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Abstract:   

In Sweden and Finland and some   other countries, two basically different multibarrier 

concepts for disposal of spent reactor fuel (HLW) are the often cited KBS-3 methods and 

Very Deep Boreholes methods (VDH), on which the paper focuses. These concepts have 

engineered barriers in the form of clay-embedded canisters with spent reactor fuel.. The clay, 

placed around the canisters and between them, provides ductility and tightness for minimizing 

the risk of canister breakage, and for tightness. The large-diameter VDH holes have dense 

clay seals of smectite-rich material in combination with clay mud for stabilization of the rock.  

In this paper, clay mud of smectite-rich Danish Holmehus clay was investigated for 

evaluating the physical interaction with the dense clay blocks. The possibility of solving the 

problem of too quick hydration of the blocks, which can make the resistance to insertion of 

the units of dense clay and canisters (“supercontainers”) in the mud difficult, was investigated 

by using prewetted dense clay blocks prepared by a new method (“DW” technique). The 

laboratory experiments, which were made to simulate the installation of supercontainers in 

clay mud using model versions of them, have given promising results.  
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1 Introduction 

The Swedish Nuclear Fuel and Waste Management Co (SKB) has proposed concepts for 

disposal of HLW at moderate depth (Pusch et al, 2015a; Yang et al., 2014). Concepts for very 

deep burial have long been in focus in the UK and US and recently also in Sweden and has 

been examined as described in the present paper. A VDH has the main advantage that heavy, 

very salt groundwater is nearly stagnant at large depth and the version discussed here has 

HLW below 2km depth, hence efficiently preventing shallow groundwater contamination by 

radionuclides. The considered VDH concept has deep, steeply oriented bored holes with a 

constant hole-diameter of 0.8m over their entire length from shallow depth down to 4km. The 

upper 2km parts are tightly sealed with smectite-rich clay except where fracture zones are 

intersected, while the lower 2km parts host containers with clay embedded HLW canisters 

(Pusch, 2008; Pusch et al, 2015b;). Where water-bearing fracture zones are intersected the 

rock is grouted and the holes filled with concrete (Pusch et al, 2007). 

For the sake of stability of the VDH holes they will be filled with smectite clay mud 

throughout the construction period with the mud surrounding perforated “supercontainers” 

with dense clay down to 2 km depth and with HLW-canisters lined with and separated by 

very dense smectite clay from 2 to 4 km (Fig.1). The smectite-rich mud and dense clay are in 

contact and the difference in expandability causes migration of clay through the perforation 

and consolidation of the mud. If the consolidation is too quick the shear strength of the mud 

may increase too rapidly to allow installation of the supercontainers.  
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Fig.1. Supercanister in the deployment zone. The VDH has 0.8 m diameter and the supercontainer 0.7 m. 

The casing surrounds the supercontainer is occupied by a dense clay block and a HLW canister. The 

same type of supercontainer is used also in the 0-2 km zone but filled only with clay (Pusch et al, 2012). 

 

The rate of stiffening of the mud can be adjusted by changing the degree of water content of 

the dense clay in the supercontainers and the primary objective of this study was to 

experimentally study the evolution of the shear strength of a typical mud candidate 

surrounding a model supercontainer with initially fully water saturated, very dense 

expandable clay. The study only referred to the performance of the supercontainers in the 

upper “sealed”, non-heated zone.  

  

2  Experimental 

2.1  Material 

The smectite-rich Holmehus clay was used in this study. It is a Tertiary clay present in large 

quantities in southern Denmark, composed mainly of weathered soil from the Baltic area. 
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After sedimentation it underwent diagenetic processes (Pusch et al, 2015c). For the 

experiments air-dry raw Holmehus clay with Ca as major adsorbed cation was crushed and 

thoroughly mixed to ensure homogeneity. 

   

2.1.1. Mineralogy and Chemical Composition 

Holmehus clay represents a group of expandable clays with mixed-layer Illite/Smectite (I/S) 

structure. Smectite makes up 60% of this phase. The minerals and the evaluated element 

composition of Holmehus clay are given in Tables 1 and 2 (Pusch et al., 2015c).  

Table 1.  Major accessory minerals (weight percentages.)   

 

Table 2.  Major elements in Holmehus clay. 

*The cation exchange capacity of raw Holmehus clay is in the interval 29.7-31.6 meq/100g. 

2.1.2  Geotechnical Properties 

Sieving of crushed and milled material that had been dried at 60 °C gave a grain size curve 

with maximum 2 mm grain size and 40% smaller than 0.063mm (Pusch et al., 2015c). Such 

material was used in the present study.  

Illite/Smectite 

component 

Muscovite, 

2M1 

Chlorite Quartz + 

Cristobalite 

Plagioclase K-feldspar Gypsum Jarosite Pyrite 

50-55% 10-20 <5 10-15* <5 5 2 2 0.3 

Element SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O 

58.6 15.3 6.5 2.2 0.7 1.4 2.8 
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The hydraulic conductivity was evaluated from oedometer tests with hydraulic gradients 

ranging from 100-300m/m (meter water head per meter flow length) at room temperature, by 

use of Darcy’s law. The conductivity data and the the swelling pressure, which was measured 

in the course of the water saturation process, are compiled in Table 3. 

Table 3.  Hydraulic conductivity K and swelling pressure ps of Holmehus clay 

 

 

 

 

 

The dense clay inside the perforated tube that simulates a supercontainer was prepared from 

Holmehus clay that had been fully saturated with ‘’dry water’’1 (Bomhard, 2011).  It 

consisted of a series of compacted cylindrical blocks with 40 mm height and 85 mm diameter, 

the initial density of the saturated clay column being 2000 kg/m3 (dry density 1600 kg/m3).  

 

2.2  Experimental setup 

In the lab experiments the set of components showed in Fig.2 was installed for simulating the 

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

saturated rock was kept saturated during the tests. The perforated metal tube simulating a 

                                                           
1 Powdered form of water droplets confined by very thin shells of hydrophobic, fumed silica particles 

making up less than 1% of the solid substance. The shells brake at compaction of the mixture, the 

“submicroscopic” fragments being uniformly distributed in the clay.   

Density Distilled water 3.5% CaCl2 solution  

Wet density, 

 (kg/m3) 

Dry density, 

 (kg/m3) 

K,  

(m/s) 

ps  

(MPa) 

K,  

(m/s) 

ps  

(MPa) 

1900 1430 2.5E-12 2.4 7E-12 1.5 

1800 1270 1.5E-11 1.3 3E-11 0.6 

1675 1070 1.0E-10 0.3 1E-09 0.0 
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supercontainer, was closed at the ends and rigidly confined by end plates of steel bolted 

together for resisting the swelling pressure that could generate an expansive force of more 

than 1 tonne in long tests.  

 

 

 

 

 

  

 

 

 

Fig.2. Left pictures: a) acrylate-stabilized sand tube and perforated metal tube, b) complete 

setup ready to be submerged in water. Right drawing: Longitudinal section. 

   

2.2.1  Acrylate-stabilized sand tube 

In order to simulate the water-providing and supporting rock surrounding a VDH, artificial 

rock was constructed by using sand with maximum 0.2mm grain size and stabilizing it with 

araldite glue to a ratio of 50:3. The mixture was filled in the gap between an outer and inner 

form separated by 9 mm cured in an oven at 140°C for about 5 hours. The thereby formed 

artificial rock cylinders having an inner diameter of 99.06 mm, an outer diameter of 108.06 

a 

b 
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mm, and a height of 124 mm. Their hydraulic conductivity was measured and estimated to be 

about 1.5E-4 m/s. 

  

2.2.2  Supercontainer 

The steel tube had a perforation degree of 60%, a thickness of 2mm, and the same height as 

the surrounding artificial rock. Dense clay blocks were prepared from Holmehus clay by 

mixing air-dry clay granules with a grain size ranging from about 10 μm to 2 mm (Fuller-type 

distribution) and ‘’dry water’’ consisting of 90% tap water and 10% silicon dioxide and 

compacting it to a total density of 2000kg/m3 at complete saturation. 

  

2.2.3  Clay mud 

Clay mud was prepared by Holmehus clay with city tap water. The mud had a total density of 

1150 kg/m3 and was filled in the rock cylinder before placement of the supercontainer. The 

supercontainer with dense clay was forced down into the freshly prepared clay mud followed 

by tightly connecting the end plates. 

  

2.3  Test procedure and program  

The transport phenomena in the system were migration of clay particles from the dense clay 

through the perforated supercontainer into the mud, causing consolidation of it, and 

simultaneous migration of expelled water from the mud to the dense clay. These mechanisms 

were expected to give successive densification of the mud and softening of the dense clay. 
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The major mechanisms retarding these processes were the reduction of the contact area 

between mud and dense clay caused by the perforation of the supercontainer, the successively 

reduced hydraulic conductivity of the mud, and the changed microstructural tortuosity of the 

two contacting clay components. In each of the tests, the systems of rock cylinders containing 

a model supercontainer with dense clay surrounded by mud, was left to mature for 1/4, 1/2, 1, 

2, 4 and 75 days. The steel lids were then removed and the supercontainers extruded while 

measuring the required force. Numerous samples of the consolidated mud and denser clay in 

the containers were taken for determining the density and water content at different distance 

from the containers. 

  

3  Results  

3.1  Shear strength of the clay components 

Fig.3 shows that the shear resistance to moving down a supercontainer is low initially but 

rising significantly after 6 hours.  
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Fig.3. Graph showing the increase in shear resistance to expulsion of model supercontainer.  



9 

 

The evolution of the shear resistance for real supercontainers depends on their weight. We 

assume here that their outer diameter is 0.7 m and their length 8 m, that is needed for canisters 

with 5 m long rods of spent reactor fuel (2 BWR + 1PWR or 4 BWR elements). The own 

weight is 80 to 100 kN depending on the metal used. The weight in air of an 8 m long 

supercontainer filled with only clay is estimated at 60 kN. The graph in Fig.4 gives the 

number of coupled containers required for sinking under their own weight.  

The graph in Fig.3 shows that letting a supercontainer down in the mud generates a shear 

resistance of a couple of tenths of one kPa, and a total shear force of 100 to 200 kN (Pusch, 

2015). The weight of one supercontainer is several times higher than the mobilized shear 

force and it will hence sink in the mud. Stops for extending the drillrod in which the 

supercontainer is hanging, starts consolidation of the mud but this would cause no problem 

since even for 6 hour long stops the mobilized shear force will be less than the force caused 

by its effective weight. Deep down the stops will be longer but stagnation of movement of the 

supercontainers is not expected until after a couple of days. For even longer stops 2-3 coupled 

supercontainers may be required (Fig.4). The number of containers for each campaign must 

hence be decided in advance, taking interruptions and possible problems into account. The 

time for installation of all supercontainers in a 4 km deep VDH will be a couple of months. 
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Fig.4. Required number of supercontainers with clay for sinking in 1150 kg/m3 smectite mud. 

3.2  The maturation process - water migration in clay  

Fig.5 shows the dry density at different distances from the symmetry axis.  

 

Fig.5. Dry density at different distances from the axis of symmetry as a function of time. 

In the first day the average dry density of the mud increased from initially 240 kg/m3 to about 

300 kg/m3 while the average dry density within the outer 5 mm part of the dense clay inside 

the model supercontainer dropped from initially 1600 kg/m3 to about 1200 kg/m3. After 4 
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days some further increase in average dry density of the mud had taken place, while the dry 

density of the clay column had become 1400 kg/m3 within the outer 5 mm part. After 75 days 

the mud was a little denser, while the clay column had retained is density, about 1400 kg/m3.       

As expected, the rate of maturation was controlled by the rate of migration of water from the 

mud to the dense clay (Pusch, 2007). The degree of homogeneity of the whole clay package 

was low since the internal friction in the clay and the aforementioned retarding mechanisms 

delayed or hindered homogenization. In a real VDH the whole clay system will perform 

satisfactorily because of lack of hydraulic gradients in the axial direction of the sealed holes, 

implying that no released radionuclides will reach up to the ground surface.   

 

4  Discussion and conclusions 

Two observations were made that affect the design of the clay components of a VDH:  

• A suitable initial dry density of smectite-rich mud is about 250 kg/m3 since it allows 

installation of supercontainers with 1 week stops for adding or removing drill strings,   

• Use of initially completely water saturated clay in the supercontainers gives very 

slow diffusion-controlled maturation of the clay components, 

• Initially saturated clay in the supercontainers will not be homogeneous until after 

very long time (Pusch, 2015c) but will still be sufficiently tight. Earlier laboratory 

and field tests have shown that less wetted smectite-rich clay will mature and 

homogenize much faster but will also cause risk of too quick stiffening of the mud at 

the installation of the supercontainers (Pusch and Ramqvist, 2007). An ideal initial 
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degree of saturation may therefore be 80-90 %, which is possible when using DW 

technique for preparation of the blocks in the containers.  
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Figures Captions 

Fig.1. Supercanister in the deployment zone. The VDH has 0.8 m diameter and the 
supercontainer 0.7 m. 

Fig.2. Left pictures: a) acrylate-stabilized sand tube and perforated metal tube, b) complete 

setup ready to be submerged in water. Right drawing: Longitudinal section of setup.   

Fig.3. Graph showing the increase in shear resistance to expulsion of model supercontainer 

with prewetted dense clay in the container.   

Fig.4. Required number of coupled supercontainers with dense clay for sinking in 1150 kg/m3 

smectite mud. 

Fig.5. Dry density at different distances from the axis of symmetry as a function of time. 
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Table Captions 

Table 1. Major accessory minerals (weight percentages.)   

Table 2. Major elements in Holmehus clay. 

Table 3. Hydraulic conductivity K and swelling pressure ps of Holmehus clay 

 


