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Abstract 6 

A presently much discussed concept for disposal of highly radioactive waste (HLW) implies 7 

disposal in the lower part of very deep boreholes, called VDH here. The waste packages will 8 

be located in very salt, stagnant groundwater in rock that is much less permeable than shallow 9 

rock. A disadvantage is that some of the techniques for installation of waste and clay seals 10 

have not yet been demonstrated and that retrieval of damaged or stuck canisters is deemed 11 

difficult. The concept requires precise adaption of canister and seal positions to the rock 12 

structure, which will be known by site investigations including pilot borings for a relatively 13 

low cost at a very early stage. The uppermost parts of the 4 km deep deposition holes may 14 

need to be supported by casings and installation of supercontainers with HLW and clay seals 15 

must be made in clay mud for stability reasons. Intersected fracture zones must be stabilized 16 

by grouting and the deposition holes plugged here by concrete cast on site. The grout and 17 

concrete are novel and have talc as superplasticizer for reaching long-term strength and 18 

chemical stability. Compared with more shallow disposal the VDH concept is competitive 19 

with respect to cost and construction time, as well as to long-term safety, since seismic and 20 

tectonic impact are less detrimental and future glaciations will cause much less disturbance. 21 

The most important value of VDH is that the groundwater that can possibly become 22 

contaminated by failing engineered barriers will stay at more than 2000 m depth and that there 23 

is no mechanism that can bring it up to the biosphere.  24 
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 26 

1 Introduction 27 

Future development and use of nuclear power is strongly dependent on the possibility of 28 

disposing highly radioactive waste (HLW) very safely and at reasonable cost. Placement of 29 

canisters at a few thousand meters in steep holes (VDH) has the advantage that groundwater 30 

that can possibly become contaminated by radionuclides from leaking engineered barriers will 31 

be maintained at depth for density reasons [1], away from human beings.  32 

The concept illustrated by Fig.1 will be described here with special respect to the role of three 33 

major components, i.e. grout injected in fracture zones that are intersected by the holes, clay 34 

that makes up the major sealing material, and concrete that is cast where major fracture zones 35 

are intersected. 36 

FIG.1 37 

          38 

2 The host rock  39 
 40 
2.1 Roles and constitution  41 

The national organisations responsible for safe disposal of spent reactor fuel and other HLW 42 

have consistently applied the multi-barrier principle, taking the repository host rock as the 43 

first and most important barrier to radioactive contamination of the groundwater, and 44 

appointing engineered barriers as redundant seals of less importance. When design principles 45 

and concepts had to be worked out in the fifties/sixties and the required time for effective 46 

isolation of HLW was concluded to be 10,000 to 100,000 years or even more, it was realized 47 

that the role of the host rock as barrier to dissemination of radionuclides had to be 48 

reconsidered. This had become clear by considering the impact of earthquakes, glaciations 49 

and tectonics on the rock structure and thereby on groundwater motion and transport of 50 

radionuclides. The general conclusion in these days that the latter cannot be predicted with 51 
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any certainty, led to development of engineered barriers, of which metal canisters and seals of 52 

smectite clay were the most important ones. The role of the host rock, be it crystalline, salt or 53 

argillaceous, began to be regarded more as a mechanical protection of “the chemical 54 

apparatus” than a real barrier to wide-spread contamination. Still, the constitution of 55 

crystalline rock, that we will deal with here, remained to be of concern since the mechanical 56 

strength could be insufficient in the construction of repositories, and the presence of 57 

permeable fracture zones with a potential to transport possibly released radionuclides to the 58 

ground surface could short-circuit the barrier function of the rock mass. Both effects would be 59 

minimized or eliminated by applying a concept based on simple geometry - straight holes for 60 

waste deposition - and selection of sites where long-extending fracture zones are absent. This 61 

led to VDH concepts, which could minimize the stability problem and the problem of short-62 

circuiting, (Fig.2). Rock discontinuities, i.e. the weaknesses that control rock stability and 63 

hydraulic conductivity had to be defined as exemplified by Table 1. 64 

Table 1 65 

 66 

Fig.2 67 

 68 

The schematic structure model indicates that a VDH can be located and oriented in an optimal 69 

way with respect to the number of intersected hydraulically active fracture zones, which also 70 

represent weaknesses along which tectonically and seismically generated shearing can take 71 

place. These parts should naturally not be used for placing waste containers. 72 

 73 

2.1 Rock stability  74 

2.1.1  Structural issues 75 

The rock structure and stress conditions in the “nearfield” of a VDH determine whether it is 76 

stable in and after the boring phase. A structure-dependent risk of failure on macroscale is the 77 
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case of slipping wedges that can take place if the shear strength of the fracture filling is 78 

insufficient (Fig.3), but can be minimized by keeping the hole constantly filled with soft 79 

smectite clay mud at boring and when supercontainers are being installed. The density of the 80 

mud, prepared by dispersing powdered Na-smectite-rich clay in electrolyte-poor water, is 81 

suitably 1100-1300 kg/m3 for rheological reasons [2]. Where the hole intersects minor fracture 82 

zones (3rd order discontinuities, [2]) their content of persistent voids usually does not offer 83 

difficulties with insufficient mechanical stability or loss of mud, while major fracture zones, 84 

i.e. those of 1st and 2nd order, have wider interconnected fractures in which mud can migrate 85 

and be eroded by grundwater flow. 86 

 87 

Fig.3 88 

 89 

The change in aperture of a steep 4th order fracture intersecting a steep borehole with 1.6 m 90 

diameter and forming a wedge is caused by boring-induced stress changes.  91 

  92 

Fig.4 93 

 94 

2.1.2  Excavation disturbance (EDZ)  95 

“Excavation disturbance” includes, in addition to formation and release of rock wedges, 96 

boring-induced mechanical breakage by abrasion (Fig.5), softening of the rock remaining 97 

after excavation by overstressing, and widening or closure of fractures oriented more or less 98 

parallel to the bored hole related to wedge formation. They all imply increase in porosity and 99 

hence also in hydraulic and gas conductivity.  100 

Mechanical breakage on the microstructural scale is caused by the bits of tunnel boring 101 

machines (TBM). The disturbance, having the form of microscopic fissures in granitic rock 102 
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with medium-fine to coarse granular microstructure, takes place to about 10 mm depth from 103 

the free surface. Most of them have a spacing of a few tens to a few hundreds of millimetres 104 

and found to be oriented at about 30o-60o angle to the wall surface. A fraction of the fissures 105 

reach into the crystal matrix by about 50 mm.  106 

Fig.5 107 

 108 

The average porosity is at least 10 times higher within 3 mm distance from the surface than in 109 

undisturbed rock, and 2-5 times higher in the interval 0 to 10 mm from the surface. Tests in  110 

triaxial cells have given the hydraulic conductivity graph in Fig.6, implying that the average 111 

hydraulic conductivity within about 10 mm distance from the wall is about one order of 112 

magnitude higher than that of undisturbed rock material and 2-4 orders of magnitude higher 113 

within 3 mm distance [6].  114 

Fig.6 115 

 116 

Overstressing can take place where the hoop stress is high. This is illustrated by Fig.7 117 

showing calculated shear stresses at the bore-head and along the borehole wall for relevant 118 

cohesion and friction angle values, taking the rock to be a Mohr/Coulomb material. 119 

Fig.7 120 

 121 

A special effect related to the nearness of parallel fractures and large-diameter boreholes is 122 

illustrated in Fig.8. For quite normal principal stress conditions the rock slab between holes  123 

can be intensely fissured and strongly permeable.  124 

 125 

Fig.8 126 

 127 
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2.1.3  Role in practice of the zone of excavation disturbance  128 

One concludes form the estimates made that a boring-induced shallow, continuous porous 129 

zone with varying radial thickness that can be up to a few tens of millimetres, is created along 130 

the upper 2 km part of a VDH with no heat-producing waste. Around this zone, which is 131 

estimated to have an average hydraulic conductivity of 10-100 Ko, where Ko is the 132 

conductivity of virgin rock matrix, original fractures can be opened within a distance from the 133 

holes of about 1 m. A very conservative estimate based on the cube law [7], concerning this 134 

outer zone, is that its hydraulic conductivity is 20 Ko at the inner boundary and 1.5Ko at the 135 

outer. The average axial conductivity of the so-defined EDZ, extending from the perimeter of 136 

a 0.8 m diameter VDH hole to 1m from it, can conservatively be taken as 10 Ko, or in 137 

practice, E-12 m/s. This implies negligible influence on the hydrological performance of the 138 

near-field of the upper 2 km part of a VDH. For gas, EDZ will provide effective paths, 139 

however. 140 

For the deeper waste deployment part, with an approximate temperature of 150oC for about 141 

100 years, the temperature effect can be stronger. The hoop stress will be higher than in the 142 

sealing zone and be raised by heating. The abrasion-disturbed zone will hence be wider and 143 

the degree of fissuring stronger. In the surrounding zone fracturing and fissuring will be more 144 

extensive than higher up in the hole and creep make original and new fractures and fissures 145 

propagate, an effect that is obvious already at 100oC and significant at 200oC [3,8]. The 146 

porosity and hydraulic conductivity of the EDZ in the lower part of the deployment zone will 147 

thereby increase significantly. The average conductivity may rise to 1000 Ko, or in practice, 148 

E-9 m/s.  149 

The role of the boring-induced EDZ is in practice negligible since the vertical hydraulic 150 

gradient in the nearfield of a VDH, except for short intervals in the waste-placing phase, is 151 

very low, i.e. less than 0.1 %. For this gradient the vertical flow rate in the upper 2 km sealed 152 
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zone the vertical flow rate in the EDZ is less than E-13 m/s and the flux at this gradient about 153 

1 ml per year. For the deployment zone the hydraulic gradient can be considerable in the first 154 

100 years because of the temperature gradients. Convective flow along this part of the deep 155 

hole can be of importance since possibly released radionuclides from leaking canisters can go 156 

with moving groundwater to natural deeply oriented fracture zones. It will therefore be 157 

necessary both to isolate HLW in canisters resisting corrosion and mechanical breakage 158 

during the heating period, and to seal off intersecting fracture zones in the deployment part 159 

and in the lower part of the sealed upper 2 km.  160 

2.2  Sealing of fracture zones intersecting a VDH  161 

2.2.1 Grouting 162 

Common static injection 163 
 164 
Experience shows that rock with an average hydraulic conductivity Ko of less than E-9 m/s 165 

cannot be tightened by ordinary injection with finely milled Portland cement grouts, while 166 

rock with average Ko higher than E-8 m/s can be sealed to E-10 m/s [4,9]. Most 3rd order 167 

fracture zones, which often have a spacing of about 50 m, are not groutable while the most 168 

water-bearing parts of 2nd and 1st order fracture zones can be effectively sealed by ordinary 169 

grouting with fine-grained Portland cement using w/c as low as 0.3. This gives a margin with 170 

respect to hydration, meaning that the grout has a reserve sealing potential. The problem is, 171 

however, that such grouts cannot be effectively injected at normal injection overpressures (1-3 172 

MPa) and that they are not chemically stable because of the solubility of the portlandite 173 

component. Organic fluidizers will probably not be allowed in future since they create organic 174 

colloids that can transport radionuclides to the biosphere. New and promising, rather dense 175 

grouts (1300 kg/m3) appear to be those consisting of about 10 % very fine-grained low-pH 176 

cement and 7-10 % palygorskite (attapulgite)  with a density of 1300 kg/m3, the aggregate 177 

being well milled quartz powder. They have good fluidity (viscosity 0.02-0.3 Pas) and 178 
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considerable thixotropic strength regain, followed by strength increase due to chemical 179 

reactions between cement and clay. The packing degree should be about 0.30.   180 

 181 

Dynamic injection 182 

Injection of cement and clay grouts by superimposing static and oscillating pressures 183 

significantly improves the penetration depth as illustrated by the diagram in Fig.9, which 184 

shows the relationship between the fracture aperture and penetration depth for cement grouts 185 

with different viscosities (After Börgesson); (cf. Eq.1). 186 

 187 

Fig.9 188 

 189 

τ=m[(dγ/dt)/(dγ/dt)o]    (1) 190 

 191 

where: τ  is shear stress, dγ/dt shear rate, (dγ/dt)o normalized shear rate (1.0s-1), and m a 192 

parameter related to viscosity (Pas). 193 

For very fine-grained cement (Alofix, d<15 µm), 1.6 % superplasticizer (sodium naphthalene 194 

formaldehyde condensate and water added to w/c=0.6, m=0.05 Pas the penetration depth in a 195 

fracture with 500 µm aperture is 10 m and more than 2 m for 100 µm aperture. Without 196 

oscillation it is several times smaller. Calculation of the net average bulk hydraulic 197 

conductivity of fracture zones of 1st to 3rd orders gives the results in Table 2, from which one 198 

concludes that only clay-free parts of 1st and 2nd order fracture zones can be effectively sealed. 199 

Table 2 200 

 201 
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Recent follow-up of the model and systematic laboratory tests using low-pH cement and very 202 

fine talc as fluidizer gave the following conclusions [10]:  203 

 204 

• Effective penetration of grouts in fractures with an aperture of 100–500 µm can be 205 

achieved for a viscosity of 0.05–1.0 Pas. Injection under dynamic pressure conditions 206 

is best (20-80 Hz), especially in the early stage of penetration, 207 

• Viscometer tests and capillary flow tests gave similar results, indicating that the 208 

simple capillary flow test can be used in the field for quick checking of the fluidity, 209 

• Theoretically predicted penetration depths are in fair agreement with laboratory test 210 

data. 211 

 212 

 213 
2.2.3 Concrete  214 

The rock material removed by boring through fracture zones should not be replaced by 215 

smectite clay seals since they would disperse and be lost to the surrounding rock. The VDH 216 

concept described here implies that, after grouting, the borehole is widened for casting 217 

concrete and that re-boring is then made to the intended diameter (Fig.10). The hole is thereby 218 

stabilized for very long time provided that the concrete is chemically stable. 219 

New concrete materials for borehole sealing have been tested among which those based on 220 

low-pH Merit 5000 cement having w/c=9.5, w=10-20% and 12.8 aggregate/cement ratio seem 221 

to be suitable for casting on site in tap water. They have been investigated with respect to the 222 

strength properties after curing for 8 weeks and have porewater pH=10, which implies less 223 

degradation of contacting clay than of concrete with Portland cement (pH=12), [10,11]. 224 

Samples cured at room temperature for 28 days have a compressive strength of 2.6 MPa and 225 

4.5 MPa after 45 days.  226 

 227 
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 228 
Fig.10 229 
 230 

The technique for on-site casting of concrete in holes filled with soft mud (1100-1300 kg/m3) 231 

can be as shown in Fig.11. The concrete is pressed out axially from the successively lifted 232 

injector with somewhat delayed radial extrusion of concrete. 233 

 234 

Fig.11 235 

 236 
3 Installation of supercontainers  237 
 238 
3.1 Clay mud 239 
 240 
Mud that fills or occupies not yet utilized parts of the VDH must remain on site throughout 241 

the installation process since it has three functions: i) to support the rock and prevent rock fall, 242 

ii) to delay maturation (hydration and swelling) of the dense clay seals in the supercontainers, 243 

and iii) to add to the density of the finally matured dense clay seals. The dense clay (1600-244 

1700 kg/m3 dry density) in the supercontainers expands through the perforation by sorbing 245 

water from the surrounding mud while consolidating it. The ultimate density at water 246 

saturation of the clay consisting of mud with initial 1150 kg/m3 and clay with about 1600 247 

kg/m3 dry density in the supercontainer will be about 2000 kg/m3. There may be some 248 

difference between the consolidated mud and the expanded clay in the container but is of no 249 

importance.  Fig.12 illustrates the maturation process of water migrating from the soft mud 250 

and taken up by the dense clay in a test scaled 10:1. The driving force is the high suction 251 

potential of the dense clay in the perforated tube. 252 

 253 
Fig.12 254 
 255 
3.2 Clay seals in upper part of VDH 256 
 257 
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Insertion of up to 12 m long sets of coupled supercontainers with  an outer diameter of about 258 

700 mm outer diameter is made by slipping them down or forcing them into the thixotropic 259 

mud by a capable drill rig. The placement of each set has to be completed within 1-2 days 260 

since the shear strength and bearing capacity will otherwise make it difficult. After 3-4 days 261 

the bearing capacity of the partly consolidated mud is enough for carrying the containers and 262 

additional sets, or for casting concrete. Wall friction will successively take over the bearing 263 

function of containers and concrete plugs, which have to stiffen for a few weeks if composed 264 

of talc-concrete. Concrete prepared by 20-30 % Portland cement and organic superplasticizer 265 

has sufficient bearing capacity in less than a week. An advantage of the talc concrete is that 266 

the slow maturation gives the initial ductile behaviour a chance to adapt to the rock wall 267 

relief. 268 

 269 

 270 

4 Long-term function  271 
 272 
Mud and clay in the 2 km sealed zone  273 
 274 
As illustrated by Fig.12 the density of the mud will successively increase and approach that of 275 

the expanded dense clay confined in the perforated supercontainer. It is expected that the 276 

consolidation will be delayed at the high temperature deep down in the deployment zone 277 

while the retained physical properties at the lower temperature prevailing in the upper  2 km 278 

deep sealed zone will lead to the largely homogeneous, very tight clay embedment of the 279 

HLW canisters. Since both natural evidence provided by i.a. the Swedish Ordovician 280 

bentonite from Kinnekulle, heated to at 130-160oC for several centuries and still containing at 281 

least 20-30 % montmorillonite, and theoretical modelling, show that the smectite clay will 282 

provide sufficiently effective isolation of the HLW for many tens to hundreds of thousands of 283 

years [2,12].  284 



12 
 

 285 
 286 
Clay in the 2-4 km deployment zone 287 
 288 
The matter of stability of smectite clay under hydrothermal conditions is classic and the 289 

literature provides information of changes in clay under isothermal conditions as well as 290 

thermal gradients [5,13]. For the latter case one has found that, under a temperature gradient 291 

of 5oC per centimeter for one year with 20o as minimum temperature, feldspars, amphibole, 292 

some of the quartz and a minor part of the smectite disappeared in the hot part [5]. 293 

 294 

For temperatures up to 150oC, prevailing in the deployment zone, one expects, as found by 295 

applying theoretical models worked out by Pytte and others [5], that montmorillonite-rich clay 296 

is converted to (non-expansive) illite via mixed-layer smectite/illite minerals or precipitated as 297 

such, and that quartz is formed at a rate determined by temperature and access to potassium 298 

[5]. Cementation is caused by precipitation of neoformed quartz and illite to an extent that 299 

depends on the access to dissolved potassium (Fig.13). Natural analogues from various parts 300 

of the world indicate that Tertiary and Ordovician bentonites exposed to more than 100oC for 301 

at least a few thousand years have a significant part of their montmorillonite content 302 

preserved [12]), and this is expected to be the case also for the clay seals in VDH [5]. Most of 303 

them, with the possible exception of the superior Mg-bearing species saponite [13], are, 304 

however, cemented by precipitation of silicious compounds, thereby losing much of their 305 

original ductility and expandability, and hence ability to self-heal. Still, creep under the load 306 

of the supercontainers is believed to retain tight contact between the rock and clay implying 307 

negligible risk for leakage of radioactively contaminated water from this zone to the overlying 308 

sealed zone.  309 

 310 

The chemical evolution of the clay depends on the temperature and salt concentration in the 311 

groundwater, the K-content in particular [5,13], as well as on the interaction with the metal 312 
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canisters, supercontainers, and borehole-stabilizing casings. Some minor exchange of the 313 

initially sorbed sodium ions by metal ions like copper emanating from them will take place 314 

but Ca, the dominant cation in strongly brackish KBS-3V groundwater and in very salt 315 

groundwater (>10 g/l) in deeper parts of a VDH, will control the microstructural constitution 316 

and thereby the physical properties. 317 

 318 

A most interesting observation is that exposure of water-saturated montmorillonite-rich clay 319 

to strong gamma radiation and 90-135oC temperature has no obvious degrading impact but 320 

speeds up dissolution and cementation by precipitation of ion complexes at cooling. This is 321 

witnessed by the stiffening recorded in several hydrothermal tests series [14].  322 

 323 

Fig. 13 324 
 325 
 326 
The tools for predicting the longevity of the clay components in VDH are geochemical 327 

models of which the one proposed by Grindrod and Takase (cf. Pusch, [5]) has been used for 328 

determining dissolution and precipitation of phyllosilicates by taking O10(OH)2 as a basic unit. 329 

The general formula for smectite (S) and illite (I) is: 330 

 331 
X0.35 Mg0.33 Al1.65 Si4O10 (OH)2 and K0.5-0.75 Al2.5-2.75 Si3.25-3.5 O10(OH)2                  (2)               332 

 333 
where X is the interlamellar absorbed cation (Na) for Na montmorillonite, Ca for Ca 334 

montmorillonite etc.  335 

 336 

According to the model the rate of the reaction r can be expressed as:  337 

 338 
r=A exp (-Ea/RT)(K+)S2                                             (3) 339 

 340 
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where: A=coefficient, Ea=activation energy for the conversion of montmorillonite to illite 341 

(S/I), R=universal gas constant, T=absolute temperature, K+=potassium concentration in the 342 

porewater, and S=specific surface area.  343 

 344 
This model shows that silica will be released and transported from the hottest to the coldest 345 

part of the clay around the canisters. Thus, assuming linear temperature drop with time back 346 

to 25oC in 10,000 years, silicification and illitization would be initiated very early and be 347 

significant after a few hundred  years, the first-mentioned process taking place close to the 348 

rock, and the latter occurring mostly in the hottest part (150oC).  349 

 350 

For VDH the high temperature in the waste-bearing part accelerates the rates of illitization. 351 

Thus, using Eq. (3), one finds that an increase in clay temperature from 100 to 150oC speeds 352 

up the rate of conversion of montmorillonite to illite considerably: half the entire original 353 

content of montmorillonite will be converted about 100 times quicker at the higher 354 

temperature than at 100oC, assuming the activation energy to be 27 kcal/mole, all other 355 

factors being the same. The strongest loss in effective sealing potential will take place in the 356 

first 100 years but the practical importance is rather small since the isolating ability of the 357 

clay reaction products is still considerable. Thus, for montmorillonite with a dry density of 358 

1600 kg/m3 converted to pure illite, the hydraulic conductivity will still be acceptably low 359 

(<E-8 m/s; [15]). Complete conversion to non-expandable illite of the dense clay in the 360 

supercontainers (2000 kg/m3) would take 100,000 years because the controlling mechanism is 361 

the very slow diffusive transport of potassium from the surrounding rock. 362 

 363 
Concrete and grout 364 
 365 
After 150oC autoclave treatment, representative of the conditions in lower end of the 366 

deployment zone, the compressive strength of talc-concrete was 9 MPa after 45 days. The 367 
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hydraulic conductivity was about E-8 m/s for the sample cured at room temperature and E-10 368 

m/s for the 150oC sample, indicating that cement gels grew with curing time and ultimately 369 

occupied large parts of the voids in the aggregate matrix. 370 

 371 

For concrete with low-pH cement (Merit 5000) and talc as superplasticizer recent tests of 372 

cement-poor concrete with quartzite aggregate have been made with the recorded change in 373 

chemical composition indicated by Table 2, [16]. It shows that the temperature in the tests 374 

running for 8 weeks had no obvious impact on the chemistry. Dissolution and precipitation 375 

processes took place with almost constant relative amounts of the respective elements up to 376 

75oC, which is a little higher than in the deepest part of the “sealed” zone in a VDH. For the 377 

deepest part of the deployment zone, with temperatures up to 150oC, one would expect more 378 

obvious changes than those observed but the variation in original composition of the tested 379 

concrete may obscure this.  380 

 381 
Table 3 382 
 383 
Clay/concrete interaction  384 
 385 
Hydrothermal tests of two dense clay samples confining one of low-pH concrete with talc as 386 

fluidizer have shown very significant strengthening of all the components at compression 387 

testing after 8 weeks of curing at 20, 100 and 150oC temperature in pressurized incubators. 388 

Fig.14 shows successive stages in determining the compressive strength. Fig.15 shows the 389 

stress/strain behaviour.   390 

 391 
Fig.14 392 
 393 
Hydrothermal experiments at up to 150oC with a low-pH cement in contact with smectite-rich 394 

clay have indicated that the major mutual chemical reaction will be cation exchange of 395 

initially sorbed Na in the clay leading to Ca saturation [16,17]. For 100oC temperature, 396 

representing, in principle, the upper 2 km part of VDH, there will be an increase in 397 
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compressive strength and stiffness of the clay by approximately 25 % compared to room 398 

temperature. For 150oC, which is valid for the lowermost part of VDH, the same type of 399 

stiffening takes place but the impact is stronger: the compressive strength of the clay and 400 

cement is estimated to become 50 to 100 % higher than at room temperature, making the clay 401 

brittle and without expandability. The chemical stability of the clay component is determined 402 

by the concentration of Si in the water.  403 

 404 
Fig.15 405 

 406 

4  Conclusions 407 

The major conclusions from the study are: 408 

 409 

Concrete  410 

 411 

Talc-concrete is deemed more chemical stable than Portland-concrete but matures slower but 412 

concrete plugs in a VDH will have sufficient load-bearing capacity. The low pH suggests that 413 

the mutual degradation of concrete in contact with smectite clay will not be as strong as for 414 

Portland-concrete. 415 

 416 

Clay  417 

 418 

In the upper, sealed part of the VDH the temperature will be lower than 70oC and cause 419 

insignificant degradation of the clay seals, and the matured clay will hence provide complete 420 

tightness and contact with the rock directly after installation. Cation exchange from initial Na 421 

to Ca will increase the hydraulic conductivity but it will still be sufficiently low (<E-11 m/s; 422 

[5]) for preventing groundwater to flow across and along the deep holes. In the deepest waste-423 
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bearing part, where the temperature will be up to 150oC in the first 100 years, the most 424 

obvious effect of the hydrothermal impact is cementation. Conversion to illite will take place 425 

but the associated increase in hydraulic conductivity will not be substantial.  426 

 427 

Interaction of clay and concrete 428 

 429 

Talc-concrete in contact with smectite clay seals at 150oC will cause mutual degradation in 430 

VDH [10,16]. The major reaction is exchange of initially sorbed Na by Ca. This causes an 431 

increase in hydraulic conductivity by up to 10 times [4,15]. For 90oC temperature in the upper 432 

2 km part of VDH, there will be an increase in compressive strength and stiffness of the clay 433 

by approximately 25 % compared to room temperature. For 150oC, in the lowermost part of 434 

VDH, the same type of stiffening takes place but the impact is stronger: the compressive 435 

strength of the clay and cement can increase by 50 to 100 %, making the clay brittle and 436 

without expandability. The chemical stability of the clay component is determined by the 437 

concentration of Si dissolved in the water.   438 

 439 
Overall conclusion 440 

 441 
In all parts of a VDH the clay seals are quickly water saturated under the prevailing high 442 

water pressure. The ultimate density of the clay blocks will be 1900 to 2000 kg/m3, giving the 443 

clay a sufficiently low hydraulic conductivity and an acceptable swelling pressure even in a 444 

long-term perspective. 445 

 446 

The most effective barrier to migration of possibly released radionuclides is the low mobility 447 

of the very heavy groundwater at depth.   448 

 449 
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 499 

 500 
 501 
Figure Captions 502 
 503 

Fig.1. VDH concept with perforated 0.8 m hole diameter supercanisters with dense clay 504 
blocks in the upper sealed zone, and clay-lined HLW canisters in the deployment zone [2]. 505 

 506 

Fig.2. Generalized crystalline rock structure with hydraulically active fracture zones. A 507 
shallow repository is located in rock rich in minor fracture zones (3rd order) while going down 508 
to 2-4 km depth where a deep VDH intersects only few major zones (1st and 2nd order, Table 509 
1) that actively transport groundwater. 510 

 511 

Fig.3. Constellation of intersecting discrete fracture planes in large-diameter holes causing 512 
block fall. Lower: Dropped wedge.  513 

 514 

Fig.4. Wedges. Calculated fracture expansion in conjunction with boring of 1.6 m diameter 515 
hole. Black areas represent the increase in aperture at different depths: Left: 2 µm at 0.3 m 516 
distance from the hole, 27 µm in the central picture at 0.2 m distance,  increasing further to 517 
more than 400 µm in the right picture at the tip of the wedge [4]. 518 

 519 

Fig.5. Example of fissuring and breakage in the boring-disturbed wall of a 5 m diameter TBM 520 
tunnel in granite. The 10 mm core, taken perpendicularly to the wall, had 16 mm length [5].  521 

 522 

Fig.6. Results from determination of the hydraulic conductivity of bored core samples of from 523 
the wall of a TBM-tunnel in granite. The conductivity was E-9 m/s at 1-2 mm depth, 2E-11 524 
m/s at 5 mm depth, and E-13 m/s at 30 mm depth.  525 

 526 
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Fig.7. Plastization (black elements) of rock with 1.5 m diameter borehole. Upper left: weak 527 
argillaceous rock with c=0.5 MPa and φ=30o; Upper right: limestone with c=1 MPa and 528 
φ=30o; metamorphous crystalline rock with c=5MPa and φ=40o [5].  529 

 530 

Fig.8. Example of hoop stress increase by the presence of a fracture close to a 1 m diameter 531 
holes. For distances (x) smaller than a few centimetres comprehensive breakage and increase 532 
in gas and hydraulic conductivity can take place depending on the compressive strength of the 533 
rock (After Computational Mechanics Centre, Southampton). 534 

 535 

Fig.9. Predicted penetration depth versus viscosity in field- and mock-up tested injection 536 
experiments. 537 

 538 

Fig.10. Technique for stabilizing boreholes. Left: Borehole intersecting dipping fracture zone, 539 
Center: Reamed hole filled with low-pH concrete (“UHPC”) between packers, Right: Re-540 
boring giving a stabilizing concrete tube (After Torbjörn-Hugo Persson). 541 
 542 
Fig.11. Equipment for placing concrete by extrusion from a tube attached to the drill string.  543 

 544 
Fig.12.Redistribution of the density of the clay mud outside the perforated tube and dense 545 
clay in laboratory test.  546 
 547 

Fig.13. Smectite-to-illite conversion via mixed-layer I/S formation and/or direct precipitation 548 
of illite. The dark contours represent precipitations of silica and/or illite. 549 
 550 

Fig.14. Compression stages showing that initial failure took place in the upper clay sample at 551 
519 kPa pressure, corresponding to a shear strength of about 260 kPa of the clay. The 552 
concrete failed at 4.2 MPa when the total compressive strain had become about 50 % [10]. 553 
 554 

Fig.15. Stress/strain diagram for a compressed combined sample. A-D= compression to 555 
failure of clay with distilled water. E= compression to failure of concrete. 556 
 557 
 558 
 559 
 560 
Figures 561 
 562 
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Tables 650 

 651 

Table 1. Categorization scheme for rock discontinuities [3]. 1st to 3rd are fracture zones, 4th to 7th are 652 
discrete fractures. VH=very high, H=high, VL=very low, L=low, M=medium. VVL= insignificant. 653 

Order Length Hydraulic conductivity Gouge content Shear strength 

1st  >>Kilometers VH VH VVL 

2nd Kilometers H H VL 

3rd Hundreds of meters M to H M M 

4th Tens of meters M to H L H 

 654 

Table 2. Bulk hydraulic conductivity K of ungrouted and grouted fracture zones with different 655 
spacings and aperture [4].  656 

d, m a, µm  Ungrouted (Ko), m/s Grouted, m/s Rock type 
0.1 50 1.3E-8 1.7E-9 3rd order 
0.1 100 1.0E-7 8.3E-10 2nd order 
0.1 200 8.2E-7 4.1E-10 1st order 
0.2 50 3.2E-9 4.1E-10 3rd order 
0.2 100 2.6E-8 2.1E-10 3rd order 
0.2 200 2.0E-7 1.0E-10 2nd order 
0.5 100 4.1E-9 3.3E-11 3rd order 
0.5 200 3.3E-8 1.7E-11 3rd order 
 657 

 658 
Table 3. Change in chemical composition of talc-concrete cured at different temperatures. 659 
 660 
Temperature CO2 Na2O MgO Al2O3 SiO2 CaO TiO2 FeO 

20°C 28,6 0,1 9,8 3,8 60,4 0,9 0,5 3,4 
75°C 21,7 0,1 19,0 2,3 54,0 1,2 0,2 5,3 
150°C 23,5 0,3 10,5 7,5 56,7 1,5 n.d n.d 

 661 
 662 
 663 


