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ABSTRACT

Two basically different multibarrier concepts for high-level radioactive waste (HLW) are the 

often cited “KBS-3 V/H” for disposal at 400-600 m depth, and the Very Deep Borehole 

(VDH) principle for waste placement at more than 2000 m depth. Both make use of 

expandable clay as isolating medium of canisters with HLW, and as backfill material in shafts 

and tunnels in repositories for safe disposal of such waste. 

This licentiate thesis is based on three papers related to the properties of clays for use as 

engineered barriers, and to their performance at geological disposal. The first paper deals with 

the “buffer clay” criteria for the two disposal principles. In this paper the possibilities and 

limitations of using clays of montmorillonite-, saponite- and mixed-layer types are considered. 

The second paper discusses the swelling properties and permeability of Na-montmorillonite 

clays (MX-80, GMZ) and an illite-smectite mixed-layer clay (Holmehus) saturated and 

percolated with distilled water and a salt solution. The third paper describes the lab-scale 

performance of Holmehus clay seals in VDH holes.  In this paper, methods for solving the 

problem of too quick hydration of the dense clay are investigated and evaluated. 
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1. Introduction

Along with the development of nuclear power, the issue of safe disposal of high-level 
radioactive waste (HLW) has got in focus. According to the research of the organizations 
engaged in dealing with the nuclear fuel cycle (NFC), geological storage offers a way of 
isolating HLW from human beings for at least 100,000 years. Organizations like IAEA, a UN 
branch, and the European Commission help to develop a basis for selecting safe concepts for 
repositories in salt rock, argillaceous rock and crystalline rock. The national governments take 
the decisions according to their own geological conditions.

1.1 HLW disposal concepts

SKB’s concepts

The interest of nearly all countries that consider HLW disposal in crystalline rock, like China, 
South Korea, Spain, Czech Republic, Japan, Finland, Ukraine and India, is focused on a
principal design proposed by the Swedish Nuclear Fuel and Waste Management Company 
(SKB) represented by its concept KBS-3V shown in Fig. 1, (Pusch and Weston, 2015a). Other 
concepts, such as KBS-3i and KBS-3H, are illustrated in Fig. 2 but they have not been worked 
out to nearly the same degree of detailing and accuracy as KBS-3V and are not official 
concepts (Pusch, 2015b).

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

Fig.1 The Swedish KBS-3V concept for disposal of HLW in copper-lined iron canisters. It implies that 20–25 m2

tunnels are blasted at 400-500 m depth, a few tens of metres apart, 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 (Pusch and Weston, 2015a).
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Fig.2 HLW disposal concepts. Left: A: HLW canisters placed 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: VDH concept for disposal of HLW (Pusch and Weston, 2015a;
Pusch, 2015b)

Fig.3 “Supercontainer” with dense smectite-rich clay placed as seal in the upper part of a VDH (left), and 
containing HLW-canister embedded in such clay in the deeper part (Pusch, 2015b). Final density of water-
saturated clay > 1900 kg/m3 and smectite mud with density 1100-1200 kg/m3 in the hole from start. Concrete is 
cast where the hole intersects water-bearing fracture zones.
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VDH concept

The concept for nuclear waste disposal in very deep boreholes in crystalline rock, termed 
VDH, was proposed and discussed some fifty years ago in the US, UK, Germany and Sweden 
but lost interest when it was announced by authorities and environmental protection agencies 
that retrieval of the waste should be possible, an operation that has been deemed difficult, 
expensive and costly. When it was later found that the most important barrier to groundwater 
contamination by radionuclides according to this type of concept is the stagnant heavy 
groundwater at great depth, it gained renewed interest. The US Department of Energy quite 
recently ran an international workshop that illustrated recent development of VDH indicating 
an upstart of systematic evaluation of major issues like the stability of very deep bored holes 
and possibilities to seal them (DOE 2015). 

The VDH model taken as a basis of the present and ongoing study of deep disposal, worked 
out at LTU, has a diameter of about 0.8 m and extends to 4000 m depth, which is 1000 m 
shorter than the concept considered by DOE. The upper 1500 m part of the LTU version will 
be sealed by very dense smectite clay contained in perforated “supercontainers” while the 
lower 2000 m part has the same type of containers but hosting also metal canisters with HLW, 
exemplified by spent reactor fuel, (Fig. 2 Right and Fig. 3). The installation of such units for 
this VDH concept is treated in the thesis with respect to the performance of the clay 
components. 

1.2 Geological basis for deep HLW disposal

The need for effective HLW isolation over many thousands of years, and for back-up of this 
function, calls for application of the multi-barrier principle, implying use of engineered 
barriers taking the rock mainly to serve as a mechanical protection of the “chemical 
apparatus”. The rock can have an isolating effect of HLW by providing absorption of possibly 
released radionuclides by fracture-coating minerals like chlorite, clay minerals and zeolites,
but 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 is the main 
barrier of the host rock to radionuclide migration.

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 rooms at 400-500 m depth in contrast to excavations in argillaceous rock. However, the 
rock stresses at this depth are often high enough to create spalling and poor stability of the 
roof and walls of blasted tunnels and rooms in crystalline rock and even more critical 
conditions can be caused by tunnel boring (TBM). Rooms and tunnels will be surrounded by a 
continuous, very permeable excavation-disturbed zone (EDZ) which can serve as a very 
effective 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
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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 are 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 is 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 location of HLW repositories. The structural elements that 
can be accepted in repository rock are described as (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.
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 et al., 2012)

Geometry of discontinuities Characteristic properties

Order Lengthm 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

- 4 -



Fig. 4 is 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, 2015b). 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 that 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, 2015b). 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 E-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 KBS-3 type repositories (Pusch, 1995).

Considering the conditions for VDH construction with waste placed at a depth of 2000-4000
m, i.e. the concept focused on in the present study, the rock stresses are as high as 50-110
MPa (Brady et al., 2009; Pusch et al., 2012). This causes the 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 this licentiate thesis, the VDH disposal 
concept is focused on.  

Fig. 4 A rock structure model indicating the location 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).
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1.3 The engineered barriers

In HLW disposal, both for KBS-3 and VDH concepts, the canisters surrounded by very dense 
smectite clay in deposition holes, and tunnels in the shallow repositories filled with smectitic 
clay of moderate density, are main engineered barriers. In my work, the buffer and backfill 
clays are in focus. 

The buffer clay should have the following properties (Pusch, 2008):
To be less permeable than the surrounding rock and to be so tight that ion transport 
takes place by diffusion and not by water flow.
To keep the canisters in place and protect them by evening out pressure variations on 
them. 
To mechanically stabilize the holes or rooms for limiting convergence and long-term 
settlement of overlying rock.
To act as a transport barrier for radionuclides and as a barrier to colloids.
To provide a suitable geochemical environment.
To ensure low corrosion rates of both canisters and waste.

The backfill clay will be placed in tunnels, rooms and shafts where there is no nuclear waste. 
It will contribute to the required support to the rock since collapse of such rooms can change 
the groundwater flow through the repository. Another role of the backfill is to seal off the
EDZ at strategic sites and thereby create local stagnant hydraulic regimes. Backfilling of a 
VDH is made only of the uppermost parts of the deep holes.

1.4 Problems

1.4.1 General

The concept of HLW placement in 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 
2000 m) it is preferable to use clay that is very tight while the clay in the lower part (depth 
2000 to 4000 m) does not have to be low-permeable but not very sensitive to high salt 
concentrations. Furthermore, in the upper parts, the temperature is lower than about 70oC, 
while it will be 100-150oC deeper down. For the buffer in the lower parts, mineralogical 
changes and less good isolation are expected. The long-term physical stability of clay in VDH 
concepts, especially in the upper 2000 m part, is of primary importance.

For a borehole with 0.8 m diameter down to 4000 m, the risk of rock fall during the boring 
process is foreseeable. Filling mud in the borehole during drilling is standard in gas- and oil 
field work for bringing up debris and for supporting the holes. The same is valid for a VDH in 
which the mud will have two other beneficial properties: it delays the maturation of the dense 
smectite seals so that they can be brought down without too much wall friction, and it 
provides clay material to the seals. A further function is that the mud enters and seals off 
fractures in the rock. The maturation of the seals and of the clay isolation of HLW canisters in 
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supercontainers will lead to a considerable radial (effective) pressure on the rock tending to 
close steeply oriented rock fractures. (Pusch et al., 2012).

1.4.2 The creation of clay seals

Installation of the supercontainers with clay-embedded canisters, and casting concrete where 
the holes intersect fracture zones can be difficult if the clay seals mature to quickly or too 
slowly, especially at larger depths than 2000 m.

The clay mud and dense clay in the perforated supercontainers are in contact during the 
installation and the difference in density and hydration potential causes migration of clay 
through the perforation, and consolidation of the surrounding mud (Yang et al., 2015). If the 
consolidation is too fast the shear strength of the mud may increase so rapidly that installation 
of the supercontainers can be difficult or require an extra force for bringing them down to the 
desired positions. For stops of expected or unexpected installation-related activities, the 
maximum allowable time for installation should be considered and predicted. This matter will 
be described and discussed later in the thesis.

1.5 Objectives of the Research
The main objectives of the research presented in this thesis are:

1. To investigate the possibilities and limitations of using clays of montmorillonite-, saponite-
and mixed layer clay type for the KBS-3V/H and VDH disposal concepts.

2. To examine the swelling pressure and hydraulic conductivity of Holmehus and GMZ clay, 
and compare with the standard reference MX-80 clay (Pusch 1994, 2015b; Pusch and Yong,
2006) and discuss the impact of density and salt solution on the swelling property and 
permeability.

3. To examine the performance of VDH seals using Holmehus clay in lab-scale tests.

4. To assess methods for solving the problem of too quick hydration of dense clay in VDH 
and to predict the maximal allowable time for installation clay seals. 

1.6 Layout of the Thesis
The thesis consists of the following appended parts:

Paper I    The assessment of clay buffers for isolating highly radioactive waste. (Published in
the Proceedings of the International conference on Waste Management and the Environment, 
Ancona, Italy, 2014)

Paper II Swelling properties and permeability of expandable clays of potential use for 
nuclear waste disposal. (To be submitted to a Journal)

Paper III Lab testing of method for clay isolation of spent reactor fuel in very deep boreholes. 
(Published in the Proceedings of the World Multidisciplinary Earth Sciences Symposium, 
Prague, Czech Republic, 2015; Published in journal Procedia: Earth and Planetary Science)
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2. Materials
2.1 Location and origin

Holmehus clay is 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 (Heilmann-Clausen et al., 1985; Pusch et al., 2015c).

Gaomiaozi bentonite deposit (GMZ) originates from the Xinghe county, Inner Mongolia 
Autonomous Region, China. This preferential candidate material for preparing swelling clays 
for HLW repositories in China makes up a total reserve of about 120 million tons of Na-
bentonite. 

Friedland clay is quarried near the town Neubrandenburg, NE Germany. It is sedimentary clay 
formed in a shallow marine basin during the Eocene (Ola et al., 2006). MX-80 material 
produced by Am. Coll.Co., is a blend of several natural sodium-dominated bentonite horizons.  

2.2 Basic properties

Analyses have shown the dominance of montmorillonite (75-78%) for GMZ clay, IS-ml (55%) 
for Holmehus clay (Kasbohm et al., 2013; Pusch, 2015c) and montmorillonite (77-85%) for 
MX-80 clay (Nguyen-Thanh, 2012). Typical additional essential mineralogical, chemical 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 2, 3 and 4, respectively.

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

Clay Muscovite, 
2M1

Chlorite Quartz Cristobalite Plagioclase K-
feldspar

Anatase Gypsum Jarosite Pyrite Feldspars

MX-80a <1 - 15 - 5-8 - - - - 0.3 4.3

GMZ - - 11.7 7.3 - - - - - - -

Holmehus 10-20 <5 10-15 - <5 5 0.5 2 2 0.3 -

Saponiteb - - - - 10-20 - - - - - -

a Madsen,1998 .
b Kasbohm,J. et al., 2013.

Table 3 Chemical composition of the montmorillonite-rich MX-80 and GMZ clays, and of saponitic clay (Geo-
Hellas, Greece), and of the two mixed-layer clays Friedland (Frieton AG) and Holmehus (Dantonite AS), 
(weight percentages); (Yang et al., 2014; Liu. et al., 2011; Kasbohm et al., 2013).

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 4 Physical properties and cation exchange capacity of investigated clays. (Ye et al., 2014)

Clay CEC 
(meq/100 g)

Exchangeable 
cations 

wL

(%)
wP

(%)
IP

(%)
s,

MX-80 78.8±4.8 Na 519 35 484 2.76

GMZ 77.3 Na- Ca 313 38 275 2.66

Holmehus 29.7–31.6 K, Na 234 29 205 2.58

3.  Experiments and Results concerning smectitic clays

3.1 Swelling pressure and hydraulic conductivity tests

Fig. 5 Experimental setup for fluid saturation and determination of the hydraulic conductivity and swelling 
pressure (Al-Taie et al., 2014)

Stainless steel oedometer cells were used for the experiments (Fig. 5).Two sets of 2 cm high 
and 3 cm diameter Holmehus clay blocks with saturated densities of 1675, 1800, 1900 kg/m3

were compared; one saturated and permeated with distilled water and the other by using 3.5 %
CaCl2 solution. The permeation took place from the lower end of the cells. After saturating 
the samples, permeation started until stable flow was reached. The discharged permeant was 
collected in 100 ml glass containers sealed with rubber caps with thin needles for 
equilibrating the air pressure within in and outside the containers (Al-Taie et al., 2014).  The 
hydraulic conductivity was evaluated by using Darcy’s law, the hydraulic gradient being 
maintained at 100 m/m (meter water head difference over one meter flow length).

GMZ clay samples were prepared in the same way with the desired water contents 15.1%, 
19.6%, 23.9% corresponding to the   densities of 1200, 1400, 1600, 1700 kg/m3 at saturation.
Figs. 6-a, b, c, and d give the evolution of the swelling pressure of the GMZ clay samples 
(water contents at start: a, b=15.1%, c=19.6%, d=23.9%) for distilled water as a function of 
time. Figs. 7 and 8 show the relationship between swelling pressure and hydraulic 
conductivity at saturation for the three clays prepared and percolated with distilled water and 
salt water (3.5% CaCl2 solution).
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Fig.6 Relationship between swelling pressure (ps) and swelling time (T) of GMZ clay. a:  full ps-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.

Fig.7 Relationship between swelling pressure and density at saturation. (-Di W is distilled water; -Sa W is salt 
water)
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3.2 Tentative conclusions respecting the swelling pressure

Fig. 6 shows that in distilled water, the swelling pressure of GMZ increased rapidly and 
reached a peak value in about 10 hours. It can be explained by dominant crystal swelling, 
followed by osmotic swelling generated by a difference in cation concentration in the 
interlamellar space and in free porewater. During the swelling rise, two temporary drops,
GDA I and GDA II, appear especially for low water contents and high dry densities. The 
explanation can be that when water enters the clay macro-pores, thick quasi-crystals split into 
thinner ones by crystalline swelling and occupy the macro-pores with somewhat less dense 
clay matrix. Therefore, the soil skeleton undergoes slight collapse and exfoliation of sheets
takes place followed by reconstruction. The phenomenon is particularly obvious for lower 
water contents of the samples.

After some slight delay the swelling pressure continued to increase approaching a second 
swelling stage and subsequently to a final steady state. This process is considered to be 
controlled mainly by interaction of diffusive electric double-layers (DDLs), which depend on 
the bulk density, CEC, and sorbed, exchangeable cations.

For densely compacted and confined clay samples, there is only a small amount of adsorbed 
water in the interlamellar space between the montmorillonite or illite/smectitie units. This 
amount of water may not be enough to form DDLs (Pusch and Yong, 2006), but sufficient to 
form DDLs within the inter-quasi pores (Zhu et al., 2013). The structure of clay may hence be 
partly re-established and swell again and ultimately reach a stable stage (the second stage). 
The phenomenon of pressure peaks developed early in the wetting phase has been explained 
by other investigators as the result of hydration of the local space of contacting smectite 
particles before they are more extensively weakened by the water uptake. The particles are 
therefore largely intact and exert a very high contact pressure that drops when the contact 
zone is further wetted. This involves inter-particle slip that brings the particles in new, relaxed 
positions that makes them establish new bonds and cause successive growth of the bulk 
swelling pressure (Pusch, 1994).

Fig. 7 shows the swelling pressure of MX-80, Holmehus and GMZ clay as a function of 
density in distilled water and 3.5% CaCl2 salt water. GMZ clay has a similar swelling 
capacity as MX-80 at low density, due to the very similar contents of Na- montmorillonite, 
CEC and exchangeable cations. However, the less montorillonite-bearing Holmehus clay has
a lower expansion potential. In the salt solution, the Ca2+ concentration is sufficiently high to 
replace Na+ ions sorbed in the interlameller space and Na+ will hence be gradually replaced 
by Ca2+, causing contraction of the interlamellar space and also of the DDLs.  The swelling 
pressure of clays in distilled water is therefore always higher than in salt water.

- 11 -



3.3 Tentative conclusions respecting the hydraulic conductivity

Fig. 8 shows that the hydraulic conductivity significantly decreases with increasing dry 
density of the clays. In principle, high compaction decreases the cross section of macro-pores 
hence causing the very low hydraulic conductivity of highly compacted smectitic clays. The 
salt water reduces the clay expandability and can cause  larger flow channels. Therefore, the 
hydraulic conductivity of smectitic clays in salt water is alaways higher than of clays 
saturated and percolated with distilled water. One notices that the conductivity of the 
Holmehus clay at 1900 kg/m3 density at saturation with distilled water is almost the same as 
that of equally dense MX-80 clay, while salt Holmehus clay is significantly more permeable 
than salt MX-80 clay. GMZ saturated with distilled water seems to be approximately as tight 
as equally dense MX-80 clay. Literature data indicate that the difference between clays with 
moderate and high smectite contents is smaller for higher densities (Pusch and Yong, 2006). 

Fig.8 Relationship between hydraulic conductivity and density at saturation of the three investigated smectitic 
clays.

4 Example of use of smectitic clay (Holmehus)

4.1 Borehole sealing experiments

The set of components showed in Fig.9 was used for simulating the in-situ condition of a clay 
seal in VDH. The pervious acrylate-stabilized sand tube representing water saturated rock was 
kept saturated during the tests. The perforated steel tube simulating a clay seal in the upper 
2000 m part (cf. Fig.2 right and Fig.3), was closed at the ends and rigidly confined by end 
plates of steel bolted together for resisting the swelling pressure (Yang et al., 2015). 
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Fig.9 Left pictures: a) acrylate-stabilized sand tube and perforated metal tube, b) complete setup ready to be 
submerged in water. Right drawing: Longitudinal section. (Yang et al., 2015)

4.2 Results of shear strength tests

The dense saturated clay blocks of Holmehus clay were prepared to a total density of 2000
kg/m3 by mixing clay powder with ‘dry water1’, which is a solidified, powdered silicious 
material that contains 90% of water by weight. They were surrounded, as for the VDH 
concept, by soft Holmehus clay mud with a (total) density of 1150 kg/m3. The test was made
with the whole setup of components immersed in distilled water and left to mature for 1/4, 1/2, 
1, 2, 4 and 75 days. The steel lids were then removed for axial extrusion of the supercontainer 
while measuring the required extrusion force (Fig. 10) and the water content and density of 
the clay blocks and mud after terminating the test.

Fig.10 Graph showing the increase in shear resistance to expulsion of model supercontainer with pre-wetted 
dense clay.

1 Droplets of highly hydrophobic fumed silica particles (Bomhard, 2011)

a

b
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4.3 Results of tests of water migration in VDH clay system

4.3.1 Experimental

Fig.11 shows the change in dry density at different distances from the axis of symmetry as a 
function of time. The grey column bar represents the perforated steel tube separating mud and 
dense clay, which were both water saturated from the beginning. 

Fig.11 Dry density at different distances from the axis of symmetry of the VDH model as a function of time.

4.3.2 Attempt to model the maturation process

Blind prediction has been made as a first attempt to model the maturation process with the 
intention to find out if bulk material data can be used. In principle, the conceptual model 
implies that differences in suction between adjacent clay elements make up the driving force 
for maturation of the clay system: dense clay surrounded by clay mud. The suction was taken
as the swelling pressure with negative sign. Dividing the dense clay in the model test setup 
into 2.5 mm thick annular elements and calculating the successive change in water content 
and solid clay for each element, and predicting the successively altered densities gives a good 
picture of the maturation process. Comparison with the actual test results in Fig.11 indicated 
the applicability of the simple calculation mode. The successively changed density of the 
respective elements in the calculation requires iteration of the suction potential and hydraulic 
conductivity. Fig.12 shows the results from such a calculation, which agrees in principle with 
Fig.11 and indicates that bulk material properties from laboratory tests are applicable. 
However, a numerical model is required for more accurate determination of the maturation 
rate. This is one of the goals of the subsequent study for a PhD exam. 
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Fig.12 Preliminary step-by-step analytical calculation of the maturation of the clay/mud system in the VDH
model test. Assumed initial density of the saturated dense clay is 2000 kg/m3 and of the clay mud 1150 kg/m3.

4.4 Estimated number of full-scale coupled supercontainers for installation

Prediction of the evolution of the shear resistance and the conditions for movement of full-
scale supercontainers requires definition of their weight. It is assumed here that the own 
weight of individual supercontainers with tightly fitting clay blocks around the canisters is 
6000-10,000 kg primarily depending on the type of metal, copper or titanium, in the canisters 
and containers. The weight in air of an 8 m long supercontainer filled only with dense clay 
was estimated here at 6000 kg. The graph in Fig.13 gives the number of coupled 
supercontainers needed for sinking under their own weight after assumed temporary stops. It 
requires that the weight overcomes the upward directed shear resistance mobilized at the 
interface of containers and clay when they start sinking (Yang et al., 2015).

Fig.13 Required number of coupled supercontainers with dense clay for sinking in 1150 kg/m3 smectite mud.
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The weight of a single supercontainer, considering buoyancy, is several times higher than the 
mobilized shear force. It will hence sink in the mud. Stops for extending the drillrod string, in 
which the supercontainer is hanging from start, initiates consolidation of the mud but this will 
cause no problem since even after 6 hour long stops the mobilized shear force will be less 
than the force caused by its weight (cf. Fig. 10). Deep down in the hole the stops will be 
longer but stagnation of movement of the supercontainers is not expected until after a couple 
of days according to the calculations (Yang et al., 2015). For even longer stops the graph in 
Fig.13 shows that 2 coupled supercontainers without waste canisters may be required and for 
stops longer than a few weeks, 3 or more containers may be needed for making the set sink 
down, disregarding the weight of the drill string. For the supercontainers with HLW canisters
the higher weight would mean that 2 coupled canisters may be required after one-week stops 
but the higher temperature reduces the viscosity of the mud, meaning that longer stops than 
for the supercontainers higher up in the hole would be allowed. However, the maturation of 
the mud may cause microstructural alteration and possibly faster stiffening. The matter will be 
investigated in the continued doctoral study. Under all circumstances, it will be necessary to 
take interruptions and possible disturbances of the installation process into account. It is 
estimated that the time for installation of all supercontainer sets in a 4000 m deep VDH will 
not exceed a month. Retrievability of containers with canisters is deemed possible. 

5. Conclusions

Based on the work performed the following major conclusions were drawn:

The swelling pressure of smectitic clay in salt water is lower than in distilled water 
both for Holmehus, MX-80 and GMZ clay. The pressure increases with the dry 
density, which is in complete agreement with colloid chemistry and comprehensive 
published geotechnical test results.

For the hydraulic conductivity (K) the values also indicate the role of density and 
effect of salt water: the conductivity increases with reduction of the density and with 
increased salt concentration. The role of the content of montmorillonite was expected 
to be very significant but turned out to be relatively moderate. Thus, the average 
conductivity of the two most montmorillonite-rich clays (MX-80 and GMZ) were of 
the same order as for the mixed-layer clay with lower montmorillonite content.

As to the borehole sealing test, simulating a model VDH, initially completely water 
saturated clay within the perforated steel tube that was surrounded by mud of very soft 
Holmehus clay, had gained significant shear strength in 2-10 days but complete 
homogeneity will take several months. The mechanisms involved in the maturation 
process are fully understood and attempts to calculate the density growth of the mud 
and loss in density of the dense clay core in the supercontainer has given promising 
results. 
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6. Future work

Investigate the role of the initial degree of saturation of the dense clay in VDH seals 
for the maturation rate of GMZ clay with special respect to the impact of salt solutions
and time.
Work out conceptual and theoretical models for numerical calculation of the rate of 
homogenization of GMZ dense clay and clay mud in a VDH.
Make bench-scale VDH tests with GMZ clay. 
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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 thatflowing
groundwater is directed around and not through the buffer;

• The buffer must provide the canisters with a ductile embedmentwith
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 960 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 f r o m 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

Perforated tube 

Clay

Heat 
cables
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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 ofclays.

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
Mixed-layer clay 
(FIM)

55

53

12

18

11

5

-

-

10

4

0.5

4

0.1

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
Mixed-layer 
illite/smectite

50

-

50

-

50

-

-

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
Content of 
particles <2μm
(wt.%)

5-10

80

-

90

-

80

traces

90

3

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].

Density Dry density
Hydraulic

conductivity
Swelling 

pressure (ps),
Samples kg/m3 kg/m3 (K), m/s kPa
MX-80 1800 1269 E-10 200
MX-80 2000 1587 2E-13 4700
GMZ 1788 1250 E-11 530
Saponite 1800 1270 4E-12 1300
Mixed-layer FIM 1800 1270 4E-11 280
Mixed-layer FIM 2000 1587 2E-11 1000
Mixed-layer
Holmehus 1800 1300 2E-11 600
Mixed-layer
Holmehus 2000 1587 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 15oC per centimetre by 
heating one end to  85–95oC for  8  weeks  and  keeping  the  opposite  at 35oC
by circulating 1% CaCl2 solution through it [6, 7, 10]. The results a r e
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 lessstrongly
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% 
C a C l 2 solution [6, 7, 10].

Property GMZ MX-80 FIM

d
(kg/m3)

Hot
end
1871/
1380

Cold
end
1788/
1250

Hot
end
1951/
1510

Cold
end
1844/
1340

Hot
end
1958/
1520

Cold
end
1875/
1390

K, (m/s) 2.6E-11 2.8E-11 1.2E-11 2.0E-11 1.8E-11 4.0E-11
ps (kPa) 110 530 130 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 1.0% CaCl2 

solution [6, 7, 9, 10].

Property
d

(kg/m3)

DA0464
Hot end Cold end

1880/1397 1800/1270

K, (m/s) E-12 to 7.0E-11 4.0E-12 to 8E-12
ps (kPa) 1880-2000 1170 to 1300 



Waste Management and The Environment VII 409

WIT Transactions on Ecology and The Environment, Vol 180, © 2014 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)

The major conclusions from the test series can be summarized asfollows.
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 60oC, while it will be 100-150oC 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 100oC 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 itstiffer.

In the upper, sealed part of the VDH the temperature will range from about 
15oC to 60oC causing no heat-induced changes of any of the potential buffer clay 
candidates and providing total tightness early after installation. In t h e
deployment part, which will be heated to 150oC 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 130–160oC 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 100oC, 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 isused.
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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-90 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 waste. Compacted smectite-rich clay 
(“bentonite”) can be an effective barrier to migration of radionuclides and for providing a ductile 
embedment of canisters (Wersin et al., 2007). 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 

1



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 (Guo et al. 2001). 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, (Heilmann-
Clausen et al., 1985; Pusch et al., 2015a).

Gaomiaozi bentonite (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.).

Figure 1. GMZ clay deposit location in China
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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 of Technology in 

also as secondary mono-
chromator. The scanningangle, voltage and current intensity were 3-70° 2 

-dry and ethylene-glycol treated 
forms have shown dominance of montmorillonite (75-78%) for GMZ clay, IS-ml (55%) for Holmehus 
clay (Pusch et al., 2015a)  and montmorillonite (77-85%) for MX-80 clay (Nguyen-Thanh, 2012 ). 
Semiquantitative evaluations give additional essential components. (Table1.)
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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 Muscovite, 

2M1

Chlorite Quartz Cristobalite Plagioclase K-
feldspar

Anatase Gypsum Jarosite Pyrite Feldspars

Holmehus 10-20 <5 10-15 - <5 5 0.5 2 2 0.3

MX-80A 1 - 5 3 13 - - - - -

MX-80B 2 - 4 2 5 - - <1 - - 5-8

MX-80C <1 - 15 - 5-8 - - - - 0.3 4.3

GMZ 11.7 7.3 -

a Nguyen-Thanh (2012 ).
b Ufer et al. ( 2008 ).
c Madsen (1998 ).

a b
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FT-IR Analysis
FT-IR aanalys 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)

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, Pusch et al., 2015a; c, Liu X.D. et al., 2011. )

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, JC/T 593-
1995]. 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. (Ye et al., 2014). s

is 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
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3. Swelling pressure and hydraulic conductivity tests

Figure 5. Experimental setup for fluid saturation and determination of the hydraulic conductivity and 
swelling pressure (Al-Taie, 2014)

Stainless steel oedometer cells were used for the experiments (Figure 5). Two sets of 2cm 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 100 ml glass containers with 
rubber caps that had thin needles for keeping equal air pressure in and outside the containers. The 
hydraulic conductivity was evaluated 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 (Al-Taie, 2014). 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 saturation for the three clays saturated with distilled 
water and salt water (3.5% CaCl2 solution), respectively. Examination of these graphs is described in 
Paragraphs 4.1 respecting the swelling behavior, and 4.2 concerning the hydraulic behavior.
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Figure 6. Relationship between swelling pressure (ps) and swelling time (T) of GMZ clay. a: complete
ps -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.

Figure 7. Relationship between swelling pressure and density at saturation. (-Di W is distilled water; -
Sa W is salt water)
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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, 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 (Liu L.C. et al., 2011). 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 (Madsen, 1989; Savage, 2005). 

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 (1997), 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+,
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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 (Tan, 1997)

Figure 9. Relationship distance of crystal layer d001 of Na- montmorillontie and concentration of 
NH4NO3 (Tan, 1997).

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+ 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 (2006) could reach up to 39MPa, which is equal to the suction potential at RH (relative 
humidity) of about 70% (cf. Pusch, 2015b).

4.1.2 Role of diffuse electric double-layers

Diffuse electric double-layers are 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 
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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 (Tom et al., 2013). 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 (2005) 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 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 (Pusch and Yong, 2006). It may, however, be sufficient for formation of local double-layers 
in parts of the regions (Zhu et al., 2013). 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
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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 interparticle 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 (Pusch, 1994). The distribution of swelling pressure in confined smectite soil samples will 
therefore not be uniform and the swelling of individual aggregates is different (Pusch and Yong, 2006;
Ye. et al., 2009). 

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 (Pusch, 2015).

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 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 
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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 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 (Pusch, 
2015). 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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2.1  Material 

2.1.1. Mineralogy and Chemical Composition 

2.1.2  Geotechnical Properties 
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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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