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Background
Within SKB and its Finnish counterpart Posiva ongoing discussions and studies 
are in progress for the final repository of spent nuclear fuel. Both organisations 
have chosen geological disposal in the Scandinavian Shield. The Swedish reposi-
tory shall be sited to Forsmark 170 km north of Stockholm, and the Finnish reposi-
tory shall be located to Olkiluoto, some tens of km north of the town of Rauma, see 
Figure 1. 

In 2008, SKB constructed an 80 m long research tunnel at the 450-m level in the 
Äspö Hard Rock Laboratory (HRL), see Figure 1. The main goal for the project was 
to confirm that sealing of the fractures in the rock mass with water pressure up to 45 
bar can be accomplished to meet high demands on tightness.  Grouting was made 
using ordinary fans outside the contour, as well as with grouting holes restricted 

to the volume within the 
planned tunnel contour.  
The other goal was to ex-
plore the realistic demands 
for contour tolerances and 
control of the Excavation 
Damaged Zone (EDZ) for 
rock excavation with drill 
and blast technique.

In Finland, Posiva is cur-
rently constructing the 5.5 
km long access ramp to a 
rock characterisation facil-
ity, ONKALO, see Figure 1. 
The access is also intended 
to be the future access to 
the Posiva Final Repository 
for Spent Fuel.  In 2009, a 
50 m long research tunnel 

ONKALO

FORSMARK

ÄSPÖ

Figure 1. Location of the Äspö HRL, ONKALO and the 
Forsmark site.
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was developed at the 345-m level with the aim to study the impact of various blast 
designs on the development of an EDZ.

The requirements on the drill and blast operations were high in both projects.  
Extensive follow-up and evaluations of the results from the excavations have been 
carried out in order to identify the deviations between planned and as-built. This 
paper summarises the results and discuss the quality achieved in the drill and blast 
operations.

Quality requirements
The Final Repository for Spent Fuel needs to be safe over a very long period of 
time. Both Sweden and Finland is planning to use the so called KBS-3 method.  
The method is based on three protective barriers. The spent nuclear fuel must first 
be encapsulated in copper. The impermeable copper canisters are planned to be 
placed in crystalline basement rock at a depth of about 500 meters, embedded in 
bentonite clay. The tunnels and rock caverns are backfilled and sealed after dis-
posal. Tunnels and deposition holes for the canisters are adopted to as suitable 
rock conditions as possible. There is a tentative risk for contamination of radioactive 
substances in case of a canister failure. For this reason, the backfilled tunnels shall 
be very tight. This is achieved with blocks of compacted bentonite clay. The gap 
between the tunnel contour and the blocks of bentonite clay is intended to be filled 
with pellets of bentonite. The tunnel contour must be smooth to achieve as good 
filling effect as possible, and consequently a tight fill. In addition, the EDZ should be 
reduced to not form a continuous flow path along the tunnel perimeter.

The requirements for a smooth and careful blasting, including a limited look-out 
angle, puts demands on drilling precision for contour control, as well as on charging 
and firing controls. Contour control is also of importance from the cost aspect be-
cause the costs for backfilling operations are estimated to be significant higher than 
the excavation costs. One of the aims with the studies of results from excavation at 
the Äspö HRL was to explore how good blast design results could that be achieved.

Requirements for excavation of tunnels are normally given in accordance to 
Anläggnings-AMA in Sweden, and in accordance to InfraRYL in Finland. The re-
quirements are stipulated fairly similar in both documents. According to Anläggn-
ingsAMA, the accepted overbreak shall not exceed 30–40 cm, depending on toler-
ance class. The overbreak is defined as the mean of the collars at the end of a blast 
round. However, single perimeter holes (one out of six) are allowed to deviate 70– 
100 cm outside the intended contour, depending on the location in the perimeter, 
and tolerance class. The accepted maximum blast damage zone is defined as an 
empirical measure based on weight of the charge. Neither the requirements on drill 
precision, nor the empirical definition of the damaged zone are applicable for the 
excavation of deposition rooms in the Final Repository for spent fuel.
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S-tunnel 

Tunnelling conditions
Äspö
The Äspö HRL tunnel was constructed during 1990–1995. New experimental rooms 
have been developed gradually as needs occurred. The tunnel is called the ”S-
tunnel”, and its location at 450 m depth is shown in Figure 2. The crystalline rock 
mass is dominated by diorite and cross-cut by two subvertical joint sets, trending 
NW and NE. The S-tunnel is aligned at a large angle to the NW joint set, which is 
also found to be the most water bearing set. The rock quality is good, average RMR 
value for the tunnel is 70.4. The uniaxial strength is in the range of 210–225 MPa 
with a Young´s modulus of 75–80 GPa.

The tunnelling was performed in steps (3–4 rounds) with stops for grouting and 
measuring of leakage.  This gave good opportunities for following up and evaluating 
the results of drilling and blasting, so changes could be done before next rock stage 
/Christiansson & Karlzen, 2010/. Cartridged explosives were used and initiation was 
made both with Nonel and electronic detonators. 

The demands from the backfilling were that the maximum over break should be 
< 30 % to ensure the required density for the backfilling. No under-break that could 
cause handling problems during the backfilling was allowed. One key component to 
achieve a good contour and minimize the EDZ is to have high drilling and charging 
precision.

Figure 2. The layout of the Äspö 
HRL /Christiansson & Karlzen, 
2010/. Stereonet shows the frac-
ture distribution in the S-tunnel.
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ONKALO
The excavation of the underground research and characterisation facility ONKALO 
started in 2004.The current plan for the access tunnel to reach the main charac-
terisation and the disposal level of -420 m is set to be mid of 2010. The 50 m long 
EDZ test tunnel was performed on level-345 m, see Figure 3. The project aimed to 
determine possible differences in excavation practices and final result using emul-
sion vs. cartridges in charging with 5 rounds each.  

The location of the EDZ tunnel was chosen on the basis of current site models. The 
aim was that the area would represent the typical rock conditions in the ONKALO. 
Direction of the tunnel was chosen to be perpendicular to the maximum stress field.

The EDZ tunnel consists of three rock types: veined gneiss (VGN), diatexitic 
gneiss (DGN) and pegmatitic granite (PGR).  Classification between VGN and DGN 
is based on different amount of leucosomes and in different intensity in banding. In 
the beginning of the tunnel there is irregularly to moderately banded veined gneiss 
(VGN).  VGN is the most abundant rock type on the whole Olkiluoto research area.  
Moving to the end of the tunnel, a proportion of DGN arises.  Distinction between 
VGN and DGN is hard in the end of the tunnel. There are also are pegmatitic granite 
(PGR) parts in the tunnel.  PGR forms veins and lenses within both VGN and DGN, 
and they are a few meters thick. This is also typical for the whole area. Rock type 
contacts range from sharp to irregular and gradational. Rock quality is very good 
in the tunnel. Only few fractures have been mapped from the tunnel surfaces. No 
fracture zones occur in the tunnel.

Figure 3. The layout of ONKALO. The stereonet show all observed 38 fractures in the tunnel.
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Drilling
The demands of the drilling were almost equal in both Äspö and Onkalo projects, 
see Table 1. 

Äspö
In the Äspö HRL the drill rig used was an Atlas Rocket Boomer E2c30 with 3rd 
generation Rig Control System,  RCS3 equipped with two BUT 45 booms with COP 
3 038 drilling machines. The specific drilling was 4.6 m/m3. The drill plan consisted 
of 92 blast holes (48 mm) and 4 opening holes (102 mm), see more in Table 2. 

Onkalo
In Onkalo the drill rig used was a 3-boom Sandvik AXERA T11 Data -315 (model 
2006). The specific drilling was 4.5 m/m3 for the emulsion rounds and 4.7 m/m3 for 
the rounds charged with cartridges. The drill plan for cartridged (Cart) explosives 
consisted of 100 blast holes (48 mm) and 4 opening holes (102 mm). For emulsion 
(Emu) there were 88 holes of 54 mm and 3 opening holes (100 mm), see Table 2.

Table 1. Drilling demands

Planned specifications Äspö ONKALO

Area 19 m2 20 m2

Drill depth 4.4–4.6 m 4.6 m

Hole diameter 48 mm 48 mm and 54 mm*

Rod length and diameter 4.9 m with diam 35 mm and 
39 mm

6.1 m with diam. 39 mm
and diam. 46 mm*

Look out angle < 25 cm (walls and floor)
< 20 cm (abutment and roof)

< 30 cm

Collaring ± 50 mm in height
+ 100 mm horizontally

± 50 mm in height
+ 100 mm horizontally

Drilling accuracy
max distance from  
theoretical hole bottom

± 50 mm ± 50 mm

* used for emulsion rounds
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Charging and initiation
Äspö
In order to control charge weights and to minimize the EDZ, cartridged explosives 
were used for all rounds. Initially, 0.025 kg Nobel Prime was used as primer. How-
ever, some re-blasting of boot-legs had to be done, so the primer was changed to 
half a cartridge of Dynomit 30 mm (0.19 kg). Minor boot-legs still appeared, but 
were manageable. The contour holes were charged with 17 mm Dynotex 1 and the 
charges were stemmed with gravel. The charge weight was 0.22 kg/m for contour 
holes and 0.37 kg/m for the helpers. Table 3 shows a typical charging plan. The 
specific charge was 2 kg/m3. 

Pyrotechnic detonators (Nonel) were used in all holes for the first 8 rounds. 
Electronic detonators from Orica, i-kon™, were used in the perimeter and helpers 
holes for the remaining rounds (# 9–20). The purpose of using electronic detona-
tors (EPD:s)was to achieve simultaneous initiation. The total detonation time was 
reduced from 6 000 ms with Nonel to 2 850 ms with i-kon. The detonation times 
could easily be adjusted with i-kon, and it was judged to a smaller risk of miss-fires 
if the delay times between intervals were short. The disadvantage was a doubled 
air shock wave.

Table 2. Drilling data for Äspö and ONKALA 

Bore hole Number of holes Spacing (m) Burden (m)

Äspö ONKALO Äspö ONKALO Äspö ONKALO

Cart Cart Emu Cart Cart Emu Cart Cart Emu

Opening 9 9 14

Stopers 28 25 14 0,6 0,7 0,8 0,6 0,45 0,75

Lifters 10 10 10 0,5 0,4 0,4 0,45 0,5 0,5

Helpers 17 23 21 0,6 0,55 0,6 0,55 0,6 0,7

Contour 28 29 29 0,45 0,4 0,4 0,6 0,55 0,55

Total 92 96 88
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Table 3. Charging plan in Äspö

Holes Bottom charge Column charge Uncharged

Name/Dim.
(mm)

Charge length
(m)

Name/Dim.
(mm)

Charge length
(m) (m)

Opening Dynomit/ 30 0,38 Dynorex/ 25 3,92 0,3

Stopers Dynomit/ 30 0,38 Dynorex/ 25 3,92 0,5

Lifters Dynomit/ 30 0,38 Dynotex/ 22 4,02 0,2

Helpers Dynomit/ 30 0,38 Dynotex/ 22 3,92 0,5

Contour Dynomit/ 30 0,19 Dynotex/ 17 4,21 0,2

ONKALO
In the ONKALO test tunnel two different charging techniques were used, catridged 
explosives and pump emulsion. The contour holes in all rounds were charged with 
17 mm Kemix and stemmed with gravel. The helpers in the five rounds charged 
with cartridged explosives were charged with 22 mm Kemix. The charge weight for 
17 mm Kemix is 0.22 kg/m and it is 0.42 kg/m for 22 mm Kemix. The specific charge 
for the cartridged rounds was 3 kg/m3. More data for these rounds are shown in 
Table 4. 

Table 4. Cartridged charging in ONKALO

Holes Bottom charge Column charge Uncharged

Name/Dim.
(mm)

Charge length
(m)

Name/Dim.
(mm)

Charge length
(m) (m)

Opening Kemix/40 0.53 Kemix/39 3.8 0.3

Stopers Kemix/40 0.53 Kemix/39  
and /32

3.6 0.5

Lifters Kemix/40 0.53 Kemix/25 3.9 0.2

Helpers Kemix/40 0.53 Kemix/22  
and 29

3.6
3.6

0.5
0.5

Contour Kemix/36 0.53 Kemix/17 3.9 0.2

Pumped emulsion was used for the other five rounds. A CHARMEG 9925 BE, model 
2007 unit from Normet Oy was used for the charging. Mixing formulas/recipes are 
programmed into the memory of the unit. The amount of bottom charge as well as 
different string thicknesses can be chosen. 
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The following settings were used in the rounds:

• bottom charge, 54 mm (2.3 kg/m) 
• string 39 mm (1.67 kg/m)
• string 32 mm (1.13 kg/m)
• string 29 mm (0.92 kg/m)

More data for the rounds are shown in Table 5. The specific charge was 4.1 kg/m3.  

Table 5. Charging with pump emulsion in ONKALO

Holes Bottom charge Column charge Uncharged

Name/Dim.
(mm)

Charge length 
(m)

Name/Dim.
(mm)

Charge length
(m) (m)

Opening Kemiitti/54 0.3 Kemiitti/39 4.0 0.3

Stopers Kemiitti/54 0.3 Kemiitti/39 3.8 0.5

Lifters Kemiitti/54 0.3 Kemiitti/29 4.1 0.2

Helpers Kemiitti/54 0.3 Kemiitti/29  
and 32

3.8 0.5

Contour Kemix/36 0.53 Kemix/17 3.9 0.2

Simultaneous detonation with EPD:s from Davetronic was used in contour holes 
and helpers. The other holes were initiated with Nonel detonators.

Experiences and conclusions
General
Data from tunnelling in Äspö is based on 20 rounds.  The measure of the face after 
scaling was based on five measure points inside the contour for each round.  These 
advance records were compared with the registered drilling depth from the drill log. 
The advance was between 97–100 %. A detailed laser scanning was carried out for 
the entire tunnel and the area was determined every 5th cm. The area varied from 
20 m2 up to 24 m2 within the rounds. The area variations were roughly 2 m2 within 
the same round mainly due to the look out angle. A look out angle of 20 cm was 
possible, but this increases the risk of under-break and of problems with collaring 
in the next round.

Data from ONKALO is based on 10 rounds. The advance varied from 91 to 96 % 
for the emulsion rounds and from 90 to 96 % for the cartridged charged rounds. The 
reduction in advance was due to many boot-leg problems which caused re-blasts. 
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Drilling
Special precautions were taken in the two tunnel projects to assure drilling accuracy 
and verify the actual drilling.  Below is a list of some of the actions.

Before and during drilling:

• Positioning of the drill rig with laser
• Calibration of the equipment, to make sure that the equipment works as as-

sumed.
• Painting the tunnel contour on the tunnel face
• Setting out contour holes by the surveyor; assuring that the position of the tunnel 

jumbo is correct and the drilling of the contour holes starts on designed position
• Control measuring of the position of the rods before drill start and after some 

10 cm of drilling
• Controlling that the correct  drilling pattern is in use; Testing of the positions of 

the drilling booms on the contour holes; to make sure that the positioning is cor-
rect and collaring as planned.

Verification of the drilling results: 

• Measuring the collaring points, directions, actual lengths and deflections of the 
selected drill holes; comparing the actual drilling results with the plans and with 
the drilling data recorded on the tunnel jumbo’s computer.

• Surveying bootlegs at face, when the scaling is completed; comparing the actual 
drilling results to the plans and the drilling data recorded on the tunnel jumbo’s 
computer.

• Measuring position of half pipes in the contour 

Drilling precision in Äspö project

The drill rig used at the Äspö HRL had the precision to navigate the drill bit to a col-
laring within ± 20 mm. The collaring of the perimeter holes had a radius deviation 
of 4.2 cm, with a standard deviation of 2.2 cm. Further the endpoints of the holes 
had a mean deviation of 11.6 cm with a standard deviatiFigure 4. The actual col-
laring and end points measured in the S-tunnel, Äspö HRL (rounds # 9–12). Black 
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Collar End of round

Figure 4. The actual collaring and end points measured in the S-tunnel, Äspö HRL (rounds 
# 9–12). Black points are measured, blue points are according the logger on the jumbo. Each 
circle represents a deviation of Ø 50 mm from intended location.

points are measured, blue points are according the logger on the jumbo. Each circle 
represents a deviation of Ø 50 mm from intended location.8 cm. In Figure 4 the end 
points for some rounds are presented as “dartboards”.

Drilling precision in ONKALO project

The collaring precision was 6.9 cm for the emulsion rounds and 8.9 cm for the 
cartridged explosives with a standard deviation of 3.8 cm in both cases.  Most of 
the collaring points met the requirement, collaring of the hole was not a major is-
sue; more important was that the end point of the hole came out as planned.  The 

Figure 5. The actual collaring (left) and end points, ONKALO. Each circle represents a  
deviation of Ø 50 mm from intended location (green circle  = 10 cm).
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heterogeneous rock conditions contributed to uneven surface of the tunnel face 
and bootlegs.  This made it difficult to collar the hole as planned in some rounds.  
Although the collaring was not as planned, the operator could adjust the direction 
aiming the planned end point of the hole to the target point. The end point ac-
curacy in emulsion rounds was 154 mm in average and 164 mm in the cartridged 
rounds respectively. The better accuracy was caused by stiffer rods, see Table 1. 
The standard deviations were 74 mm and 76 mm. Figure 5 shows collaring and end 
points for some rounds.

Comparison between requirements and actual drilling indicates that the drilling 
accuracy has to be improved. Most of the measured holes exceed the requirement. 
The drilling log from the rig indicated no considerable deviation between planned 
and actual, but the survey results proved otherwise.

Charging
Charging control was very important for both SKB and Posiva.  Generally, it is easier 
to control cartridged explosives than pumped emulsion.  In the S-tunnel at the Äspö 
HRL only cartridged explosives were used.  Unfortunately there was no complete 
follow up of the charge lengths, only some tests were done.  However, the total 
amount of explosives was measured and the calculated specific charge shows only 
a small variation compared to theoretical specific charge. 

The experience from ONKALO regarding emulsion charging was that recording 
of actual charging does not tell much; charge per hole is available, but how the 
emulsion is distributed along the hole cannot be concluded and the same applies 
for the actual length of the uncharged part at the beginning of the hole.  Actual 
charging with cartridges was however easy to record and the actual charge rate did 
not deviate from the plan.

Initiation
The use of EPD:s in Äspö was successful. ONKALO had in the beginning some 
technical problems with the electronic detonators resulting in some un-detonated 
caps. When another series of EPD:s were taken into use these problems disap-
peared. The conclusion from both Äspö and ONKALO is that the EPD:s are easy to 
use and control, but more time consuming than Nonel. Simultaneous detonation of 
decoupled charges always results in a smoother profile and less damage.

Tunnel profile
The over break in Äspö was in average 16.8 %, well under the demand of 30 %. Max-
imum overbreak included some wedge fall-out. The number of half casts increased 
to nearly 30 % when EPD:s were used in the contour. The maximum allowed over 
break in ONKALO was 25 % and the result was an over break of some 14 %.
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Damage zone
In Äspö the damage zone was controlled by cutting 8 blocks from the wall of the 
tunnel and then cutting the blocks into 80 slabs. Dye penetrants were sprayed on 
the slabs causing cracks to appear clearly. Photos were taken of the slabs and 
the photos were then digitized. A 3D model of the crack planes was produced. 
Over 1 200 crack planes were identified. The bottom charge caused 4 times longer 
cracks than from the column charges did. The longest crack plane was 50 cm. 
However, there was no continuous damage zone along the tunnel. 

DISCUSSION
How is quality defined and controlled in tunnelling? The demands are often speci-
fied with reference to AMA in Sweden and InfraRYL in Finland or as special de-
mands from the customer. The demands are often tough but not always systemati-
cally controlled.

It is absolutely necessary for SKB and Posiva to be able to verify that their de-
mands have been met in the future repository. There is a strong demand for more 
cooperation within the tunnel industry and other Clients to establish measurable 
requirements on contour control and blast damage.

Drilling
The precision of drill rigs is continuously being developed. The newest rigs are com-
puterised, equipped with scanning facilities and could be available with a total sta-
tion integrated in the rig.  The rigs have a good collaring precision but should be de-
veloped further for a better bore hole end precision. For measuring the end position 
of the holes with good precision, special equipment is probably needed.  Further 
development of user-friendly equipments and software for maintenance and opera-
tion will most likely be beneficial. A forum for discussions on these matters between 
Manufacturers of equipment, Contractors and Clients could be established i.e. by 
BK. Clients ought to put more efforts to explore what the benefits of good contour 
control and minimized damage zone are for there projects.

Charging
The control of correct charging weight must be developed further.  It is fairly easy to 
count the number of charges used. When using emulsion, the amount of pumped 
explosive passing the hose is measured. However, it is tricky to control the exact 
amount of explosives for the bottom charge and the uniformity of the string of emul-
sion in the column charge. The average amount of explosive could be as specified 
but variations in the uniformity of the string are not uncommon. The volume control 
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and its distribution along the boreholes are very important for good contour control 
and minimized damage zone. There need also to be more research of effect of the 
the EPD:s accuracy.

Blasting
Special measurements are used to control vibration levels and the air shock. These 
kinds of measurements are also used as a function control of the detonators preci-
sion. However, when many holes are simultaneously detonated or very short initia-
tion times used (EPD:s), present measurement techniques are insufficient. 

How to measure the damage zone from blasting? One easy, but insufficient way, 
is to estimate the number of half casts in the contour after blasting. Another method 
to design blast damage is by using a table where commonly used explosives for 
smooth blasting are listed in order of their equivalent linear charge concentration in 
terms of kg Dynamex per meter. However, the table suffers from many shortcom-
ings and has only been verified for very few explosives and under specific circum-
stances.

An intensive research of how fractures are caused by blasting has been car-
ried out at SveBeFo and Swebrec. A large number of holes have been blasted, in 
quarries as well as in tunnels, and the fractures in the remaining rock have been 
examined. 

Some guidelines to reduce fractures from blasting are stated:

• Use decoupled charges
• Avoid water in holes (could extend fractures up to 3–4 times) 
• Use simultaneous initiation (scatter less than 1 ms between holes)
• Explosives with a high detonation velocity often result in more and longer  

fractures and a high fracture intensity close to the bore hole 
• Increased spacing with EPD:s results in long fractures sub-parallel to  

the surface
• Increased charge weight increases fracture length

With the knowledge of the effects of these factors a new formula has been proposed 
/Olsson M and Ouchterlony F, 2003/. The damage reduction in simultaneous blasting 
has also been used to create a new damage zone table, se Table 6 /Olsson et al., 
2008/. The theoretic damage zone corresponds here to measured crack lengths. It’s 
up to the users to consider whether these cracks lengths are harmful to the con-
struction or not. Notice further that the table is suitable for normal smooth blasting 
with charge concentration (q< 0,6 kg DxM/m), hole diameter (48–54 mm) and spac-
ing to burden (S/B < 1). For charge concentrations > 0,6 kg/m there are no verified 
crack lengths. The scatter for the electronic detonators must be < 1 ms.
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Table 6. Proposal to a new damage zone table

Theoretical 
damage zone (m)

Maximum charge concentration 
in kg Dx M/m                                       

Nonel Electronic detonators

0,2 0,1 0,2

0,3 0,2 0,3

0,5 0,3 0,4

0,7 0,4 0,5

1,1 0,7 0,6

1,3 0,9

1,7 1,3

2,0 1,6

There are at present no easy way to control the blast damage. More data are need-
ed for larger charge concentration. Furthermore the influence of the helpers must 
be understood. The geophysical measurements and the interpretation of the signals 
should become more developed. Posiva and SKB have some promising results 
from the use of high frequency Ground Penetrating Radar (GPR) for estimation of 
the extent of the EDZ.

Requirements on operator’s qualifications
A qualified tunnel project needs a qualified and motivated staff.  What requirements 
will the operators face, as the equipment used will be more and more advanced?  
What requirements will be directed to engineers and management?  New quality 
models and incentive models to encourage the involved staff and a pay system for 
quality and a penalty system if the demands not are for filled are needed.  Manu-
facturers can play a role in defining skills required to operate or use their products.  
Well defined and measurable requirements that are fully implemented in the tun-
nelling projects must be mandatory to enable the staff to meet high demands in 
contour control and minimized damage zone.

It has been concluded that high efforts in blast design and QA in D&B operations 
together with skilful operators and contractual agreements that reward system for 
quality is the future for high quality tunnelling. In order to survive and to increase 
the interest for younger people to work with tunnelling our industry has to focus on 
development, quality, new technology, and positive public attention.

The demands in the future will be tougher. Is the Industry ready for the  
challenge?
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