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Two genuinely geological alternatives for disposal of highly 
radioactive waste (HLW) 
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Abstract 

Disposal of highly radioactive waste (HLW) can be environmentally acceptable if 
radionuclides are kept isolated from the groundwater, which has inspired planners of 
repositories to work out multibarrier concepts that postulate defined functions of the host rock 
and engineered waste confinements. Assessment of the role of the host rock involves 
groundwater flow modelling and rock mechanical analysis, which are both highly speculative 
and ignore future changes in rock structure, stress conditions, and groundwater flow. 
Widening the perspective by considering the integrated physical performance of contacting 
geological strata respecting groundwater flow conditions can provide excellent isolation of 
HLW with a minimum of engineered barriers as illustrated by the principle of very deep 
boreholes (VDH) for which the very high salt content of deep water is the primary barrier by 
maintaining possibly contaminated groundwater at depth. Such isolation of groundwater 
regimes can also be obtained by constructing relatively shallow repositories in crystalline rock 
covered by clay-containing sedimentary rock in regions with no or very low hydraulic 
gradients. The paper describes a possible case of this type, showing that effective isolation of 
HLW in repositories of commonly discussed types, KBS-3H and VDH, can be achieved under 
present climatic conditions.  

The paper compares the short- and long-term functions of repositories located at the southern 
end of the Swedish island Gotland, being an example of desired geological conditions that are 
found also in other parts of Sweden and in Lithuania, Germany, Holland and the UK. Here, 
500 m of sediment rock series cover gneiss bedrock in which a KBS-3H repository of SKB-
type can be built under virtually “dry” conditions because of the tightness of the overlying 
sedimentary rock and lack of hydraulic gradients in the crystalline rock. Shafts leading down 
from the ground surface to the repository level are constructed by use of freezing technique 
and lined with low-pH concrete before installation of waste after which they have to be sealed 
with expanding clay. Use of initially largely water-saturated clay provides suitable physical 
properties of the embedment of waste containers. Alternatively, a VDH repository consisting 
of a number of steep 4 km deep boreholes with about 8oo mm diameter can be driven for 
installing waste below 2 km depth, leaving the upper 2 km for sealing with clay. The 
geological conditions, which are also believed to provide acceptable rock pressure conditions 
for construction of a KBS-3H repository at about 600 m depth, are believed to be suitable for 
the construction and short- and long-term performance of either repository type.  

Key words: bentonite, waste canisters, high-level radioactive waste, repository design, 
repository site selection, rock stress, rock structure, smectite clay,  
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_____________________________________________________________________________________________________________ 

1 Background and scope of study  

The Swedish government is presently examining a concept for disposal of HLW proposed by 
the organization that is responsible for disposal of spent reactor fuel i.e. Swedish Nuclear Fuel 
and Waste Management AB (SKB). It implies construction of a repository designed according 
to Fig.1 and termed KBS-3V. The geological medium in the proposed region is fracture-poor 
crystalline rock with very high rock pressure and very low hydraulic conductivity. The 
pressure can cause problems in the construction phase and when the heat from the highly 
radioactive waste causes thermally induced rock stresses. The hydraulic tightness will delay 
water saturation of the canister-embedding clay and cause desiccation and partial loss of its 
isolating capacity. An alternative design principle shown in Fig.2, also proposed by SKB, has 
flat-lying deposition tunnels of at least 300 m length and is termed KBS-3H (Svemar, 2005). 
A third alternative assumes use of deep bored holes (VDH) for disposal of HLW (Fig.3). 
Application of any of the three concepts can cause difficulties in the construction phase and in 
long-term perspectives especially where the rock conditions provide problems with respect to 
rock pressure and hydraulic behaviour. The present paper provides comparison of the 
possibilities and limitations for HLW isolation of two of the concepts assuming construction 
in crystalline rock covered by 500 m sedimentary rock exemplified by the geological 
conditions of the southern part of the Swedish island Gotland in the Baltic Sea. 
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Fig.1. The KBS-3V (Svemar, 2005) concept as proposed to the Swedish government.  
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Fig.2. The KBS-3H concept. Upper: Longitudinal section of a disposal gallery (deposition 
tunnel) with supercontainers tightly filled with clay embedding HLW canisters and separated 
by clay blocks. Lower: Perforated supercontainers confining clay-lined HLW canisters of 
SKB type; light green in picture by SKB is dense clay. Separation blocks eliminate risk of 
criticality. 

 

Fig.3. VDH concept. Sets of coupled supercontainers with clay-embedded HLW canisters in 
the lower 2 km part and with only clay in the upper part, are moved down in soft clay mud 
and left to mature. The canisters have a 50-100 mm envelope of highly compacted smectite 
clay, which together with the block and mud, make up the”buffer” clay. 

2 Concepts considered  

Since KBS-3H appears to be more cost-effective than KBS-3V, which causes difficulties in 
the construction and waste installation phases, we will use the firstmentioned in our 
comparison with the VDH concept with respect to the potential of isolating HLW from the 
groundwater. 

3 Rock conditions for disposal of HLW 

Long-term safe underground disposal of highly radioactive waste requires that a site is found 
where the rock quality is good enough for staying mechanically stable and serving as barrier 
to flow of radioactively contaminated groundwater for tens to hundreds of thousands of years 
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under the stress conditions caused by construction of the repository and by the temperature 
pulse caused by the waste.  

A matter of fundamental importance is how the repository can be adapted to the rock structure 
which determines the rock stresses that are affected by creation of tunnels and boreholes, and 
by the degree of utilization of the host rock since supercontainers must not be placed where 
major fracture zones are intersected. Shearing occurs in and along such zones, termed here 1st 
and 2nd order discontinuities between which displacements can be very small (Table 1).  

Table 1. Rock discontinuity scheme. 1st to 3rd are fracture zones, 4th to 7th are discrete 
fractures. VH=very high, H=high, M=medium, L=low, VL=very low, VVL= insignificant 
(Pusch, 1995; Pusch et al, 2014). 

 

                    

 

 

 

 

 

 

 

 

Fig.4 is an example of the existence of fracture-poor local regions in crystalline rock 
indicating that very limited tectonic disturbance has taken place since the large weaknesses 
were formed. They can be identified by combining topographic analysis, deep borings in 
strategic positions, cross-hole measurements, and geophysical investigations. The 5-10 km2 
square in Fig.4 would logically be ideal for locating a HLW repository but the risk of high 
rock pressure in such rock is obvious as illustrated by measurements where the HLW 
repository of KBS-3V design is planned to be constructed (Fig. 5). The highest horizontal 
stress is more than 45 MPa at the intended repository depth of about 400 m and numerical 
calculations show that the rock can break when the thermal pulse from the radioactive decay 
of the waste propagates into the rock (Pusch & Weston, 2012).  For KBS-3H the risk of rock 
failure is lower especially if the tunnels can be suitably oriented, i.e. with their axes parallel 
with the major horizontal rock pressure. 

Order Length 
(persistence) 

Hydraulic 
conductivity 

Gouge 
content 

Strength D-system 
(SKB) 

1st  >Kilometers VH VH VVL D1 

2nd Kilometers H H VL D2 

3rd Hundreds of meters M to H M L D3 

4th Tens of meters M to H L L to MH D4 

5th Meters L VL MH to H  - 

6th Decimeters VL VL H - 

7th <Decimeters VVL VVL VH - 
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Fig.4. Example of weaknesses in granitic rock with local, undisturbed area (SKB map). 
Well defined lineaments are of 1st order and poorly defined lineaments of 2nd and 3rd 
orders.   

 

Fig.5. Major principal stress below about 50 m depth recorded by SKB in the Forsmark area 
north of Stockholm (Generalized from SKB report TR-11-04). 

Locating repositories in crystalline rock at 600 m depth covered by some hundred meters of 
clayey sedimentary rock provides good possibilities of successful construction by utilizing the 
comprehensive experience from deep mining. Effective isolation of the repository is offered 
by the tightness of the overlying rock. Construction below a shallow island like Gotland in a 
fairly large and deep inland sea (Mare Balticum) is particularly valuable since the working 
conditions will be dry and because there are no hydraulic gradients and hence negligible 
groundwater movement horizontally and vertically at the repository level. This principle 
offers optimal conditions for creating long-lasting isolation of HLW. They are, for crystalline 
rock, high mechanical strength and stability and, for the overlying sedimentary clayey rock, 
very low hydraulic transmissivity. The paper describes a possible case of this type, showing 
that effective isolation of HLW from the surroundings of repositories of the two design types, 
KBS-3H and VDH, is expected until the next glaciation of northern Europe takes place.  

The area selected for comparing the function of the KBS-3H and VDH repositories is the 
southernmost part of the Swedish island Gotland in the Baltic Sea. South of the Burgsvik 
community the crystalline rock is covered by about 500 m of sedimentary rock, mainly 
sandstones, claystones and limestones of Cambrian, Ordovician and Silurian age (Hede, 
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1921). These beds are frequently interfoliated by centimeter- to decimeter-thick layers of 
bentonite that were originally rich in smectite minerals but later converted to illite (Pusch, 
1969). These series are tectonically undisturbed and hydraulically separate the crystalline 
gneiss bedrock from shallow ground. The present density of the bentonite layers is about 2100 
kg/m3 (Pusch et al, 2011), which indicates that the vertical compressive pressure on them has 
been at least 10-20 MPa. The present hydraulic conductivity in the vertical direction is E-11 
to E-10 m/s (Pusch et al, 2011). The crystalline bedrock here represents a seismically and 
tectonically very calm region built up of large blocks that have undergone mutual steep 
displacements of no more than a few meters since Cambrian (Flodén, 2015). Some of the 
large joints are permeable to gas which suggests that the horizontal rock pressure is of 
moderate magnitude and lower than in the Forsmark region. This would make it possible to 
construct a KBS-3H type repository in the crystalline bedrock at 600 m depth at the 
southernmost tip of Gotland where a fortress and other military installations are located that 
would make the area accessible for this purpose. A repository of VDH type would also be 
constructable at this site and we will compare here the function of repositories of either type, 
focusing on the capacity of the rock and engineering barriers to prevent or retard radionuclide 
migration.                                                                                                                                                                                                     

Fig.6 shows the presence of major discontinuities on Gotland and in the surrounding Baltic 
Sea.  The large weakness oriented NNW/SSE that crosses the island in its northern part has no 
equivalent elsewhere on the island although there are indications of similar weaknesses just 
west of the island. Those indicated south of Burgsvik on land are estimated to be 
discontinuities of 2nd order oriented NW/SE and NE/SW with a spacing of about 3.5 km as at 
Forsmark. At both places there should be good opportunities to find a sufficiently large area 
free of 1st and 2nd order discontinuities for constructing HLW repositories. A number of major 
discontinuities indicated by red lines have been found by geophysical measurements (Talbot 
and Slunga, 1989). They are mostly NE/SW oriented like the ones on the Swedish mainland 
indicated to the left on the map. Borings and cross-hole measurements are required for finding 
an optimal site for going down with shafts to a KBS-3H repository in the crystalline rock 
beneath, or for locating a VDH.  

In summary, limestones and marls dominate in the upper 50 m sequence, followed by 
sandstone/oolite to 100 m depth below which limestones and marls are again the main rock 
types to about 500 m depth. Table 2 illustrates the complexity of the strata in the region south 
of Burgsvik (Hoburgen), by showing the frequency of bentonite layers in the upper part. 
Similar presence of bentonite layers is characteristic also of deeper strata (Snäll, 1977; Calner, 
2000). The total number of bentonite layers down to 500 m depth is about 50. The 
geotechnical conditions for underground construction and building of on- and near-ground 
buildings are concluded to be good (Pusch et al, 2012). 
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Fig.6. Schematic map of Gotland with major discontinuities marked. The major one up north 
and appearing in black, is of 1st order like the ones in red while the other are estimated to be 
of 2nd order. NW/SE orientation of the large discontinuities is dominant but both N/S and 
some NE/SW features are seen as well.  

Table 2. Small-scale stratigraphy of Burgsvik sedimentary rock (Pusch, 1969). Ss=sandstone1, 
Si=silt, Cl=clay2, Clst=claystone,Slt=silt, Sltst=siltstone, Lst=limestone, Ool=oolite,  

Sedimentary unit Thickness, m Note 
Sandstone 0-1 Clay layers and lenses. Cross-bedding of sandstone 
Sandstone 1-2 Clay, silt and clay layers. Lamination and 

crossbedding 
Sandstone 2-3 Clay, silt and clay layers. Complex mixture. 

Disturbed 
Sandstone/clay 
layer 

3-4 Homogeneous sandstone, 0.2 m clay 

Sandstone 4-5 Three 0.1 m clay layers 
Clay 5-6 0.6 m clay, 0.05 m clay, two 0.2 m sandstone 
Clay 6-7 Clay, two thin silt laminae, 0.3 m oolite 
Oolite 7-8 Homogeneous oolite 
Sandstone 8-9 0.7 m sandstone with clay lenses, 0.3 m silt and 

claystone  
Sandstone 9-10 Thin clay/silt layer ate the base 
Sandstone 10-11 Complex stratification 
Sandstone 11-12 Complex stratification, thin clay layer  
Clay 12-13 0.6 m clay with silt and sandstone lenses 
1) Calcite is cementing agent in the sandstone.  2) The slightly cemented, brittle clay contains illite, chlorite and 
quartz.  

4 KBS-3H repository in the Burgsvik area  

4.1 Layout principle 

TBM boring of the about 2 m diameter deposition tunnels between transport tunnels (Fig.7) is 
a main option but they can also be prepared by careful blasting without substantially 
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increasing the hydraulic conductivity of the remaining rock (Gray, 1993; Svemar, 2005). Two 
shafts connecting the repository with the ground surface for material and waste transport are 
required and additional shafts for ventilation and rescue purposes are optional or required.  

 

Fig.7. Basic design concept for shallow location with long waste emplacement tunnels 
(example from the Belgium program) for disposal of spent reactor fuel. Underground 
installations are operationally divided into two separate work areas: one where HLW canisters 
are transported and installed, and one where rock construction is performed. Each of these 
areas has independent access routes, systems and services, and specific personnel (Svemar, 
2005). 

4.2 Constructability   

4.2.1 Shafts in sedimentary rock 

Location of the shafts and shallow facilities south of Burgsvik is determined by the 
constitution and presence of major structural elements of the sedimentary rock series and of 
the crystalline rock hosting the repository. Technically, there are no difficulties in 
constructing the plant on an artificial jetty (tongue) of rock fill and in driving shafts extending 
from there down to the repository depth at about 600 m. The very good bearing capacity of 
the sedimentary rock and the low hydraulic conductivity provided by the clay components 
would make it possible to construct the shafts as planned for the once proposed British C.E.T. 
project for deposition of low-, medium-, and high-level waste radioactive waste in the North 
Sea (Pusch, 1994; Pusch et al, 2017). It is estimated, however, that freezing of the rock would 
be suitable for securing stability in the construction phase. The shafts would be lined with 
low-pH concrete. Examples of construction of 600 m deep shafts of similar type are known 
from coal mining in the Ruhr area in Germany (Hegemann, 1981) and from the Belgian 
underground laboratory at Mol for testing techniques for storage of HLW (Svemar, 2005). 
Tunnel boring technique can be employed for preparing series of at least 300 m long 
deposition tunnels (galleries) for installing “supercontainers” with canisters separated by 
blocks of highly compacted smectitic clay (cf. Fig.2).  

4.2.2 KBS-3H repository in crystalline rock with access through sedimentary rock 

The exact position of the shafts and ramps, rooms, tunnels and drifts of a KBS-3H repository 
would be based on comprehensive site investigations using geophysical investigations and 
borings. A number of buildings would be constructed on or just below the ground surface for 
storing materials and machinery required for the underground construction, which can be 
made in one or several campaigns. 
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The importance of the rock pressure on the stability-controlling hoop stress of subhorizontal 
bored tunnels in crystalline rock and in the lower parts (500 and 600 m depth) of vertical 
shafts is obvious from Table 3, which gives stresses calculated by using conventional elastic 
theory neglecting impact of canister-generated heat (Pusch, 1995). Including also heat effects 
the hoop stress has been estimated to increase by at least 50 % (Lönnqvist and Hökmark, 
2008), which is still of acceptable magnitude but only for tunnels oriented in the direction of 
the major rock pressure.  

Table 3. Calculated maximal compressive hoop stress in MPa of tunnels and shafts of the 
KBS-3H type repository. Assumed vertical primary rock stress1=12 MPa at 500 m depth and 
15 MPa at 600 m.  

Primary horizontal 
rock pressure (ratio 
of max and min) 

Depth, m Rock type Tunnel 2 m diameter (horizontal 
KBS-3H) 

Shaft 3 m 
(vertical) 

35/20 500 Sandstone - 85  
25/18 500 Sandstone - 57 
15/10 500 Sandstone - 35  
45/30 (15) 600 Gneiss Perp. to σ1=120, Paral. to σ1 =75 - 
40/25 (15) 600 Gneiss Perp. to σ1=105, Paral. to σ1 =45 - 
30/20 (15) 600 Gneiss Perp. to σ1 =75, Paral. to σ1 =45 - 
25/18 (15) 600 Gneiss Perp. to σ1 =60, Paral. to σ1 =43 - 

1) SKBs “A-berg” (SR 97, main report-Vol.I), 

For vertical shafts in sandstone critical conditions would be expected in the lower parts, which 
means that concrete linings are required. For the rock where the repository tunnels and rooms 
will be located, one can assume the unconfined compressive strength of ordinary bore core 
samples of gneiss to be 150-300 MPa and 40-140 MPa for sandstone (Pusch, 1995). Using 
averages, i.e. 225 MPa for gneiss and 90 MPa for sandstone, one expects bored tunnels in 
gneiss at 600 m depth to be stable with a reasonable safety factor even if the maximum 
horizontal rock pressure is as high as 45 MPa – i.e. the critical rock pressure for a KBS-3V 
repository at Forsmark - while for even higher horizontal rock pressure tension would appear 
in the tunnel walls. Applying statistically normal distribution of the compressive strength 
means that a small fraction of the long holes may reach failure condition by taking also the 
scale dependence of this strength into consideration (Pusch, 1995). The table implies that 
orientation of the tunnels parallel to the highest rock pressure1  gives lower hoop stresses and 
rock stress measurements must therefore be made for determining the orientation of the rock 
pressure components. 

4.2.3 Construction and waste placement 

SKB and its Finnish sister organization POSIVA have worked out techniques for placing 
supercontainers with smectite-rich “buffer” clay surrounding waste canisters of the type 
shown in Fig.2, (Svemar, 2005). For a repository located in Burgsvik-type bedrock the 
conditions for construction and waste placement will be particularly simple because of the 
“dry” conditions: practically no inflow of water because of the tightness of the 500 m thick 
sedimentary rock series overlying the repository rock, and the lack of horizontal hydraulic 
gradients. The mud injected in the space between the supercontainers and the tunnel walls 
indicated in Fig.2 will tend to desiccate by losing porewater to the dense, strongly hydrophilic 

                                                      
1 called σ1 here although it is not exactly but close to the true major principal stress 
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clay blocks surrounding the hot canisters if the blocks have a low initial degree of water 
saturation. However, preparing the blocks with a high degree of water saturation by use of 
“Dry water” technique (Forsberg et al, 2015) would compensate for this. Thus, the 
successively rising temperature will expand the porewater in the blocks and drive it towards 
and into the mud, thereby maintaining a high degree of water saturation both of the mud and 
the dense clay, which expands through the perforated supercontainers and consolidates the 
mud (Pusch, 2008; Yang et al, 2015).  

4.2.4  Role of engineered barriers 

Canisters contacting buffer clay 
 
We assume here that SKB’s 25,000 kg heavy copper/iron canisters will be used for KBS-3H. 
The spent fuel rods are located in channels in the central core of cast iron, and held in position 
by zircaloy claddings. The iron core is surrounded by a 50 mm friction-welded copper lining. 
The oxygen-free conditions at depths are believed to effectively retard substantial corrosion of 
the copper and iron components. Gas from corrosion of the iron after break-through of the 
copper liner becomes confined and pressurized by conversion of the iron metal to the lighter 
corrosion products magnetite or haematite that take up larger space, hence causing 
compression and tightening of the buffer clay. Through-corrosion will take at least 100,000 
years and copper in ionic form will tend to replace Ca in exchange positions in the buffer clay 
and mud, which have Na as original dominant sorbed cation. The initial sodium state of the 
clay is suitable since it provides microstructural homogeneity. Subsequent exchange to Ca 
from the groundwater and Cu from corroding supercontainers and canisters will cause some 
minor heterogeneity and increase in hydraulic conductivity and loss in expandability. The 
potential of the buffer clay to provide low-permeable and ductile embedment of the canisters 
depends on the degree of stiffening caused by the hydrothermal conditions. 
 
Clay preparation and function  

Preparation of the supercontainers for use in a KBS-3H repository involves placement of 
precompacted blocks of granular smectite-rich clay to tightly confine the HLW canisters in 
the supercontainers. The process of evolution is that the clay will sorb water from the 
surrounding mud and migrate through the perforation of the supercontainers to fill the space 
between them and the tunnel walls. This involves consolidation of the clay mud to get a 
density that is ultimately similar to that of the expanded blocks inside the containers (Yang et 
al, 2015).   

Seismically and tectonically generated shearing of the holes must not break the canisters or 
cause the clay seals to lose their density and tightness. This can occur if the clay buffer 
stiffens in the hydrothermal period of a few hundred years as indicated by a number of studies 
(Herbert et al, 2004; Kolaříková, 2004; Xiaodong et al, 2011) showing that montmorillonite-
rich clays loses a significant part of its swelling potential when exposed to a temperature of 
90oC under moderate and low thermal gradients and even under isothermal conditions, 
especially at high porewater salinities. The main reasons appear to be precipitation of 
cementing silicious compounds and conversion of montmorillonite to non-expandable clay 
minerals. The rate of the process, which is complexed by transient gradients and ion 
concentrations, is believed to be of Arrhenius’ type but the controlling activation energy for 
the dissolution/precipitation is not well known.  
 
4.3 Function of a KBS-3H type repository at Burgsvik 
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4.3.1 Rock  
 
The only large-scale process in the rock mass that one can foresee from applying the principle 
of geological actuality and simple models of tectonic evolution, is taken here to be rotation of 
the present global stress field. It has two implications: shearing of discontinuities of 1st, 2nd, 
3rd and 4th orders, and vibrations that can cause liquefaction. The latter process can be 
disregarded here because very fine-grained smectites making up the clay components soon 
stabilize by thixotropy after placement. The risk of shearing by large-scale rotation of the 
stress field is low in the earliest period while thermal stresses in combination with 
earthquakes may well generate displacement along 3rd and lower-order discontinuities by 
decimeters (Pusch and Hökmark, 1992). Supercontainers with HLW canisters will, by 
definition, not be located in such zones and only critically located and oriented discrete 
fractures of 4th order can undergo shearing by sufficiently strong seismic events. The amount 
of maximal shear strain has been investigated experimentally and numerically, indicating that 
maximal instantaneous shear strain by a few centimeters is expected (Svemar, 2005). 
Calculation of the thereby induced stresses in a copper/iron canister has given 10 cm as the 
largest acceptable shearing, which would correspond to several accumulated shear 
displacements. Canister rupture when the radioactivity is still high, is deemed improbable 
(Svemar, 2005). 
 
The hydrological performance of the host rock in a short and long-term perspective is of 
course essential. There are plenty of indications that construction of underground repositories 
involves so important displacements and delayed changes in rock structure by creep and 
relaxation that groundwater flow on a small scale, i.e. in the nearfield of KBS-3H holes, 
cannot be accurately modeled. For longer periods of time propagation of rock discontinuities 
and altering of stress fields by the continuous massage that the shallow earth crust undergoes, 
make prediction of long-term changes in rock structure and groundwater hydrology very 
hypothetic. This has led to the now common idea that the waste-isolating function of rock 
hosting a repository is only to provide sufficient mechanical protection of the repository for 
avoiding collapse. The sedimentary rock series overlying the crystalline rock has the 
beneficial property of providing a practically impermeable medium that very strongly delays 
permeation of the repository. The through-flow of liquid water in deposition tunnels in the 
underlying crystalline rock will be vanishingly small for many hundreds and even thousands 
of years during which the large majority of the radioactivity will disappear.  
 
 
4.3.2 Engineered barriers  
 
SKB’s and POSIVA’s estimation that the copper/iron canisters in the supercontainers will be 
tight in the first 100,000 years would exclude the risk of leakage of radionuclides and 
contamination of the groundwater. It is required, however, that the buffer clay retains most of 
its ductility for saving the canisters from mechanical damage by seismic events, and its 
tightness. This requires that most of the content of smectite minerals remains, which is 
expected if the buffer clay is water saturated already before installation. In practice, 
cementation by precipitation of dissolved species, especially silicons and iron, can, however, 
cause permanent stiffening of the buffer clay and make it lose much of its ductility, self-
sealing ability and tightness. Ongoing research indicates that the montmorillonite-rich clay 
proposed by SKB and POSIVA is more sensitive to the prevailing hydrothermal conditions 
than other smectite clay minerals, like mixed-layer smectite/illite and saponite (Kasbohm et 



12 
 

al, 2005). These members of the smectite family may therefore be more suitable but the 
limited resources and higher cost may still make montmorillonite-rich clay the number one 
candidate. 
 
5 VDH repository in the Burgsvik area 

5.1 General 
 
The most obvious differences between the KBS-3H and VDH concepts is that the latter 
implies construction under water and that the main barrier function with respect to migration 
of radionuclides is provided by the heavy salt-rich groundwater below about 2000 m depth 
and not by canisters and buffer clay. Possibly contaminated groundwater at such depths 
cannot be brought up to shallow ground since there are no hydraulic gradients, which hence 
reduces the demand for using long-lasting canisters and embedding buffer clay. Most of the 
construction work, including boring of the 4 km deep holes with about 800 mm diameter, can 
be made by utilizing techniques developed by the off-shore gas and oil industry. No particular 
difficulties are expected in the construction of the deep holes where they pass through the 
series of sedimentary rock. For the deeper parts in crystalline rock, i.e. below 2000 m, there 
are a number of practical problems, which, however, do not make the VDH concept less safe 
than KBS-3H.  
 
5.2 Constructability  

5.2.1 Rock conditions  

The concept discussed here is one with constant diameter of the deep holes of 800 mm made 
by oil-drilling technique, i.e. with a bore head with bits and with a reamer rotated in a drilling 
fluid of smectite clay mud with a density of at least 1150 kg/m3, pumped down through the 
borehead and cleaned and recharged when moved to the ground surface. It serves to bring up 
boring debris from the boreholes, to stabilize the rock, to cool the borehead and to prevent 
clay seals to become dense too quickly (Pusch, 2011). For preventing coagulation of the 
smectite mud, which should be in sodium form, the boreholes are kept filled with freshwater 
that is pressed up by mud injected from below in the course of installation of supercontainers 
with dense clay and clay-lined waste canisters.  

The horizontal rock pressure in the gneiss is assumed to increase with depth from 45/30 MPa 
(ratio of max and min horizontal rock pressure) at 600 m depth to nearly 50/25 MPa (SKB’s 
“A-berg”) somewhat deeper down, and further to about 60/60 MPa at 2200 m depth according 
to Herget’s formula (cf. Pusch, 1995). Taking the ratio of max and min horizontal pressure to 
be unity according to Rummel’s classical rule, this formula gives, for 4000 m depth, the stress 
ratio 77/77 MPa. The maximal theoretical hoop stress of a VDH at this depth would hence be 
154 MPa for a water-filled hole, which the crystalline rock can sustain although with a low 
safety factor. Recording of rock pressure in Germany and elsewhere has given higher values 
(Pusch et al, 2014) implying higher hoop stresses: 100 MPa for 2000 m depth and 190 MPa 
for 4000 m depth, but the conclusions concerning stability conditions are still valid, in 
principle. Filling the hole with smectite mud weighing at least 1150 kg/m3 (in air) would 
provide stability but a pervious metal casing should still be used as extra support (cf. Fig. 3). 
The matter of selecting a suitable mud density has been frequently discussed but among 
recent recommendations one notices that mud densities as low as 1020 kg/m3 would be 
sufficient for stabilizing 4.5 km deep holes while 1420 kg/m3 can be needed for a 5 km deep 
hole (Bates et al, 2014).  
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The criterion that no supercontainers shall be installed where the tunnels and holes intersect 
water-bearing fracture zones of 3rd and lower orders (cf. Fig.8) would mean that these will 
play no role in transporting radionuclides but clay placed in such positions would be eroded 
and facilitate migration of them from adjacent leaking canisters, a problem that can be solved 
by casting concrete instead (Pusch and Ramqvist, 2007). For further reducing the risk of 
erosion and loss of clay particles from the clay seals in adjacent supercontainers, with or 
without HLW canisters, the fracture zones should be grouted with erosion-resistant fine-
granular cement compounds (Pusch et al, 2012). A recommended recipe of the grout has 6-10 
% low-pH cement and aggregate of very fine, well graded quartzite mixed with silica flour. 
Where concrete is to be cast the VDH holes are preferably reamed for anchoring the concrete 
seals.  

Canisters

 

Fig.8. Displacement of a series of supercontainers by seismically generated shearing of a 
major discontinuity. In practice there must be a “respect distance” of 10-50 m from the 
nearest canister to the discontinuity, depending on its type and size. TING! CAN YOU 
PLEASE CHANGE THE BACKGROUND TO WHITE! 

5.2.2 Waste and seal placement 

A necessary facility for the field work is a drill rig with sufficient capacity to apply tension 
and pushing forces of up to about 5E5 N. The VDH concept has a few technical difficulties 
that were realized early by various investigators and still need to be considered by users. At 
present, the following techniques and materials are proposed:  
 
Uppermost 0-50m; On site-compacted sand/gravel, dry density >1800 kg/m3,  

50-100 m: Varved block layers of dense smectitic clay and low-pH concrete with talc as 
fluidizer instead of organic substances since they can form organic colloids with a potential of 
transporting possibly released radionuclides,  

100-2000 m: Sets of connected supercontainers (cf. Fig.3) of titanium or Navy Bronze with 
90 % copper and 10 % zinc, filled with highly compacted blocks of smectite-rich clay 
forming up to 18 m long units inserted in smetite-rich salt-free mud with a density of at least 
1150 kg/m3 (in air), 

2000-4000 m: Sets of connected supercontainers of titanium or Navy Bronze. The diameter is 
around 700 mm allowing canister diameters to be about 500 mm with 3050 mm length, 
surrounded by 50-100 mm compacted smectitic clay (cf. Fig.2). Each supercontainer can have 
two canisters of titanium or Navy Bronze with spent reactor fuel rods cast in concrete. The 
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canisters are separated in the supercontainers by 1m long blocks of very dense smectite-rich 
clay, and separated from the ends of the containers by blocks of the same type. The 
supercontainers have a diameter of about 700 mm and a length of about 9 m (cf. Fig.3). 
 
The following criteria shall apply: 
 

• The salt-free deployment mud surrounding the supercontainers in the installation 
phase must remain coherent, meaning that no gaps are allowed between canister sets 
and mud in the installation phase, i.e. at temperatures of up to about 70oC,  
 

• The supercontainers must come down to the planned depth before the mud has become 
too stiff by the temperature and consolidating pressure from the dense clay in them 
(Pusch, 2011.). The required time is estimated at 8 hours for each set of 
supercontainers,  

 
• The seals formed by consolidated mud and expanded dense buffer clay in the holes 

down to 2 km depth must remain coherent and be tighter than the surrounding rock at 
the expected temperature 20-100oC. The seals from 2 to 4 km depth have to sustain up 
to 150oC temperature for some decades, 

 
• Casting of concrete where the holes intersect water-bearing fracture zones causes 

interruption of the installation of supercontainers by one or a few days during which 
clay mud must fill the not yet filled part of the respective hole.  

 

5.3 Function of a VDH repository at Burgsvik  
 
5.3.1 Rock 
 
The horizontal rock pressure ratio in the series of sedimentary rock is assumed to be 35/20 
MPa and the vertical pressure 15 MPa down to 500 m depth (cf. Table 3). As discussed earlier 
in the paper the hoop stress of holes and tunnels will exceed the compressive strength of the 
rock and a perforated casing of titanium or Navy bronze is deemed necessary to guarantee  
stability and to provide equal water pressure inside and outside the deep holes. Very little 
water will flow horizontally and vertically through the rock and casing for nearly any period 
of time.  
 
5.3.2 Engineered barriers  
 
Canisters  
 
The corrosion rate of Navy Bronze is believed to be approximately the same as of pure 
copper, meaning that the time during which the supercontainers and canisters in them stay 
reasonably intact can be estimated at 100,000 years. Corrosion implies dissolution and 
migration of Cu, which replaces Ca in the buffer clay in which the initially sorbed cation is 
Na. Fe may also take part in ion exchange processes if the canisters break. Use of titanium in 
canisters, supercontainers and casings is believed to give slower and probably negligible 
corrosion.  The cost is, of course, deterrent. 
 
Clays and concrete 
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The clay mud must retain its property of gelling when at rest and of turning liquid at pumping 
rock cuttings from the bottom of the hole to the surface in the boring phase. For this purpose 
smectite-rich clay (“bentonite”) as primary viscosifier works well as long as the temperature 
is less than about 100oC, which is the case until the heat pulse emerges from the canisters. At 
higher temperature the mud can lose these properties and at a constant temperature of more 
than 150oC it can stiffen quickly and, over longer periods of time, be transformed to shale.  
 
In the interval 100-2000 m, i.e. where there is no waste in a VDH, the temperature of the 
buffer stays below about 70oC for any period of time. Neither the stiffness nor the hydraulic 
conductivity is expected to rise very much as concluded from the study of natural analogues 
(Pusch et al, 1987). Keeping in mind the high density of the buffer clay, ion exchange from 
Na, via Ca to Cu by canister corrosion, will not cause significant change of the clay’s physical 
properties, which means that the integrated mud/buffer down to 2 km depth will not 
significantly lose ductility and tightness and is expected to serve as well as or better than in 
KBS-3H. It will hence remain expandable and has its self-sealing ability retained, and make it 
exert a pressure of several hundreds of kPa on the confining rock and canisters, thereby 
preventing leakage of possibly released radionuclides along the clay/rock interface of VDH 
holes.  
 
For the depth interval 2000 – 4000 m where the initial rock temperature is about 100oC and 
the highest temperature can be up to 150oC after some decades, the impact of the 
hydrothermal conditions on the buffer clay is stronger.  Laboratory investigations involving 
isotropic heating of commercial bentonite clay (MX-80) being rich in smectite with 
montmorillonite as major clay mineral, have been made after saturation with NaCl- and  
MgCl2-rich brines at 25, 90 and 150oC, at pH=1, 6.5, and 13 for nearly two years (Kasbohm et 
al, 2005) and they indicate what the impact on the buffer clay in VDH will be. Although 
montmorillonite was found to remain as dominant clay mineral at all temperatures and all pH 
levels, significant changes were found respecting crystallinity, particle thickness, interlayer 
charge, and chemistry of the octahedral layers. The tests showed an obvious trend of 
montmorillonite to be converted to kaolinite and pyrophyllites but to a very minor extent to 
illite. Partial dissolution of montmorillonite was observed giving increasing amounts of Mg, 
Al and Si with the reaction time. In the octahedral layers of montmorillonite, Mg was 
substituted by Al causing a decrease in lattice charge.  
 
Hydrothermal experiments at up to 150oC with a low-pH cement in contact with smectite-rich 
clay have indicated what the mutual impact of concrete and clay seals will be in a VDH 
(Pusch, et al, 2012). The major reaction is cation exchange in the clay of initially sorbed Na 
by Ca. For 100oC temperature, representing KBS-3H and the upper 2 km part of VDH, there 
will be an increase in compressive strength and stiffness of the clay by approximately 25 % 
compared to room temperature. For 150oC, which is valid for the lowermost part of VDH, the 
same type of stiffening takes place but the impact is stronger: the compressive strength of the 
clay and concrete is estimated to become 50 to 100 % higher than at room temperature, 
making the clay brittle and less expandable. The chemical stability of the clay component is 
determined by the concentration of Si in the water.  

6 Discussion and conclusions  
Confining the discussion here to consider the role of the geological/geotechnical conditions 
for establishing repositories of KBS-3H and VDH types for long-term isolation of highly 
radioactive waste, taking as an example a site with 500 m of clayey sedimentary rock over 
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crystalline rock in a region with no regional hydraulic gradients, comparison has been made 
of the constructability and waste-isolating potential of repositories of these types. The KBS-
3H repository, consisting of a number of bored subhorizontal deposition tunnels (holes) 
connected to shafts reaching up to the ground surface, was assumed to be constructed in 
crystalline rock 100 m below the contact with the overlying sedimentary rock series, and the 
VDH holes to be bored nearly vertically through the sedimentary rock series and down into 
the crystalline rock to a total depth of 4 km. Comparison of these conditions gave the 
following judgement: 

• A KBS-3H repository can be built using presently available techniques while it 
remains to demonstrate that 4 km deep holes with the assumed 800 mm diameter for 
VDH can be bored using deep drilling techniques, 
 

• Placement of supercontainers with clay-embedded canisters of copper-lined iron cores 
with channels for spent reactor fuel according to the KBS-3H concept, will be possible 
without major difficulties because of the “dry” conditions in the repository tunnels. If 
they are oriented parallel to the direction of the major rock pressure, stable conditions 
will be provided. Stuck supercontainers will cause major problems since they are not 
retrievable in practice, 
 

• Construction of shafts in the sedimentary rock series for KBS-3H requires stabilization 
by freezing and casting of a strong concrete lining. VDH holes require a simple type 
of casing as a cheap extra safety measure, 
 

• Grouting of intersected fracture zones, using megapacker technique (Pusch, 1994) will 
be more difficult and less effective for KBS-3H than for VDH because of the dry 
conditions in the first-mentioned, causing clogging of the fractures,  
 

• Placement of smaller supercontainers with less waste content than for KBS-3H will be 
quick, simple and safe in VDH since it takes place under water with good possibilities 
to retrieve them at least in the waste placement phase. Casting of concrete seals where 
the holes pass through fracture zones is a much simpler and safer procedure in VDH 
than in the subhorizontal KBS-3H tunnels. In contrast with KBS-3H it will be possible 
to bring up stuck supercontainers from VDH holes early after or in conjunction with 
deposition of them,   
 

• The barrier function of concrete and clay components is similar for both concepts,  
 

• For VDH the main isolating capacity is provided by the high density of deep 
groundwater, which stays at depth and does not bring up possibly released 
radionuclides above the deep disposal part. The  barrier effect of canisters and buffer 
clay in VDH is judged to be as good as for KBS-3H, meaning that the net waste 
isolation capacity can be higher for VDH, 
 

• The evolution of the buffer clay in KBS-3H and upper 2 km part of VDH is the same. 
However, for the firstmentioned, the dry conditions and low hydraulic transmissivity 
of the overlying sedimentary rock series can make the hydration of initially 
significantly unsaturated buffer clay very slow, causing salt enrichment and 
dissolution and precipitation processes that can reduce the expandability and self-
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healing ability of the clay and make it stiffer as well. In the deployment part of VDH 
significant mineralogical changes and less good sealing potential of the buffer clay are 
expected. Montmorillonite will be partly converted to non-expansive minerals via 
mixed-layer smectite/illite minerals or by neoformation, and quartz will be formed at a 
rate determined by the temperature. Cementation of the clay microstructure will be 
caused by precipitated quartz and illite. Still, natural analogues like the Ordovician 
bentonites at Kinnekulle in SW Sweden that have been exposed to repository-like 
conditions with heating to 130-160oC for a few thousand years, have at least 25-30 % 
of their original montmorillonite content preserved (Pusch and Madsen, 1995),  
 

• Decision based on site investigations of how and where the various tunnels and holes 
should be located and oriented is simpler for VDH than for KBS-3H since the detailed 
rock structure in the crystalline host rock below the sedimentary series is less 
important for the first-mentioned. It requires a limited number of slim pre-
investigation holes of which some can be selected for guiding the borehead of the big 
boring machine. For KBS-3H it may be necessary to “direct-as-you-go”. For both 
concepts it is necessary to plan topographic, geophysical investigations and borings so 
that major discontinuities can be identified and avoided.  
  

An overall judgement of the applicability of the two concepts for HLW disposal based on 
examination of their respective constructability and waste-isolating function is that VDH has 
a higher waste-isolating potential than KBS-3H, which uses presently available and more 
traditional techniques. It is, however, more sensitive to the magnitude of the rock strength and 
the ratio of horizontal stress components and causes some practical difficulties that may in 
fact disqualify it. It is worth repeating here that the Swedish island Gotland has been taken as 
a representative of desirable geological conditions and not necessarily as a recommended site 
for HLW repositories.  
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