” of perforated metal casings, in which the canisters with waste are 
surrounded by and in tight contact with well-fitting blocks of very dense smectite clay (Fig.2). The copper or steel 
canisters for KBS-3H have a diameter of 1050 mm and those for VDH have 500 mm diameter. The clay embedding 
the canisters has a nominal radial thickness of 365 mm for KBS-3H and 100 mm for VDH. The weight of thick-
walled steel supercontainers with steel canisters to be placed in KBS-3H holes (tunnels) is estimated at 15-20 tons, 
while those in VDH can have a weight of 5-10 tons. The supercontainers and canisters will be prepared and charged 
underground, remote from the deposition tunnels (Pusch, 2008, 2014). For the waste considered by the Finnish and 
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Swedish organizations POSIVA OY and SKB, which are responsible for the management and disposal of spent 
reactor fuel, the temperature of the buffer for KBS-3H will be 100°C at maximum and drop to 25°C in about 1000 
years (Svemar, 2005). The radial temperature gradient will be up to about 1 centigrade per cm distance from the 
canister surface. For VDH the temperature of the clay seals, which are enclosed in smaller supercontainers of KBS-
3H type, will be 60-70°C down to 2 km depth for any period of time, while for the 2-4 km part, holding waste, it 
will be 150oC at maximum and drop to about 100oC after 1000 years. At 4 km depth, the temperature will be down 
to 70oC after 10,000 years.  
 

Fig.2. Example of proposed design of a supercontainer  
for KBS-3H type repositories.  

Upper: Schematic; Central: Detailed design; Lower: 
Appearance of KBS-3H supercontainer with buffer 

(light greyish) and buffer-embedded canister  
(dark greyish in sketch by SKB). 

Fig.3. Supercontainers in VDH to be submerged in smectite clay mud.
Left: Perforated container with dense smectite clay in the upper 2 km part. Right: The 
same type of supercontainer with clay-embedded HLW canisters in the lower 2 km 
part. The canisters with about 500 mm diameter have a 100 mm envelope of highly 
compacted smectite clay, which together with the block and mud, makes up the 
”buffer” clay of the VDH. Extra clay blocks can be placed for separating 
supercontainers. 

 
Fig 3 shows a vertical section of a VDH-type hole. The left picture illustrates a supercontainer with dense clay in the 
2 km upper part, the right one an equally sized supercontainer with a clay-embedded HLW canister in the 2 km 
lower part (Pusch et al, 2014).  

 
2.1. Construction 
The diameter of the holes for deposition of waste containers are 1950 mm for the KBS-3H version proposed by 
POSIVA OY and SKB, and 800 mm for the VDH concept discussed here (Pusch, 2014). Boring of the subhorizontal 
holes at 400-500 m depth is made by use of TBM technique under drained conditions, while the 4 km deep VDH 
holes are bored in clay mud according to techniques used in the oil industry. Both deviate from the intended straight 
orientation, which has an impact on the allowable length of coupled supercontainers, and on the space between them 
and the borehole walls. For KBS-3H smectite clay mud is injected in this space (Pusch, 2015b).  
 
2.2. Geohydromechanical site conditions 
A number of determinations of the hydraulic and stress conditions in crystalline rock have been made through the 
years and with some generalization, that the average hydraulic conductivity of crystalline rock likes granite is in the 
range of E-11 to E-9 m/s excluding major discrete water-bearing fracture zones† from the ground surface to depth 
1000 m. From 1000 to 2000 m depth, where the average horizontal rock pressure ranges from 30 to 40 MPa, it is 
estimated to be E-11 to E-12 m/s. From 2000 to 4000 m, where the average horizontal rock pressure is 40-60 MPa, 
the corresponding conductivity range is E-12 to E-13 m/s excluding major fracture zones (Pusch 2015a). This 
underlines the necessity of locating the waste-bearing parts in any of the repository types between such zones.  

 

 
 Discontinuities of 2nd and 3rd orders, cf. Pusch, 2008, 2015 
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2.3. The engineered barriers 
2.3.1. Supercontainers and canisters  
Copper  
Physically intact copper-lined canisters undergo very slow dissolution and the Cu ions released will not migrate 
more than by a few centimeters in 10,000 years into the clay, causing cation exchange of the Ca ions sorbed in the 
clay (Atzkarate, 1999, King et al, 2001; Werme et al, 2003, Kursten et al, 2003,). The exchange to copper does not 
alter the physical properties of the clay significantly (Svemar, 2005). Fig. 4 shows a generalized picture of SKB’s 
and POSIVA’s copper-lined iron canister. 

Fig.4. Copper-lined iron canister with channels for inserting bundles of 
spent fuel rods (After SKB). Fig.5. Proposed steel canister for spent fuel (After IAEA). 

 
Iron and steel 
A proposed steel canister for HLW in the form of spent fuel is depicted in Fig. 5. Anaerobic conditions will prevail 
soon after placement, which delays oxidation of canister metals very much. For steel, some magnetite will be 
formed early by oxygen provided by the air enclosed in the voids of the initially unsaturated clay that embeds the 
steel canisters and this mineral is believed to be a dominant corrosion product (Grauer, 1986). More magnetite will 
be formed anaerobically following Eq. 1: 
 
 3Fe + 4H2O yielding Fe3O4 + 4 H2                 (1) 
 
The Fe2+ concentration in the magnetite is controlled by the non-congruent dissolution of the mineral, which reacts 
with the hydrogen and yields hematite (Fe2O3) and (FeOOH), (Grauer, 1986; Smailos et al, 1997, 2000). There are 
also several other expected corrosion products formed in the absence of oxygen, like ferrous hydroxide, Fe(OH)2 
and ferric hydroxide, Fe(OH)3, which have a strong tendency to form colloids of particles that normally carry a 
positive charge. Iron ions will under all circumstances be free to react with other materials and become absorbed by 
the canister-embedding clay through cation exchange, which will make the buffer stiffer and reduce its self-sealing 
ability in case of large imposed strain. Ion exchange from Na to Fe in combination with heating collapses the 
clay/water system and widens voids, which promotes channel-type transport of solutions (Gueven and Huang, 1990; 
Nguyen-Than, 2012; Pusch et al, 2012). As to the use of iron-based metals, the international research on the 
corrosion and physical behavior of canisters has been extensive and led to various recommendations. Separate 
national management program, involving the European Commission (EC), has provided lots of scientific data and 
know-how. The results obtained from work performed i.a at FZK (Karlsruhe, Germany), GNF.IUT (Berlin, 
Germany) and INASMET (San Sebastian, Spain) for salt environment indicate that carbon steels like the quality 
TStE 355 are a valid option for thick-walled container concepts in granite. One has to consider that the steel suffers 
a loss of ductility under these conditions, a behavior that is attributed to hydrogen embrittlement resulting from 
migration of atomic hydrogen into the metal structure. Despite the low corrosion rates reported, we will assume here 
that complete corrosion will take place already in 1000 years. The total period time considered here is 10,000 years, 
after which tectonic and exogenic processes make detailed predictions very hypothetic.  
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A physical phenomenon of great practical importance is that magnetite has a specific density that is only about 50 % 
of that of iron, which means that it would occupy twice the initial space. The corrosion depth can be estimated to be 
a few millimeters in 100 years at free expansion of the iron components and a few centimeters in 1000 years but the 
expansion is hindered by the compression of the contacting clay and raises the pressure on the walls of the 
deposition holes to a level that can be critically high. Smectite with octahedral Fe(III) can promote catalytic 
corrosion of steel (Lantenois et al., 2005). The production of hydrogen gas by corrosion acts similarly (Pusch, 2008, 
2015b): if the gas production rate is low the gas can form a successively expanding bubble that compresses the 
buffer and makes it so tight that the pressure can cause breakage of the surrounding rock. Additionally, this gas is 
reducing the Eh- and increasing the pH-conditions that offer an additional impact on clay alteration (Nguyen-Thanh, 
2012). If gas can penetrate the buffer clay and reach the pervious boring-disturbed zone that extends to a few 
centimeters distance from the rock surface it will escape via permeable fracture zones that intersect the deposition 
holes. Geometrical constraints for VDH can make stainless steel a candidate material for thin-walled 
supercontainers and canisters, while carbon steel is considered the primary choice for the thick-walled canisters of 
KBS-3H (Smailos, 2000). Here, we will only consider the case of supercontainers and canisters made of carbon 
steel.  
 
2.3.2 Buffer clay  
Degrading mechanisms 
The clay blocks fitted around the canisters in the supercontainers and the smectite mud, in which they are 
submerged, make up the buffer clay. Three issues require attendance here, firstly the criteria for selecting suitable 
materials, secondly preparation and installation of them, and thirdly their performance at three specific times, 100, 
1000 and 10,000 years.  
The criteria for selecting suitable clay components are: 

 ability to be and stay less permeable than the confining rock for at least 10,000 years, 
 ability to exert a swelling pressure of at least 100 kPa on the confining rock and canisters for maintaining 

tight contact, 
 chemical compatibility with rock, canisters, supercontainers, and concrete seals. 

The hydrothermal conditions prevailing for many hundred years in the “buffer” regions of a repository will affect 
the clay in several ways. The initially only partly water saturated dense clay will undergo desiccation and fissuring 
and the subsequent saturation, caused by uptake of groundwater from the rock taking many decades or centuries, is 
associated with accumulation of precipitated salt. This process reduces the hydraulic conductivity by blocking voids 
and channels and proceeds as long as there is a temperature difference between the hot canister (100 C for KBS-3H, 
and 150oC for VDH) and the rock. The temperature gradient will finally be evened out causing dissolution of some 
precipitations, thereby raising the hydraulic conductivity. There is consensus on the validity of the empirical 
reaction formula in Eq.2, (Pusch and Yong, 2006; Kasbohm et al, 2013).  
 

  S + Fk + Mi             I + Q + Chl         (2) 
where S: denotes smectite; Fk: K-feldspars; Mi: micas; I: llite; Q: quartz; and Chl: chlorite. Illite is formed from 
smectite by uptake of potassium emanating from accessory minerals or from the groundwater. The evolution is via 
mixed-layer stages or by neoformation through combination of silica, aluminium and potassium released from 
dissolving minerals or provided by the groundwater (Gueven and Huang, 1990; Pusch and Madsen, 1995; Kasbohm 
et al, 2013). Smectite buffer clay can change by two reaction mechanisms: “illitization” in open reaction systems, 
and “smectitization” in closed systems (Kasbohm et al, 2013). Interaction of smectites and metal canisters has been 
investigated in detail. For copper canisters, the impact on either of them is insignificant at larger distance than a few 
millimetres from the hot canister surface in 1-2 months long hydrothermal experiments years (Pusch, 2008; Pusch et 
al, 2012) but presumably reaching some centimeters in 1000-10,000 years (“Kupferschiefer”). For steel canisters the 
degree of alteration, involving dissolution and subsequent precipitation of crystalline and amorphous silica/iron 
complexes, depends on temperature and time. Illite will be formed close to the steel canister and kaolinite or 
pyrophyllite further off via smectitization (Herbert et al, 2008; Kasbohm et al, 2013). The “illitization” process 
results in higher particle charge and lower swelling pressure. In contrast, the formation of smectite, implying self-
healing, reduces the charge and increases the swelling pressure. Uptake of Fe replacing Al in the octahedral sheet of 
montmorillonite can accelerate the alteration because these large ions cause high crystal stresses and instability 
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(Ngyuen-Thanh, 2012). Raised temperature increases the Fe-activity and the amount of dissolved Si at the 
clay/canister interface causing migration towards the colder rock and silicification of the entire buffer in the cooling 
phase. In a very long time perspective, cementation by precipitation of Si can convert smectite clay to shale (Pusch 
and Madsen, 1995; Svemar, 2005). 
 
Gas production  
The pressure of hydrogen gas formed according to Eq.2 will be under high pressure and cause fingerlike channels in 
the surrounding buffer if its tightness with respect to gas penetration is low, or a high-pressure gas bubble at the 
surface of the canisters if the buffer is gas-tight (Pusch and Yong, 2006; Pusch, 2008). The rate of gas production 
will be a primary determinant of the evolution: if it is very low the gas will dissolve and migrate upwards in the 
system by diffusion; if it is high migration will take place in gaseous form.  
 
Interaction with concrete 
As indicated in Fig.3 there are contacts between clay seals and concrete where fractures zones are intersected and 
comprehensive work has been made to find what the chemical interaction is when using cement of Portland type and 
of low-pH type (Mohammed et al, 2014). Degradation of the concrete by dissolution of components like portlandite 
will change the volume and bearing capacity of the concrete seals and cause breakdown of adjacent clay by OH 
attack. Organic fluidizers can form organic colloids that can transport radionuclides and inorganic substitutes like 
talc have been successfully tested. The bearing principle of defining recipes for well performing concrete is 1) to 
apply packing theory for reaching highest possible density, 2) to use quartzite and finely ground quartz or silica 
powder for aggregate, 3) to use finely ground low-pH cement, and 4) to use finely ground talc powder as fluidizer 
(Mohammed, et al, 2014). The shear strength of such concrete is low in the first week but increases to higher 
strength than concrete with Portland cement has after a few weeks due to chemical reactions between the talc and 
cement components. The  solubility of the reaction products is deemed very low but complete loss of them has still 
to be assumed, which makes the physical properties of the remainder, the aggregate, very important (Mohammed et 
al, 2014).  
 
3. Comparison of cases 
  
The function of the smectite seals in the two repository types are compared in Table 1 with respect to the 
constitution and main physical properties 100, 1000 and 10,000 years after disposal. The estimated content of 
expandable smectite, the stiffness, and the permeability are the parameters of interest. The same smectite clay, 
termed “Holmehus” is selected for the assessment (Kasbohm et al, 2013; Pusch et al, 2015c). It is of I/S type with at 
least 60 % expandable and is assumed here to have an average dry density of 1600 kg/m3 soon after placement. 
 
Table 1. Comparison of estimated physical properties of Holmehus buffer clay, combined with Holmehus clay mud, at different stages after 
disposal.  

Concept/time in years 
Canister/ 

super-
container 

Ductility1) Tightness 
(permeability)2) 

Expanda-
bility3)  

Smectite 
content4) Risk5) 

KBS-3H/100 Copper +++ +++ ++ +++ +++ 
KBS-3H/1,000 Copper ++ ++ + +++ +++ 
KBS-3H/10,000 Copper + + None ++ ++ 
       
KBS-3H/100 Steel ++ ++ + +++ +++ 
KBS-3H/1,000 Steel + + None ++ ++ 
KBS-3H/10,000 Steel None + None + + 
       
VDH/100  Copper +++ +++ + +++ +++ top seal OK! 
VDH/1,000 Copper ++ ++ None ++ +++ top seal OK! 
VDH/10,000 Copper + + None + +++ top seal OK! 
       
VDH/100 Steel ++ +++ + ++ +++ top seal OK! 
VDH/1,000 Steel + ++ None + +++ top seal OK! 
VDH/10,000 Steel None ++ None + +++ top seal OK! 

1-4) +++ good, ++ acceptable, + poor. 5) Risk for contamination of local groundwater +++ Insignificant, ++ obvious, + high 
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The assessment of the various cases manifests the conclusions from the descriptions of the function and properties 
of smectite buffer clay embedding canisters and supercontainers of copper and steel. The hydrothermal conditions in 
a KBS-3H repository with clay-embedded copper canisters mean that most of its smectite content in the first 1000 
years is retained, but some is lost in the time period 1000 to 10,000 years. In a repository of this type but with steel 
canisters and supercontainers, degradation of the buffer clay will be more obvious, especially beyond 1000 years, 
because of the precipitation of cementing Fe compounds. Even higher tightness than for copper canisters may be 
reached by the consolidating effect of expanding steel undergoing corrosion, which will make the clay impermeable 
and claystone-like. Its ductility will be definitely lost.  
For VDH with copper canisters and supercontainers most of the smectite in the buffer clay will be retained even in 
10,000 years also down at 4000 m depth but cementation by precipitated silica and illite will cause very significant 
stiffening and loss of self-sealing ability in case of shearing caused by seismic and tectonic events. Clay seals in 
supercontainers of steel down to 2000 m depth will become very stiff and low permeable by cation exchange from 
Ca to Fe and consolidation under the pressure built up by contacting steel undergoing corrosion. Buffer clay in steel 
canisters and supercontainers confining steel canisters and supercontainers from 2000 to 4000 m depth stiffens very 
much by consolidation under the very high pressure caused by the expansion of the steel undergoing oxidation, 
making the clay very dense, impermeable and claystones-like.  
 
4. Conclusions  
 
The present compilation of information gathered in the comprehensive international research and development of 
principles for safe isolation of HLW gives indications of ways of proceeding. Assessment of the performance of 
artificial clay barriers tells us that the least risk of contamination of groundwater in the host rock area after 100 to 
1000 years is offered by KBS-3H with copper canisters and supercontainers. After 10,000 years, the best isolation of 
the HLW can be provided by VDH because of the almost completely preserved tightness of the clay seals in the 
upper 2 km long parts. Copper canisters and supercontainers isolated by dense smectite clay will be superior to those 
of steel in the lower 2 km parts, which would make the stiff buffer clay very dense by consolidation under the 
pressure caused by chemical degradation of the steel components. The real essence of the VDH concept, that makes 
it competitive,  is that the very high salt and heavy groundwater surrounding the waste-bearing lower part of VDH 
holes makes it stagnant, meaning that possibly contaminated groundwater will not reach to shallow rock (Åhäll, 
2006). The major conclusions from the examination of the KBS-3H concept are:  

 placement of supercontainers causes difficulties and involves risk of being stuck because the holes 
(tunnels) will not be straight. Pregrouting of the rock for reducing inflow of water in the construction phase 
will cause delay in wetting of the buffer clay and temperature rise,  

 heat effects will cause insignificant change of the smectite content of the buffer confined in KBS-3H 
supercontainers and canisters of copper‡ with mud injected around them. Stiffening of the buffer will 
increase with time and reduce the self-sealing potential that will be caused by precipitated silicious 
complexes and neoformed minerals, giving high stresses in supercontainers and canisters in case of  
shearing by seismic or tectonic movements in the rock. This effect will be particularly strong for canisters 
and supercontainers of steel. For such components, the expansion caused by the oxidation will compact 
adjacent clay to become very tight claystone in and beyond a 10 000 year perspective.  

The major conclusions from the examination of the VDH concept are:  
 placement of supercontainers with clay blocks in the upper mud-filled 2 km part of the holes is simple but 

must be made within a day or quicker because of the increase in shear strength of the thixotropic mud in the 
holes and of the consolidation of the mud under the pressure of the expanding clay blocks in the 
supercontainers, 

 heat effects will cause very significant stiffening of the buffer by cementation of precipitated silicious 
complexes especially if the canisters and supercontainers are made of steel.  

 

 
‡ Including Navy Bronze with low content of Zn 
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The two repository concepts have several problems in common, the most obvious being the stiffening of the buffer 
that reduces the self-sealing ability in case of shearing by seismic and tectonic events. This is most alarming for 
KBS-3H since such repositories will have to be located at shallow depth where there is greater risk of shearing of 
the holes (tunnels) because of the more frequent fractures that can undergo shearing. At depth, the rock pressure is 
higher and only major fracture zones, which are easily identified in site investigations and avoided in the design and 
construction phases, may be sheared.   
The major differences between the KBS-3H and VDH concepts with respect to clay seals is the simpler installation 
of them in VDH and the elimination of critical hydraulic gradients at the installation and construction, which takes 
place under original, stable piezometric conditions, while this can cause considerable difficulties for KBS-3H. A 
strong advantage of VDH is that the very salty and heavy groundwater surrounding the waste-bearing part of the 
holes makes it stagnant. This means that possibly contaminated groundwater will not reach the biosphere.  
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Abstract: Disposal of highly radioactive waste (HLW) can be 
environmentally acceptable if radionuclides are kept isolated from the 
groundwater, which has inspired planners of repositories to work out 
multibarrier concepts that postulate defined functions of the host rock and 
engineered waste confinements. Assessment of the role of the host rock 
involves groundwater flow modelling and rock mechanical analysis, 
which are both highly speculative and ignore future changes in rock 
structure, stress conditions, and groundwater flow. Widening the 
perspective by considering the integrated physical performance of 
contacting geological strata respecting groundwater flow conditions can 
provide excellent isolation of HLW with a minimum of engineered 
barriers as illustrated by the principle of very deep boreholes (VDH) for 
which the very high salt content of deep water is the primary barrier by 
maintaining possibly contaminated groundwater at depth. Such isolation 
of groundwater regimes can also be obtained by constructing relatively 
shallow repositories in crystalline rock covered by clay-containing 
sedimentary rock in regions with no or very low hydraulic gradients. The 
paper describes a possible case of this type, showing that effective 
isolation of HLW in repositories of commonly discussed types, KBS-3H 
and VDH, can be achieved under present climatic conditions.  
The paper compares the short- and long-term functions of repositories 
located at the southern end of the Swedish island Gotland, being an 
example of desired geological conditions that are found also in other parts 
of Sweden and in Lithuania, Germany, Holland and the UK. Here, 500 m 
of sediment rock series cover gneiss bedrock in which a KBS-3H 
repository of SKB-type can be built under virtually “dry” conditions 
because of the tightness of the overlying sedimentary rock and lack of 
hydraulic gradients in the crystalline rock. Shafts leading down from the 
ground surface to the repository level are constructed by use of freezing 
technique and lined with low-pH concrete before installation of waste 
after which they have to be sealed with expanding clay. Use of initially 
largely water-saturated clay provides suitable physical properties of the 
embedment of waste containers. Alternatively, a VDH repository 
consisting of a number of steep 4 km deep boreholes with about 8oo mm 
diameter can be driven for installing waste below 2 km depth, leaving the 
upper 2 km for sealing with clay. The geological conditions, which are 
also believed to provide acceptable rock pressure conditions for 
construction of a KBS-3H repository at about 600 m depth, are believed 
to be suitable for the construction and short- and long-term performance 
of either repository type. 
Key words: bentonite, waste canisters, high-level radioactive waste, 
repository design, repository site selection, rock stress, rock structure, 
smectite clay 
Resumo: A eliminação de resíduos altamente radioativos (RAR) pode ser 
ambientalmente aceitável se os radionuclídeos se mantiverem isolados 
das águas subterrâneas. Esta matéria tem levado ao envolvimento de 
conceitos multidisciplinares que postulam acerca das funções da rocha 
hospedeira e dos depósitos confinados de resíduos desenvolvidos pela 

engenharia A avaliação do papel da rocha hospedeira envolve a
modelação do fluxo das águas subterrâneas e a análise da mecânica das 
rochas, matérias que são altamente especulativas e que ignoram 
alterações futuras na estrutura da rocha, nas condições de tensão e no
fluxo de água subterrânea. Este contexto pode ser ampliado se forem 
considerados os comportamentos físicos dos contactos entre estratos 
geológicos no que diz respeito às condições da circulação das águas 
subterrâneas. Esta perspectiva pode fornecer uma excelente solução para 
o isolamento dos RAR com um mínimo de barreiras artificiais como
ilustrado pelo princípio das sondagens muito profundas para as quais o
alto teor em sal das águas profundas é a principal barreira, mantendo em
profundidade possíveis contaminações das águas subterrâneas. Este tipo
de isolamento das águas subterrâneas também pode resultar da construção
a profundidades relativamente superficiais de repositórios em rochas
cristalinas cobertas por rochas sedimentares com conteúdo argiloso, em
regiões onde o gradiente hidráulico é nulo ou muito baixo. Este artigo
descreve um possível caso deste tipo, mostrando que o isolamento
efectivo de RAR em repositórios de tipos conhecidos na literatura – KBS-
3H e VDH – pode ser alcançado com sucesso nas condições climáticas
actuais.
O artigo compara as funções de curto e longo termo de repositórios 
localizados no extremo sul da ilha sueca de Gotland, sendo este um 
exemplo das condições geológicas expectáveis encontradas em outras 
zonas da Suécia, Lituânia, Alemanha, Holanda e Reino Unido. Aqui, 500 
m de rochas sedimentares cobrem um substrato gnaissico onde um 
repositório KBS-3H do tipo SKB pode ser desenvolvido segundo 
condições virtualmente “secas” devido ao constrangimento dos 
sedimentos suprajacentes e à ausência de gradientes hidráulicos na rocha 
cristalina. Os poços para transporte dos resíduos a partir da superfície até 
ao nível do repositório são construídos utilizando técnicas de 
congelamento, sendo revestidos com betão com baixo pH, sendo depois 
selados com argila expandida. A utilização de argila altamente saturada 
em água garante propriedades físicas adequadas para o encaixe do 
repositório de resíduos. Em alternativa, para instalação dos resíduos 
abaixo dos 2 km de profundidfade pode-se optar pelos repositórios VDH 
que envolvem a instalação de um certo número de furos muito inclinados, 
com cerca de 4 km de profundidade e 800 mm de diâmetro, onde os 2 km 
mais superficiais são selados por argila. As condições geológicas, que se 
consideram que apresentam condições de pressão aceitáveis para a 
construção de um repositório KBS-3H a cerca de 600 m de profundidade, 
são consideradas adequadas para a construção e desempenho a curto e 
longo prazo de qualquer um dos tipos de repositório. 
Palavras-chave: bentonite, depósitos de resíduos, resíduos altamente 
radioativos, design de repositórios, seleção de locais para repositórios, 
tensão da rocha, estrutura da rocha, argila esmectite. 
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1. Background and scope of study
The Swedish government is presently examining a concept for 
disposal of highly radioactive waste (HLW) proposed by the 
organization that is responsible for disposal of spent reactor fuel 
i.e. Swedish Nuclear Fuel and Waste Management AB (SKB). It
implies construction of a repository designed according to figure
1 and termed KBS-3V. The geological medium in the proposed
region is fracture-poor crystalline rock with very high rock
pressure and very low hydraulic conductivity. The pressure can
cause problems in the construction phase and when the heat from
the highly radioactive waste causes thermally induced rock
stresses. The hydraulic tightness will delay water saturation of
the canister-embedding clay and cause desiccation and partial
loss of its isolating capacity. An alternative design principle
shown in figure 2, also proposed by SKB, has flat-lying
deposition tunnels of at least 300 m length and is termed KBS-3H
(Svemar, 2005). A third alternative assumes use of deep bored
holes (VDH) for disposal of HLW (Fig.3). Application of any of
the three concepts can cause difficulties in the construction phase
and in long-term perspectives especially where the rock
conditions provide problems with respect to rock pressure and
hydraulic behaviour. The present paper provides comparison of
the possibilities and limitations for HLW isolation of two of the
concepts assuming construction in crystalline rock covered by
500 m sedimentary rock exemplified by the geological conditions
of the southern part of the Swedish island Gotland in the Baltic
Sea.

Assembly of well 
fitted blocks of 
highly compacted 
smectitic clay

Dense pellets of 
smectitic clay 
blown to fill the 
space between 
blocks and rock

Blocks of highly 
compacted blocks 
of smectitic clay

HLW-canister

Bored deposition 
holes with 6-8 m 
spacing

Bottom bed of 
concrete cast on 
site

Blasted tunnel

Figure 1. The KBS-3V (Svemar, 2005) concept as proposed to the Swedish 
government. 
Figura 1. Repositório tipo KBS-3V (Svemar, 2005) tal como proposto ao governo 
sueco. 

2. Concepts considered
Since KBS-3H appears to be more cost-effective than KBS-3V, 
which causes difficulties in the construction and waste 
installation phases, we will use the firstmentioned in our 
comparison with the VDH concept with respect to the potential 
of isolating HLW from the groundwater. 

Figure 2. The KBS-3H concept. Upper: 
Longitudinal section of a disposal gallery 
(deposition tunnel) with supercontainers tightly 
filled with clay embedding HLW canisters and 
separated by clay blocks. Lower: Perforated 
supercontainers confining clay-lined HLW 
canisters of SKB type. Separation blocks 
eliminate risk of criticality.
Figura 2. Repositório tipo KBS-3H. Imagem
superior: secção longitudinal de uma galeria de 
eliminação (túnel de deposição) onde super-
contentores contêm depósitos de Resíduos 
Altamente Radioativos (RAR) intercalados 
com argilas e separados por blocos de argila. 
Imagem inferior: super-contentores perfurados 
com depósitos do tipo SKB contendo RAR 
revestidos a argila. Os blocos de argila 
interpostos eliminam o risco de fuga.
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Figure 3. VDH concept. Sets of coupled supercontainers with clay-embedded HLW
canisters in the lower 2 km part and with only clay in the upper part, are moved down 
in soft clay mud and left to mature. The canisters have a 50-100 mm envelope of highly 
compacted smectite clay, which together with the mud, make up the”buffer” clay.
Figura 3. Repositório tipo VDH. Conjuntos de super-contentores conjugados, com 
depósitos de RAR intercalados com argilas nos 2 km inferiores e com argilas na secção 
superior, são deslocados no sentido descendente para o interior de lamas argilosas onde 
maturam. Os depósitos contêm um revestimento de 50-100 mm de esmectite altamente 
compactada, que, em conjunto com as lamas, perfazem o buffer argiloso. 

3. Rock conditions for disposal of HLW
Long-term safe underground disposal of highly radioactive waste 
requires that a site is found where the rock quality is good 
enough for staying mechanically stable and serving as barrier to 
flow of radioactively contaminated groundwater for tens to 
hundreds of thousands of years under the stress conditions caused
by construction of the repository and by the temperature pulse 
caused by the waste.  

A matter of fundamental importance is how the repository 
can be adapted to the rock structure which determines the rock 
stresses that are affected by creation of tunnels and boreholes, 
and by the degree of utilization of the host rock since 
supercontainers must not be placed where major fracture zones 
are intersected. Shearing occurs in and along such zones, termed 
here 1st and 2nd order discontinuities between which 
displacements can be very small (Table 1).  

Figure 4 is an example of the existence of fracture-poor local 
regions in crystalline rock indicating that very limited tectonic 
disturbance has taken place since the large weaknesses were 
formed. They can be identified by combining topographic 
analysis, deep borings in strategic positions, cross-hole 
measurements, and geophysical investigations. The 5-10 km2 
square in figure 4 would logically be ideal for locating a HLW 
repository but the risk of high rock pressure in such rock is 
obvious as illustrated by measurements where the HLW 
repository of KBS-3V design is planned to be constructed (Fig. 
5). The highest horizontal stress is more than 45 MPa at the 
intended repository depth of about 400 m and numerical 
calculations show that the rock can break when the thermal pulse 
from the radioactive decay of the waste propagates into the rock 
(Pusch & Weston, 2012). For KBS-3H the risk of rock failure is 
lower especially if the tunnels can be suitably oriented, i.e. with 
their axes parallel with the major horizontal rock pressure. 

Locating repositories in crystalline rock at 600 m depth 
covered by some hundred meters of clayey sedimentary rock 
provides good possibilities of successful construction by utilizing 
the comprehensive experience from deep mining. Effective 
isolation of the repository is offered by the tightness of the 
overlying rock. Construction below a shallow island like Gotland

Table 1. Rock discontinuity scheme. 1st to 3rd are fracture zones, 4th to 7th are discrete 
fractures. VH=very high, H=high, M=medium, L=low, VL=very low, VVL= 
insignificant (Pusch, 1995; Pusch et al., 2014).

Tabela 1. Esquema com as discontinuidades das rochas. As 1ª a 3ª correspondem a 
zonas de fratura e as 4ª a 7ª a fraturas discretas. VH=muito alto, H=alto, M=médio,
L=baixo, VL=muito baixo, VVL=insignificante (Pusch, 1995; Pusch et al., 2014). 

Figure 4. Example of weaknesses in granitic rock with local, undisturbed area. Well 
defined lineaments are of 1st order and poorly defined lineaments of 2nd and 3rd orders 
(SKB map). 
Figura 4. Exemplos de zonas de fraqueza numa rocha granítica de uma área pouco 
perturbada. Os lineamentos bem definidos correspondem a descontinuidades de 1ª 
ordem e os pouco definidos a discontinuidades de 2ª e 3ª ordem. (in: relatório do SKB). 

Figure 5. Major principal stress below about 50 m depth recorded by SKB in the 
Forsmark area north of Stockholm (Generalized from SKB report TR-11-04). 
Figura 5. Tensão máxima compressiva abaixo dos 50 m de profundidade registado pelo 
SKB na área de Forsmark, a N de Estocolmo (adaptado do relatório TR-11-04 do 
SKB). 

Order Length 
(persistence)

Hydraulic 
conductivity

Gouge 
content Strength D-system 

(SKB)

1st >Kilometers VH VH VVL D1

2nd Kilometers H H VL D2

3rd Hundreds of 
meters M to H M L D3

4th Tens of meters M to H L L to MH D4
5th Meters L VL MH to H -
6th Decimeters VL VL H -
7th <Decimeters VVL VVL VH -
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in a fairly large and deep inland sea (Mare Balticum) is 
particularly valuable since the working conditions will be dry and 
because there are no hydraulic gradients and hence negligible 
groundwater movement horizontally and vertically at the 
repository level. This principle offers optimal conditions for 
creating long-lasting isolation of HLW. They are, for crystalline 
rock, high mechanical strength and stability and, for the 
overlying sedimentary clayey rock, very low hydraulic 
transmissivity. The paper describes a possible case of this type, 
showing that effective isolation of HLW from the surroundings 
of repositories of the two design types, KBS-3H and VDH, is 
expected until the next glaciation of northern Europe takes place. 

The area selected for comparing the function of the KBS-3H 
and VDH repositories is the southernmost part of the Swedish 
island Gotland in the Baltic Sea. South of the Burgsvik 
community the crystalline rock is covered by about 500 m of 
sedimentary rock, mainly sandstones, claystones and limestones 
of Cambrian, Ordovician and Silurian age (Hede, 1921). These 
beds are frequently interfoliated by centimeter- to decimeter-
thick layers of bentonite that were originally rich in smectite 
minerals but later converted to illite (Pusch, 1969). These series 
are tectonically undisturbed and hydraulically separate the 
crystalline gneiss bedrock from shallow ground. The present 
density of the bentonite layers is about 2100 kg/m3 (Pusch et al.,
2011), which indicates that the vertical compressive pressure on 
them has been at least 10-20 MPa. The present hydraulic 
conductivity in the vertical direction is E-11 to E-10 m/s (Pusch 
et al., 2011). The crystalline bedrock here represents a 
seismically and tectonically very calm region built up of large 
blocks that have undergone mutual steep displacements of no 
more than a few meters since Cambrian (Flodén, 2015). Some of 
the large joints are permeable to gas which suggests that the 
horizontal rock pressure is of moderate magnitude and lower than 
in the Forsmark region. This would make it possible to construct 
a KBS-3H type repository in the crystalline bedrock at 600 m
depth at the southernmost tip of Gotland where a fortress and 
other military installations are located that would make the area 
accessible for this purpose. A repository of VDH type would also 
be constructable at this site and we will compare here the 
function of repositories of either type, focusing on the capacity of 
the rock and engineering barriers to prevent or retard 
radionuclide migration.

Figure 6 shows the presence of major discontinuities on 
Gotland and in the surrounding Baltic Sea.  The large weakness 
oriented NNW/SSE that crosses the island in its northern part has 
no equivalent elsewhere on the island although there are 
indications of similar weaknesses just west of the island. Those 
indicated south of Burgsvik on land are estimated to be 
discontinuities of 2nd order oriented NW/SE and NE/SW with a 
spacing of about 3.5 km as at Forsmark. At both places there 
should be good opportunities to find a sufficiently large area free 
of 1st and 2nd order discontinuities for constructing HLW 
repositories. A number of major discontinuities indicated by red 
lines have been found by geophysical measurements (Talbot and
Slunga, 1989). They are mostly NE/SW oriented like the ones on 
the Swedish mainland indicated to the left on the map.

Borings and cross-hole measurements are required for finding 
an optimal site for going down with shafts to a KBS-3H 
repository in the crystalline rock beneath, or for locating a VDH. 
In summary, limestones and marls dominate in the upper 50 m 
which limestones and marls are again the main rock types to 
about 500 m depth. Table 2 illustrates the complexity of the strata 
in the region south of Burgsvik (Hoburgen), by showing the 
frequency of bentonite layers in the upper part. Similar presence

Figure 6. Schematic map of Gotland with major discontinuities marked. The major one 
up north and appearing in black, is of 1st order like the ones in red while the other are 
estimated to be of 2nd order. NW/SE orientation of the large discontinuities is dominant 
but both N/S and some NE/SW features are seen as well.  
Figura 6. Mapa esquemático de Gotland com as maiores discontinuidades assinaladas. 
A maior delas, a N, é de 1ª ordem tais como as marcadas a tracejado, as restantes são 
de 2ª ordem. A direção NW-SE predomina nas maiores descontinuidades, mas tanto as 
N-S como algumas NE-SW também são frequentes. 

of bentonite layers is characteristic also of deeper strata (Snäll, 
1977; Calner, 2000). The total number of bentonite layers down 
to 500 m depth is about 50. The geotechnical conditions for 
underground construction and building of on- and near-ground 
buildings are concluded to be good (Pusch et al., 2012).

4. KBS-3H repository in the Burgsvik area

4.1 Layout principle 

TBM boring of the about 2 m diameter deposition tunnels 
between transport tunnels (Fig.7) is a main option but they can 
also be prepared by careful blasting without substantially 
increasing the hydraulic conductivity of the remaining rock 
(Gray, 1993; Svemar, 2005). Two shafts connecting the 
repository with the ground surface for material and waste 
transport are required and additional shafts for ventilation and 
rescue purposes are optional or required.  

4.2 Constructability 

4.2.1 Shafts in sedimentary rock 

Location of the shafts and shallow facilities south of Burgsvik is 
determined by the constitution and presence of major structural 
elements of the sedimentary rock series and of the crystalline rock 
hosting the repository. Technically, there are nodifficulties in 
constructing the plant on an artificial jetty (tongue) of rock fill and 
in driving shafts extending from there down to the repository depth 
at about 600 m. The very good bearing capacity of the sedimentary 
rock and the low hydraulic conductivity provided by the clay 
components would make it possible to construct the shafts as 
planned for the once proposed British C.E.T. project for deposition 
of low-, medium-, and high-level waste radioactive waste in the 
North Sea (Pusch, 1994; Pusch et al., 2017). It is
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Table 2. Small-scale stratigraphy of Burgsvik sedimentary rock (Pusch, 1969). 
Ss=sandstone1, Si=silt, Cl=clay2, Clst=claystone, Slt=silt, Sltst=siltstone, 

Lst=limestone, Ool=oolite.

Tabela 2. Estratigrafia de pequena escala da rocha sedimentary de Burgsvik (Pusch, 
1969). Ss=arenito1, Si=silte, Cl=argila2, Clst=argilito,Slt=silt, Sltst=siltstone, 

Lst=limestone, Ool=oolite.

Sedimentary 
unit

Thickness, 
m

Note

Sandstone 0-1 Clay layers and lenses. 
Cross-bedding of sandstone

Sandstone 1-2 Clay, silt and clay layers. 
Lamination and crossbedding

Sandstone 2-3 Clay, silt and clay layers. 
Complex mixture. Disturbed

Sandstone/clay 
layer

3-4 Homogeneous sandstone, 
0.2 m clay

Sandstone 4-5 Three 0.1 m clay layers
Clay 5-6 0.6 m clay, 0.05 m clay, two 

0.2 m sandstone
Clay 6-7 Clay, two thin silt laminae, 

0.3 m oolite
Oolite 7-8 Homogeneous oolite

Sandstone 8-9 0.7 m sandstone with clay 
lenses, 0.3 m silt and claystone 

Sandstone 9-10 Thin clay/silt layer ate the 
base

Sandstone 10-11 Complex stratification
Sandstone 11-12 Complex stratification, thin 

clay layer 
Clay 12-13 0.6 m clay with silt and 

sandstone lenses
1) Calcite is cementing agent in the sandstone. 2) The slightly cemented,

brittle clay contains illite, chlorite and quartz. 

Figure 7. Basic design concept for shallow location with long waste emplacement 
tunnels (example from the Belgium program) for disposal of spent reactor fuel.
Underground installations are operationally divided into two separate work areas: one 
where HLW canisters are transported and installed, and one where rock construction is 
performed. Each of these areas has independent access routes, systems and services, 
and specific personnel (Svemar, 2005). 
Figura 7. Esquema conceptual de repositório com uma localização superficial com 
túneis para enchimento de resíduos de grande comprimento (exemplo derivado do 
programa belga) para eliminação de combustível de reatores. As intalações 
subterrâneas estão divididas em duas áreas de trabalho separadas: uma para onde os 
depósitos de resíduos altamente radiotivos são transportados e instalados, e outra onde 
é edificada a estrutura na rocha. Cada uma destas áreas tem acessos, sistemas e serviços 
independentes bem como pessoal dedicado (Svemar, 2005). 

estimated, however, that freezing of the rock would be suitable 
for securing stability in the construction phase. The shafts would 
be lined with low-pH concrete. Examples of construction of 600 
m deep shafts of similar type are known from coal mining in the 
Ruhr area in Germany (Hegemann, 1981) and from the Belgian 
underground laboratory at Mol for testing techniques for storage 
of HLW (Svemar, 2005). Tunnel boring technique can be 
employed for preparing series of at least 300 m long deposition 
tunnels (galleries) for installing “supercontainers” with canisters 

separated by blocks of highly compacted smectitic clay (cf. 
figure 2).  

4.2.2 KBS-3H repository in crystalline rock with access 
through sedimentary rock 

The exact position of the shafts and ramps, rooms, tunnels and 
drifts of a KBS-3H repository would be based on comprehensive 
site investigations using geophysical investigations and borings. 
A number of buildings would be constructed on or just below the 
ground surface for storing materials and machinery required for 
the underground construction, which can be made in one or 
several campaigns. 

The importance of the rock pressure on the stability-
controlling hoop stress of subhorizontal bored tunnels in 
crystalline rock and in the lower parts (500 and 600 m depth) of 
vertical shafts is obvious from Table 3, which gives stresses 
calculated by using conventional elastic theory neglecting impact 
of canister-generated heat (Pusch, 1995). Including also heat 
effects the hoop stress has been estimated to increase by at least 
50 % (Lönnqvist and Hökmark, 2008), which is still of 
acceptable magnitude but only for tunnels oriented in the 
direction of the major rock pressure.  

For vertical shafts in sandstone critical conditions would be 
expected in the lower parts, which means that concrete linings are 

Table 3. Calculated maximal compressive hoop stress in MPa of tunnels and shafts of 
the KBS-3H type repository. Assumed vertical primary rock stress1=12 MPa at 500 m 

depth and 15 MPa at 600 m.  

Tabela 3. Tensão circunferencial compressive máxima calculada em MPa para os 
túneis e poços do repositório tipo KBS-3H. Tensão primária vertical assumida1=12 

MPa a 500 m de profundidade e 15 MPa a 600 m.

Primary 
horizontal 

rock pressure 
(ratio of max 

and min)

Depth 
(m) Rock type

Tunnel 2 m 
diameter 

(horizontal 
KBS-3H)

Shaft 3 m 
(vertical)

35/20 500 Sandstone - 85
25/18 500 Sandstone - 57
15/10 500 Sandstone - 35

45/30 (15) 600 Gneiss
Perp. to 

1=120, Paral. 
to 1=75

-

40/25 (15) 600 Gneiss
Perp. to 

1=105, Paral. 
to 1=45

-

30/20 (15) 600 Gneiss Perp. to 1=75, 
Paral. to 1=45

-

25/18 (15) 600 Gneiss Perp. to 1=60, 
Paral. to 1=43 -

1) Corresponding to “A-berg” termed by Swedish Nuclear Fuel and Waste 
Management Co. 

required. For the rock where the repository tunnels and rooms 
will be located, one can assume the unconfined compressive 
strength of ordinary bore core samples of gneiss to be 150-300 
MPa and 40-140 MPa for sandstone (Pusch, 1995). Using 
averages, i.e. 225 MPa for gneiss and 90 MPa for sandstone, one 
expects bored tunnels in gneiss at 600 m depth to be stable with a 
reasonable safety factor even if the maximum horizontal rock 
pressure is as high as 45 MPa – i.e. the critical rock pressure for a 
KBS-3V repository at Forsmark - while for even higher 
horizontal rock pressure tension would appear in the tunnel walls. 
Applying statistically normal distribution of the compressive 
strength means that a small fraction of the long holes may reach 
failure condition by taking also the scale dependence of this 
strength into consideration (Pusch, 1995). The table implies that 
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orientation of the tunnels parallel to the highest rock pressure1

gives lower hoop stresses and rock stress measurements must 
therefore be made for determining the orientation of the rock 
pressure components.

4.2.3 Construction and waste placement 

SKB and its Finnish sister organization POSIVA have worked 
out techniques for placing supercontainers with smectite-rich 
“buffer” clay surrounding waste canisters of the type shown in 
Figure 2, (Svemar, 2005). For a repository located in Burgsvik-
type bedrock the conditions for construction and waste placement 
will be particularly simple because of the “dry” conditions: 
practically no inflow of water because of the tightness of the 500 
m thick sedimentary rock series overlying the repository rock, 
and the lack of horizontal hydraulic gradients. The mud injected 
in the space between the supercontainers and the tunnel walls 
indicated in figure 2 will tend to desiccate by losing porewater to 
the dense, strongly hydrophilic clay blocks surrounding the hot 
canisters if the blocks have a low initial degree of water 
saturation. However, preparing the blocks with a high degree of 
water saturation by use of “Dry water” technique (Forsberg et al.,
2015) would compensate for this. Thus, the successively rising 
temperature will expand the porewater in the blocks and drive it 
towards and into the mud, thereby maintaining a high degree of 
water saturation both of the mud and the dense clay, which 
expands through the perforated supercontainers and consolidates 
the mud (Pusch, 2008; Yang et al., 2015).  

4.2.4 Role of engineered barriers 

Canisters contacting buffer clay 

We assume here that SKB’s 25,000 kg heavy copper/iron 
canisters will be used for KBS-3H. The spent fuel rods are 
located in channels in the central core of cast iron, and held in 
position by zircaloy claddings. The iron core is surrounded by a 
50 mm friction-welded copper lining. The oxygen-free conditions 
at depths are believed to effectively retard substantial corrosion 
of the copper and iron components. Gas from corrosion of the 
iron after break-through of the copper liner becomes confined 
and pressurized by conversion of the iron metal to the lighter 
corrosion products magnetite or haematite that take up larger 
space, hence causing compression and tightening of the buffer 
clay. Through-corrosion will take at least 100,000 years and 
copper in ionic form will tend to replace Ca in exchange 
positions in the buffer clay and mud, which have Na as original 
dominant sorbed cation. The initial sodium state of the clay is 
suitable since it provides microstructural homogeneity. 
Subsequent exchange to Ca from the groundwater and Cu from 
corroding supercontainers and canisters will cause some minor 
heterogeneity and increase in hydraulic conductivity and loss in 
expandability. The potential of the buffer clay to provide low-
permeable and ductile embedment of the canisters depends on the 
degree of stiffening caused by the hydrothermal conditions. 

Clay preparation and function 

Preparation of the supercontainers for use in a KBS-3H 
repository involves placement of precompacted blocks of 
granular smectite-rich clay to tightly confine the HLW canisters 
in the supercontainers. The process of evolution is that the clay 
will sorb water from the surrounding mud and migrate through 
the perforation of the supercontainers to fill the space between 

1 called 1 here although it is not exactly but close to the true major principal stress.

them and the tunnel walls. This involves consolidation of the clay 
mud to get a density that is ultimately similar to that of the 
expanded blocks inside the containers (Yang et al., 2015). 

Seismically and tectonically generated shearing of the holes 
must not break the canisters or cause the clay seals to lose their 
density and tightness. This can occur if the clay buffer stiffens in 
the hydrothermal period of a few hundred years as indicated by a 
number of studies (Herbert et al., 2004; Kolaříková, 2004; 
Xiaodong et al., 2011) showing that montmorillonite-rich clays 
loses a significant part of its swelling potential when exposed to a 
temperature of 90oC under moderate and low thermal gradients 
and even under isothermal conditions, especially at high 
porewater salinities. The main reasons appear to be precipitation 
of cementing silicious compounds and conversion of 
montmorillonite to non-expandable clay minerals. The rate of the 
process, which is complexed by transient gradients and ion 
concentrations, is believed to be of Arrhenius’ type but the 
controlling activation energy for the dissolution/precipitation is 
not well known.  

4.3 Function of a KBS-3H type repository at Burgsvik 

4.3.1 Rock  

The only large-scale process in the rock mass that one can 
foresee from applying the principle of geological actuality and 
simple models of tectonic evolution, is taken here to be rotation 
of the present global stress field. It has two implications: shearing 
of discontinuities of 1st, 2nd, 3rd and 4th orders, and vibrations that 
can cause liquefaction. The latter process can be disregarded here 
because very fine-grained smectites making up the clay 
components soon stabilize by thixotropy after placement. The 
risk of shearing by large-scale rotation of the stress field is low in 
the earliest period while thermal stresses in combination with 
earthquakes may well generate displacement along 3rd and lower-
order discontinuities by decimeters (Pusch and Hökmark, 1992). 
Supercontainers with HLW canisters will, by definition, not be 
located in such zones and only critically located and oriented 
discrete fractures of 4th order can undergo shearing by 
sufficiently strong seismic events. The amount of maximal shear 
strain has been investigated experimentally and numerically, 
indicating that maximal instantaneous shear strain by a few 
centimeters is expected (Svemar, 2005). Calculation of the 
thereby induced stresses in a copper/iron canister has given 10 
cm as the largest acceptable shearing, which would correspond to 
several accumulated shear displacements. Canister rupture when 
the radioactivity is still high, is deemed improbable (Svemar, 
2005).

The hydrological performance of the host rock in a short and 
long-term perspective is of course essential. There are plenty of 
indications that construction of underground repositories involves 
so important displacements and delayed changes in rock structure 
by creep and relaxation that groundwater flow on a small scale, 
i.e. in the nearfield of KBS-3H holes, cannot be accurately
modeled. For longer periods of time propagation of rock
discontinuities and altering of stress fields by the continuous
massage that the shallow earth crust undergoes, make prediction
of long-term changes in rock structure and groundwater
hydrology very hypothetic. This has led to the now common idea
that the waste-isolating function of rock hosting a repository is
only to provide sufficient mechanical protection of the repository
for avoiding collapse. The sedimentary rock series overlying the
crystalline rock has the beneficial property of providing a
practically impermeable medium that very strongly delays
permeation of the repository. The through-flow of liquid water in
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deposition tunnels in the underlying crystalline rock will be 
vanishingly small for many hundreds and even thousands of 
years during which the large majority of the radioactivity will 
disappear.  

4.3.2 Engineered barriers 

SKB’s and POSIVA’s estimation that the copper/iron canisters in 
the supercontainers will be tight in the first 100,000 years would 
exclude the risk of leakage of radionuclides and contamination of 
the groundwater. It is required, however, that the buffer clay 
retains most of its ductility for saving the canisters from 
mechanical damage by seismic events, and its tightness. This 
requires that most of the content of smectite minerals remains,
which is expected if the buffer clay is water saturated already 
before installation. In practice, cementation by precipitation of
dissolved species, especially silicons and iron, can, however, 
cause permanent stiffening of the buffer clay and make it lose 
much of its ductility, self-sealing ability and tightness. Ongoing 
research indicates that the montmorillonite-rich clay proposed by 
SKB and POSIVA is more sensitive to the prevailing 
hydrothermal conditions than other smectite clay minerals, like 
mixed-layer smectite/illite and saponite (Kasbohm et al., 2005). 
These members of the smectite family may therefore be more 
suitable but the limited resources and higher cost may still make 
montmorillonite-rich clay the number one candidate.

5. VDH repository in the Burgsvik area

5.1 General 

The most obvious differences between the KBS-3H and VDH 
concepts is that the latter implies construction under water and 
that the main barrier function with respect to migration of 
radionuclides is provided by the heavy salt-rich groundwater 
below about 2000 m depth and not by canisters and buffer clay. 
Possibly contaminated groundwater at such depths cannot be 
brought up to shallow ground since there are no hydraulic 
gradients, which hence reduces the demand for using long-lasting 
canisters and embedding buffer clay. Most of the construction 
work, including boring of the 4 km deep holes with about 800 
mm diameter, can be made by utilizing techniques developed by 
the off-shore gas and oil industry. No particular difficulties are 
expected in the construction of the deep holes where they pass 
through the series of sedimentary rock. For the deeper parts in 
crystalline rock, i.e. below 2000 m, there are a number of 
practical problems, which, however, do not make the VDH 
concept less safe than KBS-3H. 

5.2 Constructability  

5.2.1 Rock conditions 

The concept discussed here is one with constant diameter of the 
deep holes of 800 mm made by oil-drilling technique, i.e. with a 
bore head with bits and with a reamer rotated in a drilling fluid of 
smectite clay mud with a density of at least 1150 kg/m3, pumped 
down through the borehead and cleaned and recharged when 
moved to the ground surface. It serves to bring up boring debris 
from the boreholes, to stabilize the rock, to cool the borehead and 
to prevent clay seals to become dense too quickly (Pusch, 2011). 
For preventing coagulation of the smectite mud, which should be 
in sodium form, the boreholes are kept filled with freshwater that 
is pressed up by mud injected from below in the course of 

installation of supercontainers with dense clay and clay-lined 
waste canisters.

The horizontal rock pressure in the gneiss is assumed to 
increase with depth from 45/30 MPa (ratio of max and min 
horizontal rock pressure) at 600 m depth to nearly 50/25 MPa 
(SKB’s “A-berg”) somewhat deeper down, and further to about 
60/60 MPa at 2200 m depth according to Herget’s formula (cf. 
Pusch, 1995). Taking the ratio of max and min horizontal 
pressure to be unity according to Rummel’s classical rule, this 
formula gives, for 4000 m depth, the stress ratio 77/77 MPa. The 
maximal theoretical hoop stress of a VDH at this depth would 
hence be 154 MPa for a water-filled hole, which the crystalline 
rock can sustain although with a low safety factor. Recording of 
rock pressure in Germany and elsewhere has given higher values 
(Pusch et al., 2014) implying higher hoop stresses: 100 MPa for 
2000 m depth and 190 MPa for 4000 m depth, but the 
conclusions concerning stability conditions are still valid, in 
principle. Filling the hole with smectite mud weighing at least 
1150 kg/m3 (in air) would provide stability but a pervious metal 
casing should still be used as extra support (cf. figure 3). The 
matter of selecting a suitable mud density has been frequently 
discussed but among recent recommendations one notices that 
mud densities as low as 1020 kg/m3 would be sufficient for 
stabilizing 4.5 km deep holes while 1420 kg/m3 can be needed 
for a 5 km deep hole (Bates et al., 2014). 

The criterion that no supercontainers shall be installed where 
the tunnels and holes intersect water-bearing fracture zones of 3rd

and lower orders (cf. figure 8) would mean that these will play no 
role in transporting radionuclides but clay placed in such 
positions would be eroded and facilitate migration of them from 
adjacent leaking canisters, a problem that can be solved by 
casting concrete instead (Pusch and Ramqvist, 2012). For further 
reducing the risk of erosion and loss of clay particles from the 
clay seals in adjacent supercontainers, with or without HLW 
canisters, the fracture zones should be grouted with erosion-
resistant fine-granular cement compounds (Pusch et al., 2012). A 
recommended recipe of the grout has 6-10 % low-pH cement and 
aggregate of very fine, well graded quartzite mixed with silica 
flour. Where concrete is to be cast the VDH holes are preferably 
reamed for anchoring the concrete seals. 

5.2.2 Waste and seal placement 

A necessary facility for the field work is a drill rig with sufficient 
capacity to apply tension and pushing forces of up to about 5E5 
N. The VDH concept has a few technical difficulties that were
realized early by various investigators and still need to be
considered by users. At present, the following techniques and
materials are proposed: 

Uppermost 0-50m; On site-compacted sand/gravel, dry 
density >1800 kg/m3,

50-100 m: Varved block layers of dense smectitic clay and
low-pH concrete with talc as fluidizer instead of organic 
substances since they can form organic colloids with a potential 
of transporting possibly released radionuclides,  
100-2000 m: Sets of connected supercontainers (cf. figure 3) of 
titanium or Navy Bronze with 90 % copper and 10 % zinc, filled 
with highly compacted blocks of smectite-rich clay forming up to 
18 m long units inserted in smetite-rich salt-free mud with a 
density of at least 1150 kg/m3 (in air), 

2000-4000 m: Sets of connected supercontainers of titanium 
or Navy Bronze. The diameter is around 700 mm allowing 
canister diameters to be about 500 mm with 3050 mm length, 
surrounded by 50-100 mm compacted smectitic clay (cf. figure 
2). Each supercontainer can have two canisters of titanium or
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Figure 8. Displacement of a series of supercontainers by seismically generated shearing 
of a major discontinuity. In practice there must be a “respect distance” of 10-50 m from 
the nearest canister to the discontinuity, depending on its type and size.
Figura 8. Deslocamento de um conjunto de super contentores por cisalhamento através 
da estimulação sísmica de uma descontinuidade. Deve existir uma distância de 
segurança de 10-50 m entre os depósitos e a descontinuidade dependendo do seu tipo e 
dimensão.

Navy Bronze with spent reactor fuel rods cast in concrete. The 
canisters are separated in the supercontainers by 1m long blocks 
of very dense smectite-rich clay, and separated from the ends of 
the containers by blocks of the same type. The supercontainers 
have a diameter of about 700 mm and a length of about 9 m (cf. 
figure 3).
The following criteria shall apply: 
 The salt-free deployment mud surrounding the 

supercontainers in the installation phase must remain 
coherent, meaning that no gaps are allowed between canister 
sets and mud in the installation phase, i.e. at temperatures of 
up to about 70 oC,  

 The supercontainers must come down to the planned depth 
before the mud has become too stiff by the temperature and 
consolidating pressure from the dense clay in them (Pusch, 
2011.). The required time is estimated at 8 hours for each set 
of supercontainers,  

 The seals formed by consolidated mud and expanded dense 
buffer clay in the holes down to 2 km depth must remain 
coherent and be tighter than the surrounding rock at the 
expected temperature 20-100 oC. The seals from 2 to 4 km 
depth have to sustain up to 150 oC temperature for some 
decades, 

 Casting of concrete where the holes intersect water-bearing 
fracture zones causes interruption of the installation of 
supercontainers by one or a few days during which clay mud 
must fill the not yet filled part of the respective hole.  

5.3 Function of a VDH repository at Burgsvik 

5.3.1 Rock 

The horizontal rock pressure ratio in the series of sedimentary 
rock is assumed to be 35/20 MPa and the vertical pressure 15 
MPa down to 500 m depth (cf. Table 3). As discussed earlier in 
the paper the hoop stress of holes and tunnels will exceed the 
compressive strength of the rock and a perforated casing of 
titanium or Navy bronze is deemed necessary to guarantee 
stability and to provide equal water pressure inside and outside 
the deep holes. Very little water will flow horizontally and 

vertically through the rock and casing for nearly any period of 
time.  

5.3.2 Engineered barriers 

Canisters  

The corrosion rate of Navy Bronze is believed to be 
approximately the same as of pure copper, meaning that the time 
during which the supercontainers and canisters in them stay 
reasonably intact can be estimated at 100,000 years. Corrosion 
implies dissolution and migration of Cu, which replaces Ca in the 
buffer clay in which the initially sorbed cation is Na. Fe may also 
take part in ion exchange processes if the canisters break. Use of 
titanium in canisters, supercontainers and casings is believed to 
give slower and probably negligible corrosion. The cost is, of 
course, deterrent. 

Clays and concrete 

The clay mud must retain its property of gelling when at rest and 
of turning liquid at pumping rock cuttings from the bottom of the 
hole to the surface in the boring phase. For this purpose smectite-
rich clay (“bentonite”) as primary viscosifier works well as long 
as the temperature is less than about 100 oC, which is the case 
until the heat pulse emerges from the canisters. At higher 
temperature the mud can lose these properties and at a constant 
temperature of more than 150 oC it can stiffen quickly and, over 
longer periods of time, be transformed to shale.  

In the interval 100-2000 m, i.e. where there is no waste in a 
VDH, the temperature of the buffer stays below about 70 ̊C for 
any period of time. Neither the stiffness nor the hydraulic 
conductivity is expected to rise very much as concluded from the 
study of natural analogues (Pusch et al., 1987). Keeping in mind 
the high density of the buffer clay, ion exchange from Na, via Ca 
to Cu by canister corrosion, will not cause significant change of 
the clay’s physical properties, which means that the integrated 
mud/buffer down to 2 km depth will not significantly lose 
ductility and tightness and is expected to serve as well as or
better than in KBS-3H. It will hence remain expandable and has 
its self-sealing ability retained, and make it exert a pressure of 
several hundreds of kPa on the confining rock and canisters, 
thereby preventing leakage of possibly released radionuclides 
along the clay/rock interface of VDH holes. 

For the depth interval 2000 – 4000 m where the initial rock 
temperature is about 100 oC and the highest temperature can be 
up to 150 oC after some decades, the impact of the hydrothermal 
conditions on the buffer clay is stronger.  Laboratory 
investigations involving isotropic heating of commercial 
bentonite clay (MX-80) being rich in smectite with 
montmorillonite as major clay mineral, have been made after 
saturation with NaCl- and MgCl2- rich brines at 25, 90 and 150 ̊C,
at pH=1, 6.5, and 13 for nearly two years (Kasbohm et al., 2005) 
and they indicate what the impact on the buffer clay in VDH will 
be. Although montmorillonite was found to remain as dominant 
clay mineral at all temperatures and all pH levels, significant 
changes were found respecting crystallinity, particle thickness, 
interlayer charge, and chemistry of the octahedral layers (cf. 
Gueven and Huang, 1990). The tests showed an obvious trend of 
montmorillonite to be converted to kaolinite and pyrophyllites 
but to a very minor extent to illite. Partial dissolution of 
montmorillonite was observed giving increasing amounts of Mg, 
Al and Si with the reaction time. In the octahedral layers of 
montmorillonite, Mg was substituted by Al causing a decrease in 
lattice charge. 



Shallow or deep disposal of radioactive waste? 9 

Hydrothermal experiments at up to 150 oC with a low-pH 
cement in contact with smectite-rich clay have indicated what the 
mutual impact of concrete and clay seals will be in a VDH 
(Pusch et al., 2012). The major reaction is cation exchange in the 
clay of initially sorbed Na by Ca. For 100 oC temperature, 
representing KBS-3H and the upper 2 km part of VDH, there will 
be an increase in compressive strength and stiffness of the clay 
by approximately 25 % compared to room temperature. For 150 
̊C, which is valid for the lowermost part of VDH, the same type 
of stiffening takes place but the impact is stronger: the 
compressive strength of the clay and concrete is estimated to 
become 50 to 100 % higher than at room temperature, making the 
clay brittle and less expandable. The chemical stability of the 
clay component is determined by the concentration of Si in the 
water. 

6. Discussion and conclusions
Confining the discussion here to consider the role of the 
geological/geotechnical conditions for establishing repositories of 
KBS-3H and VDH types for long-term isolation of highly 
radioactive waste, taking as an example a site with 500 m of 
clayey sedimentary rock over crystalline rock in a region with no 
regional hydraulic gradients, comparison has been made of the 
constructability and waste-isolating potential of repositories of 
these types. The KBS-3H repository, consisting of a number of 
bored subhorizontal deposition tunnels (holes) connected to 
shafts reaching up to the ground surface, was assumed to be 
constructed in crystalline rock 100 m below the contact with the 
overlying sedimentary rock series, and the VDH holes to be 
bored nearly vertically through the sedimentary rock series and 
down into the crystalline rock to a total depth of 4 km. 
Comparison of these conditions gave the following judgement: 
 A KBS-3H repository can be built using presently available 

techniques while it remains to demonstrate that 4 km deep 
holes with the assumed 800 mm diameter for VDH can be 
bored using deep drilling techniques; 

 Placement of supercontainers with clay-embedded canisters 
of copper-lined iron cores with channels for spent reactor fuel 
according to the KBS-3H concept, will be possible without 
major difficulties because of the “dry” conditions in the 
repository tunnels. If they are oriented parallel to the 
direction of the major rock pressure, stable conditions will be 
provided. Stuck supercontainers will cause major problems 
since they are not retrievable in practice; 

 Construction of shafts in the sedimentary rock series for 
KBS-3H requires stabilization by freezing and casting of a 
strong concrete lining. VDH holes require a simple type of 
casing as a cheap extra safety measure; 

 Grouting of intersected fracture zones, using megapacker 
technique (Pusch, 1994) will be more difficult and less 
effective for KBS-3H than for VDH because of the dry 
conditions in the first-mentioned, causing clogging of the 
fractures;

 Placement of smaller supercontainers with less waste content 
than for KBS-3H will be quick, simple and safe in VDH 
since it takes place under water with good possibilities to 
retrieve them at least in the waste placement phase. Casting 
of concrete seals where the holes pass through fracture zones 
is a much simpler and safer procedure in VDH than in the 
subhorizontal KBS-3H tunnels. In contrast with KBS-3H it 
will be possible to bring up stuck supercontainers from VDH 
holes early after or in conjunction with deposition of them;

 The barrier function of concrete and clay components is 
similar for both concepts; 

 For VDH the main isolating capacity is provided by the high 
density of deep groundwater, which stays at depth and does 
not bring up possibly released radionuclides above the deep 
disposal part. The  barrier effect of canisters and buffer clay 
in VDH is judged to be as good as for KBS-3H, meaning that 
the net waste isolation capacity can be higher for VDH; 

 The evolution of the buffer clay in KBS-3H and upper 2 km 
part of VDH is the same. However, for the firstmentioned, 
the dry conditions and low hydraulic transmissivity of the 
overlying sedimentary rock series can make the hydration of 
initially significantly unsaturated buffer clay very slow, 
causing salt enrichment and dissolution and precipitation 
processes that can reduce the expandability and self-healing 
ability of the clay and make it stiffer as well. In the 
deployment part of VDH significant mineralogical changes 
and less good sealing potential of the buffer clay are 
expected. Montmorillonite will be partly converted to non-
expansive minerals via mixed-layer smectite/illite minerals or 
by neoformation, and quartz will be formed at a rate 
determined by the temperature. Cementation of the clay 
microstructure will be caused by precipitated quartz and illite. 
Still, natural analogues like the Ordovician bentonites at 
Kinnekulle in SW Sweden that have been exposed to 
repository-like conditions with heating to 130-160 ̊C for a 
few thousand years, have at least 25-30 % of their original 
montmorillonite content preserved (Pusch and Madsen, 
1995);  

 Decision based on site investigations of how and where the 
various tunnels and holes should be located and oriented is 
simpler for VDH than for KBS-3H since the detailed rock 
structure in the crystalline host rock below the sedimentary 
series is less important for the first-mentioned. It requires a 
limited number of slim pre-investigation holes of which some 
can be selected for guiding the borehead of the big boring 
machine. For KBS-3H it may be necessary to “direct-as-you-
go”. For both concepts it is necessary to plan topographic, 
geophysical investigations and borings so that major 
discontinuities can be identified and avoided.  

An overall judgement of the applicability of the two concepts 
for HLW disposal based on examination of their respective 
constructability and waste-isolating function is that VDH has a 
higher waste-isolating potential than KBS-3H, which uses 
presently available and more traditional techniques. It is, 
however, more sensitive to the magnitude of the rock strength 
and the ratio of horizontal stress components and causes some 
practical difficulties that may in fact disqualify it. It is worth 
repeating here that the Swedish island Gotland has been taken as 
a representative of desirable geological conditions and not 
necessarily as a recommended site for HLW repositories.  
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Clay/water mixture by use of nano-sized water droplets “dry-water”

Mélange argile/eau à l'aide de gouttelettes d'eau de taille nanométrique "eau sèche”

Thomas Forsberg, Roland Pusch, Ting Yang & Sven Knutsson
Dept. of Civil, Environmental and Natural resources Engineering
Luleå University of Technology, 
971 87 Luleå, Sweden
sven.knutsson@ltu.se

ABSTRACT: Dense clay can be used for sealing of boreholes and isolation of waste containers. Expansion of the clay to fill the space 
between containers and confining rock takes place by uptake of water of the clay, which thereby provides effective isolation. The 
issue is to prepare clay inserts with properly selected water content. The paper describes preparation of clay seals by mixing air-dry 
clay powder with nanoparticles of water droplets coated with very thin shells of a hydrophobic silicious substance (“dry water”). It 
behaves as dry powder and is easily mixed with dry clay. On compaction to the desired density the shells break into microscopic 
fragments while water becomes homogeneously distributed in the mass. Laboratory tests verify that the properties of clay prepared in 
this way are the same, or better, than of commonly saturated clay. 

RÉSUMÉ : On peut utiliser de l'argile dense pour sceller les forages et isoler les conteneurs de déchets. L'expansion de l'argile pour
remplir l'espace entre les récipients et la roche confinant a lieu par absorption d'eau de l'argile, ce qui fournit ainsi un isolement efficace. 
La question est de préparer des inserts d'argile avec une teneur en eau correctement sélectionnée. L'article décrit la préparation de joints 
d'argile en mélangeant de la poudre d'argile séchée à l'air avec des nanoparticules de gouttelettes d'eau revêtues de coquilles très minces 
d'une substance siliceuse hydrophobe ("eau sèche"). Il se comporte comme une poudre sèche et se mélange facilement avec de l'argile 
sèche. Lors du compactage à la densité souhaitée, les coquilles se cassent en fragments microscopiques tandis que l'eau se répartit de 
manière homogène dans la masse. Des essais en laboratoire vérifient que les propriétés de l'argile préparée de cette façon sont les mêmes, 
ou mieux, que les argiles couramment saturées.

KEYWORDS: dry-water, nano-particles, clay/water mixing, water saturated clay.

1 INTRODUCTION

In experimental soil mechanics and a number of applied powder 
technologies it is desired to prepare material samples with a 
defined, homogeneous degree of water saturation. This is the 
case in applied food technology and for concepts for sealing of 
boreholes and sites for disposal of hazardous waste making use 
of dense smectite-rich clay (Yong et al, 2010). The seals can be 
placed in the form of precompacted expandable clay objects 
with specified geometry, dry density and water content (Ting, 
2015). The most common way to saturate artificial clay samples 
in soil meachanical laboratories for testing and for preparing 
borehole seals is to confine them in oedometer-type cells with 
filters at the ends and let water be taken up by suction through 
the filters, but this is a tedious diffusion-type process. The 
slowness is exemplified by the about one week long time 
required for saturation of a 2 cm thick sample of dense 
smectite-rich clay taking up water from two ends, and the 16 
weeks  required for a 4 cm thick sample, and the 2 year long 
time needed for saturating a sample with 10 cm thickness. For 
preparing a 20 cm thick clay block for borehole sealing 
saturation takes about 20 years. We describe here a novel, quick 
procedure for preparing clay blocks of any size with 
homogenously distributed porewater by mixing air-dry clay 
powder or granulate with “dry water” (DW) consisting of 
droplets of water coated with very thin shells of a silicious 
substance (Forny, 2008). On compaction to the required density 
the shells break into fragments that are smaller than silt grains. 
The released water becomes uniformly distributed in the
mixture. The new presented method for preparing clay samples, 
like borehole seals, is based on the principle that compaction of 
homogeneously fine, air-dry clay granules mixed with 
uniformly distributed dry-water droplets under a pressure of at 
least 20-40 kPa crushes the latter, by which the expelled water 
is quickly distributed among neighboring clay particle 

aggregates. The research presented in this paper is based on 
work by Bomhard, 2011 and followed up by manufacturing 
DW-wetted clay seals for full-scale borehole sealing projects. 
Pre-saturated blocks of dense clay, serving as isolation of 
containers with heat-producing high-level radioactive waste in 
repositories, minimize the temperature of the seals and 
containers and thereby reduce their corrosivity.  An essential 
question, dealt with in the present paper, is if the remainders of 
the crushed silicious shells of the droplets are big enough to 
significantly make the physical properties of the DW clay 
deviate from those of conventionally saturated clay.

2 MATERIALS

2.1 “Dry water”

“Dry water” consists of water droplets contained in spherical, 
very thin shells of hydrophobic, fumed silica particles (Forny, 
2009, Bomhard, 2011). The powder is dry and lyophobic, and 
has a water content by weight of about 90%. It flows like flour 
when poured into laboratory cells or large containers for

compaction to the desired dry density. The angle of internal 
friction is reported to be at least 44º (Bomhard, 2011).

The silica coating repels water and prevents the water droplets 
from combining at ordinary temperature. The material is 
produced on an industrial scale by exposing volatile 
chlorosilanes to high temperature by flame hydrolysis and 
reaction with methyl chlorosilanes after cooling. Its primary use 
is as filling agent for plastics and as additive in food production 
(Lankes, 2006; Bomhard, 2011). It is available on the market by 
different suppliers. Wacker Chemie AG delivered DW in the 
present study. The size distribution was 1-10 m and the 
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specific surface area 20 to 35 % of that of smectite clay. The 
residual silanol content of the hydrophilic silica is 25 % and the 
carbon content about 2.8 % of the solid part of the DW. 

2.2 Clay seals

The tightening component of a borehole seal is dense 
expandable clay (smectite) that sorbs water from the confining 
rock or soil by its potential to bind water between the 1 nm 
thick Si/O and Al/Mg/OH lamellae (Pusch, 2015). It is tightly 
contained in a perforated metal tube that is fitted into the hole to 
be sealed, see Figure1. The clay expands through the 
perforation and embeds the tube at a rate that depends on the
density and degree of water saturation, Figure 1. The expansion, 
which can be up to about 3 times, is caused by establishment of 
one, two or three water molecules thick intraparticle hydration 
layers. The expansion is uniquely controlled by the dry density
and access to water.

Figure.1. Borehole sealing by use of dense smectite clay. Top: Sealing 
stages. Lower: 24 h plug of clay migrated from the dense clay core in 
the perforated tube to fill the narrow space between tube and rock 
(Pusch, 2015).

2.3 Interaction of clay and DW

Figures 2 and 3 show schematically how DW droplets are 
linked in the microstructure of smectite clay after mixing dry 
clay powder and DW.  The strongly hydrophilic clay 
considered in this paper will suck up water given off from 
crushed DWs that are uniformly distributed in the DW/clay 
mixture.

Compression of clay with DW droplets makes them break 
at a pressure of 40-80 kPa and cause subsequent uniform 
wetting of the clay. The obtained degree of water saturation can 
be 100 % or lower, depending on the needs; the required 
amount of water is calculated and the corresponding amount of 
DW added by mixing. Pre-saturated blocks of dense clay for 
borehole sealing and isolation of waste canisters in a repository 
perform differently depending on the ultimate degree of water 
saturation. An important question dealt with in the present 
paper, is whether the remainders of the crushed silicious shells 
of the droplets can significantly affect the physical properties of 
the DW clay and make them deviate from those of 
conventionally saturated clay.

Figure 2. Microstructural voids with DW droplets between 3-7 nm thick 
stacks of smectite lamellae in uncompacted air-dry smectite clay 
(Pusch, 2015).

Figure 3. Redistribution of DW water at compaction (left), and 
subsequent maturation of the clay matrix (right).
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3 EXPERIMENTAL

3.1 Clay and DW material

The clay used in the study was a mixed-layer (illite/smectite 
“Holmehus”) clay belonging to a Paleocene formation of 
Tertiary age with 55 % expandable minerals, mainly 
montmorillonite (Yang, 2015). Quartz content is about 15 % 
including cristobalite and amorphous silica and feldspars, pyrite 
and mica make up about 7 %. The content of residual silanol 
and carbon makes up less than one weight percent.

The DW material was prepared by adding 50 g pyrogenic 
silica powder (Whacker HDK2000) to 500 g of distilled water 
in a mixer and agitating it for about 2 minutes. By running the 
mixer at 20,000 rpm for 2 minutes the DW appeared as light, 
dry powder for being mixed with clay. Figure 4 illustrates the 
size of the droplets and the thickness of their coatings (“shells”) 
of hydrophobic silica. Since the surface of DW particles is 
entirely covered by hydrophobic material the material is felt dry 
and performs as dry powder of sugar or flour.

10μm          0,6μm

Figure 4. Silicious DW droplet with coating (“shell”).

The hydration energy of DW droplets is mirrored by the 
release and evaporation of water from them in different 
environments. Left in air the confined water diffuses slowly 
through the coatings of the droplets, a process that successively 
releases the water contained in them. In practice, only freshly 
prepared DW should be used.

3.3 Mixed clay and DW

DW material was prepared for reaching complete saturation of 
clay after compaction in oedometers. Samples with the dry 
densities, 1370, 1800 and 1900 kg/m3, were made for 
determining the hydraulic conductivity and expandability. The 
conductivity was determined by applying a hydraulic gradient 
of 67 m/m (meter water pressure difference per meter flow 
length) at percolation with distilled water. The filters confining 
the samples at each end were connected to burettes and the 
pressure was adjusted to maintain constant clay volume. The 
oedometer cells were mounted in a compression apparatus for 
recording the expandability in the form of swelling pressure.

3.4 Results

3.4.1 Chemical constitution 
EDX analysis of dried DW-clay indicating presence of iron, 
calcium, sulphur, silica and aluminum. The latter element 
represents clay particles and silica shells of DW. Fe was present 
both as sorbed exchangeable ion in and on the clay minerals, in 
shell fragments, and in precipitated complexes in the natural 
clay. The atomic spectrum of the remainders of crushed droplet 
shows Si and Fe to be important cationic components. The role 
of chlorine from the pyrogenic substance, if still present, is 
unimportant because of its coupling to the silicious component 
and because it makes up a very small fraction of the solid mass. 

3.4.2 Microstructural constitution
Figure 5 illustrates the typical microstructural appearance of 
DW clay without visible residual shell fragments. The photo 
reveals the strong variation in mineral composition (quartz 
grains are white, feldspars brown and clay minerals greenish). 

The row of small black dots are organic remainders. Open voids 
cannot have been larger than 20 μm. The micrograph was taken 
of the surface of a section exposed by layerwise tape peeling.

Figure 5. Holmehus clay microstructure. Optical micrograph of moist 
DW-saturated clay with 1570 kg/m3 wet density (magnification 250x).

Figure 6. SEM micrograph showing remnants of a crushed DW particle 
with a size of about 2 μm.

3.4.3 Geotechnical data 
The hydraulic conductivity of i/DW-saturated clay and ii/clay 
conventionally water saturated is given in Table 1.

Table 1. Comparison of hydraulic conductivity (K, m/s) and swelling 
pressure (ps) for tests of DW-saturated Holmehus clay and samples 
prepared by conventional wetting, i.e. by suction of air-dry clay powder
compressed and confined in oedometer cells for saturation and 
percolation with distilled water (RW).

Wetting 
type

Dry
density
(kg/m3)

Saturated 
density 
(kg/m3)

K
(m/s)

Ps,
(MPa)

DW 1430 1900 1E-13 3.2
DW 1270 1800 7E-13 2.2
DW 980 1570 1E-10 0.3

RW (1) 1430 1900 2E-12 2.7
RW (1) 1270 1800 2E-11 1.3
RW (2) 1065 1670 1E-10 0.3

(1)Ting, 2015; (2) Equivalent clay with slightly higher montmorillonite 
content

The DW-saturated clay was consistently somewhat less 
conductive than the conventionally wetted clay, presumably by 
more uniform distribution of water and more homogeneous 
microstructural constitution. The swelling pressure exhibited a 
similar pattern: the values are higher for the DW samples than 
for the conventionally saturated clay. As for the conductivity, 
this is believed to be caused by a more uniform distribution of 
water and a more homogeneous microstructural constitution of 
the DW-clay. The higher values for DW clay proved that the 
very fine fragments of silicious shells did not hinder the 
smectite stacks to hydrate and expand. They were confined in 
small voids in the clay.
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4 DISCUSSION

The essential matters to be discussed and further investigated 
are:

Were the expectations fulfilled?
Is there any scale effect or limitations respecting the 
homogeneity of DW-wetted smectite clay objects like 
borehole seals? 
Is there any “after-effects” in the form of syneresis and 
spontaneous fissuring of DW-wetted smectite clay?
Does the porewater of DW clay behave as in ordinarily 
saturated clay? 

The response to the first questions is that the microstructural 
models forming the basis for predicting the water saturation 
process apply and confirm that the performance of 
conventionally wetted clay and clay saturated by DW are 
similar. Scale-dependence has not been investigated but 
handling of differently sized DW-wetted clay samples shows no 
differences and preliminary tests indicate that the technique can 
be applied for preparing seals for large-diameter boreholes. The 
matter of physical processes related to long-term storage needs 
further study but for clay seals exposed to external water 
pressure in practice, no desiccation or phase separation are 
expected. Nuclear magnetic resonance for revealing differences 
in association of clay minerals and porewater are planned.

5 CONCLUSIONS

The major conclusions from the study are:

DW saturation of clay made by adding this apparently dry 
substance to air-dry clay material by thorough mixing and 
subsequent compaction causes instant uniform wetting and 
quick homogenization. The very thin silicious coatings of 
DW droplets break on compaction under less than 100 kPa 
pressure and create numerous silicious fragments smaller 
than 1 μm, which assemble in small clay voids without 
reducing the expansion potential of the clay but causing 
slight reduction of the hydraulic conductivity by clogging. 
The expandability and swelling pressure of DW-saturated 
clay is higher than of ordinarily wetted smectite clay since 
expansion and loss in density of clay particles by 
expansion into microstructural voids is hindered by such 
fillings. 
DW wetting gives immediate saturation since it takes place 
in conjunction with the compaction of the clay.  The 
advantage of the method is that the samples instantly reach 
a state of uniform distribution of porewater at any desired 
degree of water saturation. The technique is economically 
and practically feasible, especially for preparation of big 
blocks for which conventional ways of saturation require 
many years or decades.
Further research is desired for investigation of matters 
listed under DISCUSSION and of the role of economics 
related to the time and cost for preparing prewetted and 
compacted DW-wetted clay objects of both small and large 
size. Another option is to investigate the possibility of 
manufacturing suitably wetted concrete in containers from 
which it can be extruded and compacted in boreholes for 
serving as seals or supports.
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