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ABSTRACT 

Although KBS-3V is probably the most thoroughly analyzed spent nuclear fuel (SNF) 

disposal concept, and it will be the first concept applied in an actual repository, it is debatable 

whether KBS-3V is the best and the most feasible concept. Disposal tunnels will be constructed by 

the drilling and blasting method and the cannister emplacement holes by large diameter drills, 

which means a greater excavation disturbed zone (EDZ), more excavated material and potentially a 

complicated stress/strain environment in the tunnels following excavation. Another issue is the 

complicated separate ventilation system and potential problems with bentonite buffer emplacement. 

An alternative concept, axial emplacement in disposal tunnels, developed by Nagra and 

NWMO, offers a smaller repository footprint (for the same number of SNF cannisters), a 

significantly reduced EDZ, a reduced volume of excavated material, a simpler ventilation system 

and emplacement of the bentonite buffer in the form of pellets. 

In this paper, both aforementioned concepts will be compared and discussed from the mining 

engineering point of view. 

Keywords: KBS-3V, axial disposal concept, SNF, repository. 

1 INTRODUCTION 

The disposal of the spent nuclear fuel (SNF) and/or high-level radioactive waste (HLW) 

represents one of the most challenging engineering problems since the deep geological repository 

(DGR) for HLW or SNF has to be safe and functional for a period of 10 000 years up to 100 000 

years (depending on national regulations). There are three basic assumptions considering longevity 

and safety of a DGR: 

1. Quality of packages (cannisters) and immobilisation of the waste material 
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2. Quality of the engineered barrier system (EBS) 

3. Geological properties of the disposal site (the host rock). 

 

Geological properties of the host rock are determined during the disposal site selection (see 

[1], for a recent example) and the disposal concept is selected in a manner to suite the site and its 

geological properties (cf. [2]). Selection of the disposal concept also means that the technology of 

the construction of the underground spaces is chosen and adjusted to the host rock properties and 

the repository design. Although sometimes technology of the construction of the underground 

spaces can be selected according to planned budget limitations, in reality it has to be selected in a 

way that it minimizes disturbance of and damage to the host rock, so ensuring the DGR fulfills the 

aims of the safety case (SC). 

Due to the distinctiveness of SNF and HLW, they should be placed in a DGR [3], at depths of 

400 m - 1000 m, in an igneous or sedimentary (i.e., argillaceous or evaporite) host rock, which will 

provide safety of the DGR during the required period of up to 100 000 years. There are different 

concepts for the disposal of SNF and HLW [2] & [4], depending on the host rock characteristics 

(and the national programme in which they were developed), however, all include EBS and 

underground disposal spaces. 

Excavation of a DGR shafts and tunnels can be performed by several methods: 

1. Drilling and blasting (D & B) 

2. Application of TBM (tunnel boring machine) 

3. Application of roadheader 

4. Application of disc cutter 

5. Excavation by hydraulic hammer. 

All of these methods have subtypes, with a large range of positive and negative aspects, and 

specific application areas. All mentioned technologies of excavation induce either excavation 

damaged or slightly disturbed zone – a fractured zone of the host rock, which should be minimized 

in order to prevent creating pathways for potential radionuclide release from the DGR. 

D&B, especially New Austrian Tunneling Method (NATM) [5]-[8], is a widespread method 

for excavation and development of underground spaces, developed during the 1960’s. The 

conceptual idea of the NATM is to exploit the geological stress of the surrounding rock mass to 

stabilize the tunnel wall, using a sprayed concrete (spraycrete) lining method as the primary 

reinforcement of the EDZ (excavation disturbed zone). The inherent strength of the surrounding 

rock mass is being conserved as the main component of tunnel support - the rock to supports itself, 

and the thin layer of shotcrete, applied immediately after tunnel face advance, minimizes loosening 

and excessive rock deformation. The important part of the method is integration of the principles of 

the behavior of rock mass under load with monitoring the performance of tunnel during 

construction. Potential deformations of the rock must be monitored by measurement 

instrumentation embedded in the lining, ground (tunnel floor) and face of the tunnel. In the event of 

observed movements, additional supports are installed only when needed, mainly depending on the 

rock classification: 

1. shotcrete works for many tunnel designs, so is highly flexible 

2. it complicates the SC as it introduces concrete next to the EBS backfill - and, for 

bentonite, this should be avoided (or, at least low alkali shorcrete should be used). 

 

Since D&B produces a rough tunnel face, due too equipment obstacles (Figure 1), in addition 

to the significant EDZ, two basic methods can be applied to minimize damage to the host rock: 

 Pre-split blasting (blasting contour before central part of tunnel) 

 Post-split blasting (smooth blasting – blasting central part of tunnel before contour). 
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Figure 1: Longitudinal section of tunnel excavated by D&B method. 

 

Both aforementioned methods include drilling of contour blast holes and utilization of low 

density and other special explosives, all in order to “cut the rock” as smoothly as possible and to 

minimize the EDZ. 

The TBM is used to excavate tunnels and shafts (both vertical and inclined) with a circular or 

elliptical cross section through the host rock [7], [9]-[12]. TBM, also known as a “mole”, can have 

different type of excavating head depending on the rock type, with the diameter of the machine, and 

therefore the tunnel, ranging from under 1 m to up to almost 20 m. TBMs will mostly produce a 

minimal EDZ – only in a couple of centimeters compared to the tens of centimeters in the case of 

the D&B method. It will also produce a smooth tunnel wall, especially in crystalline rock, so 

minimizing the requirement for further face support (such as shotcrete). The main drawback of this 

method is the higher cost in addition to problems concerning tunnel curvature and any significant 

changes in the direction of the tunnel. 

A roadheader is an excavation machine with a boom-mounted cutting head (rotating drum 

mounted in line or perpendicular to the boom), usually equipped with a loading device and a 

crawler travelling track [13]-[15]. A TBM can actually be a roadheader protected with the tubular 

shield, that is TBM can use roadheader as a rock cutting tool. The main characteristic of the 

roadheader is a cutting head which does not cut the tunnel full profile at once but in sections, 

providing flexibility in the situation when rock types with differing mechanical attributes are mixed 

in the tunnel section (for example as in the Olkiluoto tunnels in Finland; see [16], for details) for 

different types (categories) of rock. 

A disc cutter is another variant of the road header and TBM, utilizing the disc positioned 

vertically with the left-right freedom of movement during the excavation. 

The hydraulic hammer is rarely used as a single excavation machine (except in very low 

category of rock, classification in terms from intact rock to swelling rock) and usually helps with 

smoothing the tunnel after the D&B method of excavation. 

Another issue with the design and development of the DGR is ventilation during the 

excavation and operational phases (i.e., the period between tunnel excavation and DGR closure 

when waste transport, cannister emplacement etc. is ongoing). Separate disposal tunnels, which are 

not connected in the loop with the main transport and ventilation tunnels, require complicated 

separate ventilation systems along with additional transport solutions for the removal of excavated 

material for cannister delivery to the disposal zone. Challenging ventilation with several separate 

systems can impact underground staff, especially with respect to exposure to radon gas, whilst a 

fully connected system of tunnels will more easily solve this problem. 

 

2 KBS-3V 

KBS-3V (Figure 2) is the first disposal concept that will be applied for the disposal of SNF in 

Finland and probably Sweden. It has been under development for more than 4 decades and it 

represents probably the most thoroughly researched concept [17]. 
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Main characteristics of the KBS-3V concept is emplacement of waste in short boreholes in the 

tunnel floor, with typical depth 6 m - 8 m and diameter 0,6 m - 1,5 m. The waste will be contained 

in a metal cannister, either made of copper with an iron insert (long-lived containment within the 

cannister) or steel cannister (short-lived). The space between the cannister and the host rock is filled 

with a buffer material, typically highly compacted bentonite or a bentonite/quartz sand mixture. 

 

 

Figure 2: KBS-3V disposal concept [4]. 

 

The Concept was originally developed for disposal of SNF in crystalline basement rocks in 

Sweden by the KBS, in the late 1970s and early 1980s [18]. The vertical boreholes were developed 

in response to uncertainty about the extent and properties of the EDZ around the disposal tunnel. 

The longitudinal cross-section through the disposal tunnel is shown in Figure 3. 

 

 

Figure 3: The longitudinal cross-section through a typical disposal tunnel in the KBS-3V disposal 

concept [19]. 
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It is assumed that the excavation method of transport and ventilation tunnels will be drilling 

and blasting (probably the NATM), while disposal tunnels would be made with either a full-profile 

TBM or D & B [2], [19] & [20]. Drilling the disposal tunnels with TBM will significantly reduce 

the EDZ and produce only a slightly disturbed zone around the tunnel. Drilling of short vertical 

boreholes for the cannister disposal will probably be carried out by the blind manhole drilling 

method [21]. 

Disposal tunnels in the original concept were supposed to be of about 250 m long with a 

distance of about 40 m between tunnels, but the precise dimensions will depend on the host rock 

properties. There are also minor modifications from program to program, so the Swedish program 

also includes levelling the bottom of the disposal borehole with low pH concrete about 5-10 cm 

thick and a few millimetres thick copper plate [4]. Since foreign material (concrete, steel, etc.) can 

reduce the required quality and durability of the repository, as it will degrade over time thus 

becoming a likely route for transporting radionuclides to groundwater [20], it is recommended to 

avoid overloading the repository with unnecessary materials (Cf [22]). 

 

 

3 AXIAL EMPLACEMENT IN DISPOSAL TUNNELS 

Nagra and NWMO [4] developed disposal concept with the axial emplacement of cannisters 

containing SNF or HLW in horizontal disposal tunnels (Figure 4). 

 

 

Figure 4: Disposal concept with the axial emplacement of cannisters [4]. 

 

The main characteristics of the concept is that SNF or HLW is encapsulated in steel or copper 

overpacks and emplaced axially along disposal tunnels surrounded by a buffer layer of bentonite 

clay that fills the tunnel with no need for additional backfill. Waste packages are also separated by 

sections of buffer. The disposal tunnels are closed immediately after completion of waste 

emplacement with substantial seals in order to resist the bentonite swelling pressure. 

The concept was originally developed in 1985 by Nagra for HLW disposal in crystalline rock 

and also by Ondraf/Niras for disposal in the plastic Boom Clay in Belgium. It was expected that the 

EDZ would be minor if TBM technology could be used to excavate the disposal tunnels. 

Additionally, the use of a thick bentonite buffer would minimise the influence of an EDZ. Axial 

disposal in circular tunnels also represents an efficient disposal method as the excavation volume 
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per waste package is minimised due to the relatively small tunnel diameter and no individual 

disposal boreholes. If the repository is to be developed in clay, the properties of the host rock 

suggested that an EDZ developing around the disposal tunnels during excavation would close due to 

creep after tunnel sealing and would not remain a significant issue for long-term safety. The same 

principle could be applied in case of evaporite as the host rock. The tunnel diameter was initially 

designed to be 3,7 m in Swiss crystalline rocks; 2,5 m in the Swiss Opalinus Clay formation and 2,0 

m in the Boom Clay.  

The longitudinal cross-section through the disposal tunnel is shown in Figure 5. 

 

 

Figure 5: Typical longitudinal cross-section through the disposal tunnel of concept with the axial 

emplacement of cannisters containing SNF or HLW (after [23] & [24]). 

 

 

4 COMPARISON OF CONCEPTS 

4.1 Preliminary MAA (multi-attribute analysis) 

 

When trying to select the optimal concept of SNF or HLW disposal, a number of factors 

should be taken into account, including the complexity of the technical solution, cost, choice of 

excavation and emplacement technology/equipment, reliability and testing of technologies, etc., 

which significantly complicates the problem. In order to optimize selection of the concept, a MAA 

approach is taken where weighting criteria are applied, which assess the complexity and cost of 

each factor/parameter and applicability of criteria, which, in turn, accounts for the impact of criteria 

on a particular concept. A simplified MAA matrix with listed essential factors for the analyzed 

concepts is given in Table 1. 

To calculate relative complexity of the concept, Equation (1) was applied, where Total is 

cumulative weighting criteria (Wcrit) multiplied with the applicability of criteria (Acrit): 

        (1) 

Table 1 clearly shows that the concept with the axial emplacement of cannisters is the 

simplest model, with the lower cumulative weighting criteria, which is clear from the 

number/length of tunnels, simplicity of technology and probable lower price per tonne of disposed 

material. In order to confirm these data, a detailed MAA and assessment of operations and costs 

should be conducted, which is outwith the scope of this paper. 

A special problem regarding the quality of repository design – a minimal EDZ, is conditioned 

by the choice of how to develop the disposal tunnels. If TBM technology is used, the EDZ can be 

typically reduced from about 30 cm to about 3 cm, but the use of a TBM also significantly increases 

the cost of tunnel construction. Another advantage of using TBM technology is that filling 

practically smooth tunnels of circular cross-section will be much easier (either with bentonite 

pellets or otherwise) compared to filling an uneven tunnel obtained by drilling and blasting, where 

there will always be the possibility of unfilled zones. Additionally, with respect to costs, 
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emplacement of a greater number of cannisters in a shorter time means faster TBM repayment and 

justification of the high initial investment. 

Table 1: Preliminary MAA of different disposal concepts according to their characteristics. 

CONCEPT 
FACTOR/ 

PARAMETER 

WEIGHTING 

CRITERIA 

APPLICABILITY 

OF W. CRITERIA 
TOTAL COMMENT 

KBS-3V 

Length of tunnels 

excavated by D&B 
5 % 1 

81,60 % 

Probably all tunnels will be made by this 

method, with presplit or smooth blasting of 

repository tunnels. The application of TBM 

technology is unlikely, judging by the developed 

repository model. 

Length of tunnels 

excavated by TBM 
15 % 0 

- 

Number and length of 

disposal boreholes 

(total) 

15 % 1 

Drilling takes a long time and involves the 

purchase of specialised equipment capable of 

drilling large diameter boreholes in the host 

rock. Number of boreholes is equal to or greater 

than the number of cannisters (flooded and those 

with a large number of fractures will be 

abandoned and backfilled with bentonite) 

Presence of foreign 

materials. 
10 % 0,66 

Support material (anchors, mesh, arches, 

concrete), possibly transport rails and materials 

for making partitions (concrete, accidentally 

spilt fuel, organics from explosives etc.) 

Preparation of materials 

for filling/closing 

tunnels 

 

5 % 1 

Compaction of blocks and preparation of pellets 

Preparation of buffer 

material 
15 % 1 

Compaction of bentonite discs and rings 

Installation of tunnel 

filling material. 
10 % 1 

Stacking blocks and filling relatively small 

spaces between blocks and rocks with pellets by 

specialised equipment 

Installation of buffer 

material 
20 % 1 

Especially careful lowering of discs and rings, 

and cannisters, into the borehole 

Relative disposal rate 5 % 1 

A number of processes should be taken into 

account due to the specific geometry of the 

concept (tunnels and boreholes) and separately 

the low installation speed of bentonite blocks, 

discs and rings due to their mechanical 

sensitivity 

“Axial 

disposal” 

concept 

Length of tunnels 

excavated by D&B 

Presence of foreign 

materials. 

5 % 0,33 

52,95 % 

Construction of only those underground spaces 

(mainly ventilation and transport 

corridors/tunnels) that are not used for disposal 

Length of tunnels 

excavated by TBM 
15 % 1 

Construction of most of the underground spaces 

– at least disposal tunnels 

Number and length of 

disposal boreholes 

(total) 

15 % - 

- 

Presence of foreign 

materials. 
10 % 0,66 

Support material (anchors, mesh, arches, 

concrete), possibly transport rails and materials 

for making partitions (concrete, accidentally 

spilt fuel, organics from explosives etc.) 

Preparation of materials 

for filling/closing 

tunnels 

5 % 0,33 

Preparation of pellets 

Preparation of buffer 

material 
15 % 0,66 

Compaction of bedding blocks and preparation 

of pellets 

Installation of tunnel 

filling material. 
10 % 0,33 

Pellet installation 

Installation of buffer 

material 
20 % 0,66 

Installation of bedding blocks and pellets 

Relative disposal rate 5 % 0,33 
Breaks in the period of TBM relocation should 

be considered 
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4.2 Scoping numerical analyses of both concepts 

 

In addition to the preliminary MAA described above, a series of scoping numerical analyses 

were conducted to further elucidate the strengths and weaknesses of both design options. 

 

4.2.1 Thermo-hydro-mechanical (THM) aspects 

 

Comparison between these two concepts can be performed through the evaluation of thermo-

hydro-mechanical (THM) effects on the host rock. Numerical models shown further on were made 

in GEOSTUDIO software for crystalline rock. 

Figure 6 shows rock stress model for cross-section of KBS-3V concept per disposal well: 

condition after closing/filling the disposal tunnel, and Mohr’s circles of total stress at critical points 

(Figure 7). 

 

Figure 6: Rock stress model for the cross-section of KBS-3V concept per disposal well: condition 

after closing/filling the disposal tunnel (note that the actual diameter of the cannister is 900 mm) 

 
Figure 7: Mohr’s circles of total stress at critical points. 
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Figure 8 shows the concept with the axial emplacement of cannisters at the same stage of the 

disposal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Rock stress model for the cross-section of the concept with the axial emplacement of 

cannisters at the middle of cannister at the disposal location: condition after closing/filling the 

disposal tunnel, with Mohr’s circles of total stress at characteristic points (note that the actual 

diameter of the cannister is 900 mm) 

 

From the above figures it can be concluded that a circular disposal tunnel has a more 

favorable conditions considering rock stress, which means that the strain in host rock, as well as the 

possibility of secondary cracks and material rock fall, is lesser with the concept with the axial 

emplacement of cannisters. 

 

4.2.2 Hydrogeological aspects 

 

Figures 9 and 10 show groundwater fluxes for both concepts. 

Results of the numerical analyses show that groundwater flow will favor an EDZ which is 

more prominent in the KBS-3V concept and assuming the D&B method of disposal tunnel 

excavation. Note that if the host rock is evaporite or clay, results would be different and more 

favorable due to creep properties of clay and salt. 
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Figure 9: Groundwater flow rate model for the cross-section of KBS-3V concept per disposal well: 

condition after closing/filling the disposal tunnel (note that the actual diameter of the cannister is 

900 mm) 

 

 

Figure 10: Groundwater flow rate model for the cross-section of the concept with the axial 

emplacement of cannisters at the middle of cannister at the disposal location: condition after 

closing/filling the disposal tunnel (note that the actual diameter of the cannister is 900 mm). Light 

blue patches represent a “noise” of the software. 

 

 

4.2.3 Heat transfer of the buffer 

 

Figures 11 and 12 show heat transfer (temperatures) 25 years after installation of cannister 

and closing the disposal tunnel for the single borehole, concept KBS-3V, and for the cross-section 

of the concept with the axial emplacement of cannisters at the middle of cannister at the disposal 

location. 
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Figure 10: Heat transfer (temperatures) model for the cross-section of KBS-3V concept per disposal 

well: condition after 25 years after installation of cannister and closing the disposal tunnel with 

graph of temperatures for the cross section marked with the dashed red line (note that the actual 

diameter of the cannister is 900 mm). 

 

 

Figure 11: Heat transfer (temperatures) model for the cross-section of the concept with the axial 

emplacement of cannisters at the middle of cannister at the disposal location: condition after 25 

years after installation of cannister and closing the disposal tunnel with graph of temperatures for 

the cross section marked with the dashed red line (note that the actual diameter of the cannister is 

900 mm) 

 

4.2.4 Disposal tunnel layout 

 

Figures 12 and 13 show both concepts in a somewhat shortened (i.e. not actual number of 

cannisters per disposal tunnel) longitudinal section of the disposal tunnel. The reason for the 

shortening of the disposal tunnel in the numerical model is the complexity of the model in the case 

of calculation for dozens of cannisters per single disposal tunnel. 
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Figure 12: Heat transfer (temperatures) model for the longitudinal-section of KBS-3V concept 

trough disposal wells: condition after 25 years after installation of cannisters and closing the 

disposal tunnel (note that the actual diameter of the cannister is 900 mm) 

 

 

Figure 13: Heat transfer (temperatures) model for the longitudinal-section of the concept with the 

axial emplacement of cannisters through the middle of cannisters: condition after 25 years after 

installation of cannisters and closing the disposal tunnel (note that the actual diameter of the 

cannister is 900 mm) 

 

Results of heat transfer modelling shown at Figures 12 and 13 show that the intensity of 

heating of the host rock, even with the addition of effect of nearby cannisters is lesser with axially 

emplaced cannisters than at the KBS-3V concept. 

 

4.2.5 Geometrical aspects 

 

The final point of comparison of the two concepts is related to the geometry of concepts – 

dimensions, number and layout of underground spaces, especially disposal tunnels for the same 

number of cannisters (571 long lived copper coated cannisters with four SNF assemblies). Figures 

14 and 15 show floor plans of probable layout schemes of repositories for the KBS-3V concept and 

the axial disposal concept respectively. 

If only the amount of the excavated rock for the length of disposal, ventilation and the 

transport tunnels is compared, the axial disposal concept will produce a significantly lower amount 

of excavated rock material, in particular if the cross-sectional area of the disposal tunnels is 

considered. Disposal tunnels for axial emplacement of cannisters have cross-section of 12,56 m
2
 

while the KBS-3V disposal tunnels will probably have a cross-section of about 20 m
2
 - 30 m

2
. 

Additionally, there are disposal boreholes to be constructed and separate ventilation to be 

provided. Basically, KBS-3V requires more complex and more complicated construction 

techniques. 
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It must be noted that the width of the transportation/ventilation tunnels for the axial 

emplacement concept (Figure 5) are just wide enough for a TBM to be installed for excavation of 

disposal tunnels, if diameter of disposal tunnels is to be 2 m. 

 

Figure 14: Possible floor plan of transport/ventilation and disposal tunnels and shafts of KBS-3V 

disposal concept, all measurements are expressed in meters: 571 cannister, 28 disposal tunnels (total 

length 5 650 m), 571 disposal boreholes (total length 4 345,31 m), ventilation and transport tunnels 

(total length 1 822 m) (after [19]). 
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Figure 15: Possible floor plan of transport/ventilation and disposal tunnels and shafts of axial 

disposal concept, all measurements are expressed in meters: 571 cannister, 11 disposal tunnels (total 

length 5 027 m), ventilation and transport tunnels (total length 1 932 m) (after [4], [19], 23] & [24]). 

5 CONCLUSION 

If the KBS-3V disposal concept is to be compared to the concept with the axial emplacement 

of cannisters, there are several matters that must be pointed out: 

 Geometry of KBS-3V concept is more complex than that of axial disposal – amounts 

of excavated materials are significantly greater, length of underground spaces is also 

greater and the concept requires at least as many disposal boreholes as there will be 

SNF cannisters. Additionally, the footprint of the DGR for the same number of 

cannisters will be significantly larger for the KBS-3V concept. 

 Ventilation of the KBS-3V concept is more complex and the transportation of 

materials, including cannisters, can also become more demanding. 

 If TBM excavation technology is applied to the axial disposal concept, there will be a 

significantly smaller EDZ (a couple of cm thick) around the disposal tunnels 

compared to after the EDZ produced with the D & B approach for the KBS-3V 

concept. Therefore, assuming all other variables are the same, the groundwater flux 

will be greater for the KBS-3V concept. Further, a more challenging stress/strain 

system in the host rock will be induced which, in turn, will require some or more 

complex support systems, at least at locations with lower category of rock (more 

prominent fractures). 

 If the buffer will be made of compacted bentonite clay, as well as greater part of 

disposal tunnel backfill, emplacement of compacted blocks, discs and rings will be 

significantly more complex than emplacement of bentonite pellets.  

 

These points make it clear that a full, detailed, MAA of the two main disposal concepts for 

SNF/HLW needs to be carried out on a national programme by programme basis as many of the 

open questions raised above will be host rock specific. 
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