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ABSTRACT 

As part of the programme for the final disposal of spent nuclear fuel, an analysis has 
been compiled of water leakage mapping performed in ONKALO. Leakage mapping is 
part of the Olkiluoto Monitoring Programme (OMO) and the field work has been 
carried out by Posiva Oy.  

The main objective of the study is to analyse differences detected between mapping 
campaigns carried out typically twice a year in 2005–2012. Differences were estimated 
to be caused by the differences in groundwater conditions caused by seasonal effects or 
by differences between the years. The effect of technical changes like shotcreting, post-
grouting, ventilation etc. on the results was also studied. The development of the 
visualisation of mapping results was also an objective of this work. 

Leakage mapping results have been reported yearly in the monitoring reports of 
Hydrology with some brief comments on the detected differences. In this study, the 
development of the total area and the number of different leakages as well as the 
correlation of changes with shotcreting and grouting operations were studied. In 
addition, traces of fractures on tunnel surfaces, and the location of rock bolts and drain 
pipes were illustrated together with leakage mapping.  

In water leakage mapping, the tunnel surfaces are visually mapped to five categories: 
dry, damp, wet, dripping and flowing. Major changes were detected in the total area of 
damp leakages. It is likely that the increase has been caused by the condensation of 
warm ventilation air on the tunnel surfaces and the corresponding decrease by the 
evaporation of moisture into the dry ventilation air. Shotcreting deep in ONKALO may 
also have decreased the total area of damp leakages. Changes in the total area and 
number of wet leakages correlate at least near the surface with differences in yearly 
precipitation. It is possible that strong rains have also caused a temporary increase in 
wet leakages. 

Dripping and wet leakages have been observed on average more frequently at locations 
where large sub-horizontal fractures intersect the tunnel. Dripping and wet areas are 
also more common in areas where fracture traces on tunnel surfaces are more frequent 
than on average. 

Keywords: Hydrology, leakage, inflow measurement, water leakage mapping, disposal 
of spent nuclear fuel. 

  



  



ONKALOn vuotovesikartoitustulosten tulkinta 

TIIVISTELMÄ 

Osana käytetyn ydinpolttoaineen loppusijoitustutkimuksia analysoitiin ONKALOn 
vuotovesikartoitusten tuloksia. Vuotovesikartoitukset ovat osa Olkiluodon monitorointi-
ohjelmaa (OMO) ja kartoitukset on tehty Posivan toimesta. 

Työn päätavoite on analysoida vuosien 2005–2012 aikana tehtyjen kartoitustulosten 
välisiä eroja. Kartoituksia on tehty tyypillisesti kaksi kertaa vuodessa. Kartoitustulosten 
välisten erojen taustalla arvioitiin olevan joko vuodenajasta tai eri vuosien välisistä 
eroista johtuvat erot pohjavesiolosuhteissa. Myös rakentamiseen liittyvien seikkojen 
kuten ruiskubetonoinnin, jälki-injektoinnin, ilmanvaihdon yms. merkitystä tutkittiin. 
Kartoitustulosten visualisoinnin kehitys oli yhtenä työn tavoitteena. 

Vuotovesien kartoitustulokset on raportoitu vuosittain hydrologian monitorointirapor-
teissa, joissa havaituista muutoksista on esitetty lyhyitä kommentteja. Tässä työssä 
tutkittiin erityyppisten vuotojen kokonaispinta-alan ja lukumäärän kehitystä sekä 
ruiskubetonoinnin ja injektointien vaikutusta havaittuihin muutoksiin. Lisäksi havain-
nollistettiin tunnelin pinnalla havaittuja rakojälkiä, lujituspultteja ja salaojia yhdessä 
vuotovesien kartoitustulosten kanssa. 

Vuotovesikartoituksessa tunnelin pinnat kartoitetaan visuaalisesti viiteen kategoriaan: 
kuiva, kostea, märkä, tiputtava, virtaava. Suuria muutoksia havaittiin kosteaksi luoki-
teltujen vuotojen kokonaispinta-aloissa. On ilmeistä, että kosteiden alueiden pinta-alan 
kasvu on aiheutunut lämpimän tuuletusilman kondensoitumisesta tunnelin pinnoille ja 
vastaavasti pinta-alan pienentyminen on aiheutunut pinnoilla olevan kosteuden 
haihtumisesta tuuletusilmaan. Myös ruiskubetonoinnit ovat voineet pienentää kosteiden 
alueiden pinta-alaa. Märkien alueiden kokonaispinta-alassa ja lukumäärässä tapahtuneet 
muutokset etenkin kallion yläosassa korreloivat vuosisadantojen kanssa. On 
mahdollista, että voimakkaat sateet ovat aiheuttaneet tilapäistä märkien alueiden kasvua. 

Tiputtavia ja märkiä vuotoalueita on havaittu keskimääräistä useammin paikoissa, joissa 
pitkät loiva-asentoiset raot leikkaavat tunnelia. Tiputtavat ja märät paikat ovat myös 
yleisempiä alueilla, joissa rakoilu on keskimääräistä tiheämpää. 

Avainsanat: Hydrologia, vuotovesi, vuotovesimittaus, vuotovesikartoitus, käytetyn 
polttoaineen loppusijoitus. 
  



 



 
PREFACE 

This Report is part of the programme for the final disposal of spent nuclear fuel on 
Olkiluoto Island. The main objective of the study is to analyse differences in leakage 
mapping results performed typically once or twice a year as part of the Olkiluoto 
monitoring programme (OMO). 

This study has been carried out by Henry Ahokas, Jenni Turku and Jorma Nummela 
from Pöyry Finland Oy. Jenni Turku has collected background data and compiled 
graphical visualisations. Jorma Nummela has collected and modified the data and 
generated the CAD-results and the related visualisations. Susanna Aro has been the 
contact person at Posiva Oy and has provided valuable comments on and contributions 
to the content and the text of the report. 
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1 INTRODUCTION 

1.1 Background 

Posiva Oy is carrying out an investigation programme for the final disposal of spent 
nuclear fuel on Olkiluoto Island. As part of the site investigations, an underground rock 
characterisation facility, ONKALO, has been under construction in Olkiluoto since 
2004. The aim of ONKALO is to study the bedrock of the site for the planning of the 
repository and for the safety assessment, and to test disposal techniques in underground 
conditions. 

1.2 Report objectives and relation to previous reports  

Groundwater flow characteristics provide essential input for the construction and safety 
assessment of the disposal facility for spent nuclear fuel. The character and distribution 
of groundwater flow in the bedrock are most visible on the tunnel wall and ceiling 
although excavation, grouting, rock bolting etc. have modified natural flow patterns. 

Differences in the leakage mapping results of different years and seasons are of interest 
in this report. Variation in groundwater flow conditions due to seasonal effects or 
differences between the years were estimated to be one possible factor behind the 
differences detected in mapping results. Of course, technical reasons such as 
shotcreting, grouting, ventilation etc. were assumed to have an impact on the results.  

The mapping results always include a human factor regarding the character of a leakage, 
which hinders an accurate analysis and the drawing of precise conclusions from the 
results. 

Leakage mapping results have been reported yearly in the monitoring (OMO) reports of 
Hydrology mainly as original pictures with some brief comments on detected 
differences between mappings. In mapping, areas on tunnel walls and ceiling are 
classified as dry, damp, wet, dripping and flowing. Similar leakage type character has 
been reported for fractures mapped on ONKALO walls and this information was 
utilised in the identification and correlation of transmissive fractures detected with the 
PFL-tool in pilot holes (Palmén et al. 2011). 
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2 DATA 

2.1 Leakage mapping 

The mapping of leakages consists of visual determination of areas of different leakage 
types. Mapping divides observations into five classes:  

1. Dry 

2. Damp 

3. Wet 

4. Dripping 

5. Flowing 

The result of the field work in May 2011 is shown as an example at chainage 3740–
4080 (Figure 2-1). The tunnel ceiling and walls are illustrated as an open 2D sheet with 
the ceiling in the middle of the profile. A digitized picture of the example is shown in 
Figure 2-2. 

Mapping of leakage areas has been carried out typically twice a year. Maps have been 
reported since 2007 in monitoring reports. Results from the years 2005 and 2006 have 
not been reported earlier due to the lack of final images. Data from these years were 
processed at Pöyry using shape-files and original field maps. A summary of all 
mappings digitised into shape-files is shown in Table 2-1.  
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Figure 2-1. An example of the result of field work for mapping of the type of leakage in 
May 2011 at chainage 3740-4080. 

 

Figure 2-2. A digitized picture of the mapping result shown in Figure 2-1. 
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Table 2-1. A summary of all mappings. 

Mapping dates Chainage interval 

23.11.2005 0–900 

26.1.2006 0–990 

31.3.2006 0–1000 

20.7.–26.7.2006 0–1190 

31.10.–3.11.2006 0–1380 

13.12.2006 1300–1631 

18.7.2007 0–2180 

3.10.2007 950–1930 

21.11.–4.12.2007 0–2390 

8.12.2008– 2.1.2009 0–2580 

5.5.–12.5.2009 2560–3360 

13.10.–7.12.2009 0–3960 

28.4.–6.6.2010 0–4070 

20.10.–15.12.2010 0–4540 

27.4.–8.6.2011 0–4700  

11.10.–21.11.2011 0–4340 

9.1.–11.1.2012 4340–4960 

10.5.2012 Demo–tunnel area 

11.10.–28.11. 2012 0–4960 + Technical level 

 

2.2 Inflow measurements 

Inflow has been measured in ONKALO by means of measuring weirs (shown in Figure 
2-6) and local collectors. The first measuring weir, ONK-MPL580 (originally ONK-
MPL1), was constructed at chainage 580 m in February 2006. Other measuring weirs 
are located at chainages 208 m, 1255 m, 1970 m, 3003 m, 3125 m, 3356 m, 3941 m, and 
4580 m. Nine collectors measure leakages of single fractures, located at chainages 230 
m (ONK-KOU230), 430 m (ONK-KOU430), 570 m (ONK-KOU570A and ONK-
KOU570B), 777 m (ONK-KOU777A and ONK-KOU777B), 3019 m (ONK-
KOU3019), 3131 m (ONK-KOU3131), and 3986 m (ONK-KOU3986). These collectors 
were referred to as ONK-KOU1 etc. in previous annual reports. There are also two 
collectors in the ceiling of tunnels ONK-KER3155 and ONK-KER3321 at chainages 
3155 m and 3321 m, respectively. Collectors have also been installed to measure 
leakages from shafts ONK-KU1 – -KU3 at levels -90 m, -180 m, and -290 m. (Vaittinen 
et al. 2013) 

A summary of the measuring weirs and the local collectors is shown in Table 2-2. 
Typical observation intervals were one day at the beginning of the measurements, one 
week between spring 2006 and spring 2007, and one month thereafter. An automatic 
observation system has been used at measuring weirs ONK-MPL580, -MPL208, 
-MPL1255, and -MPL1970. Online monitoring was tested in ONK-MPL3003 at the end 
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of 2010, and in ONK-MPL3125 at the end of 2010 and during the early part of 2011. 
The water level at the measuring weir is recorded by a logger every 15 minutes. The 
flow is calculated based on a calibration function between the water level and the flow. 
Total leakage into ONKALO is obtained by measuring the amount of the water flow to 
the measuring weirs and to the bottom of the tunnel during weekends when the 
disturbance caused by construction activities is as small as possible. After the 
construction of chute feeders (gradually in 2008), the determination of total leakage into 
ONKALO has been based increasingly on the sum of the flows of the measuring weirs 
instead of measuring the total flow on the bottom of the tunnel. The measurements 
started in December 2004 and have typically been carried out once a month. (Vaittinen 
et al. 2013) 

This report focuses on an analysis of the leakage mapping campaigns and measurement 
weir specific inflow results are mainly shown as reference. 

Table 2-2. Locations of measuring weirs and collectors as well as start/end dates of 
observations. 

Weir/Collector Location  
(chainage, m) 

Start of 
observations 

End of observations 

ONK-MPL208 208 22.4.2007  
ONK-MPL580 580 9.2.2006  
ONK-MPL1030*) 1030 18.6.2006 2.4.2007 
ONK-MPL1255 1255 5.3.2007  
ONK-MPL1970 1970 9.3.2008  
ONK-MPL3003 3003 27.7.2008  
ONK-MPL3125 3125 1.2.2009  
ONK-MPL3356 3356 29.3.2009  
ONK-MPL3941 3941 7.2.2010  
ONK-MPL4580 4580 26.6.2011  
ONK-KOU230 230 7.2.2006 4.5.2009-13.9.2010 **) 
ONK-KOU430 430 22.2.2006  
ONK-KOU570A and B 570 22.2.2006  
ONK-KOU777A and B 777 27.3.2006  
ONK-KOU3019 3019 7.7.2011  
ONK-KOU3131 3131 7.7.2011  
ONK-KOU3986 3986 7.7.2011  
ONK-KER3155 3155 7.7.2011  
ONK-KER3321 3321 7.7.2011  
ONK-KU1 -90 915 25.10.2009 6.11.2011 ***) 
ONK-KU1 -180 1892 9.5.2010  
ONK-KU1 -290 3032 25.10.2009  
ONK-KU2 -90 980 1.6.2008  
ONK-KU2 -180 1940 25.4.2010 24.10.2010 ***) 
ONK-KU2 -290 3081 24.10.2010  
ONK-KU3 -90 910 17.5.2009  
ONK-KU3 -180 1892 17.5.2009  
ONK-KU3 -290 3032 17.5.2009  
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*) temporary weir 
**)  period with no observations due to a broken collector 
***) access to the shaft denied 

2.3 Leakage of fractures in geological mapping 

The total number of fractures, the number of slickensided fractures and the number of 
water-leaking fractures, based on geological mapping (Nordbäck et al. 2008, Nordbäck 
& Engström 2010, Nordbäck 2010), are shown in Table 2-3. More detailed information 
on water-leaking fractures at chainage 1980–3116 m is presented in Table 2-4. 

Data on fractures mapped as hydraulically conductive in the aforementioned reports 
were not systematically used in this report because the number of water-leaking 
fractures shown in Table 2-3 was clearly lower than the number of leaking areas found 
in annual water leakage mapping (OMO programme). The correlation between 
geological mapping and pilot hole studies has been analysed in detail down to chainage 
3000 by Palmén et al. (2011) and will be reported for the rest of the tunnel in reports 
that are in progress. 

Table 2-3. Total number of fractures, number of slickensided fractures and fractures 
reported as water-leaking. 

Chainage # fractures # slickensided fr’s # Water-leaking fr’s 

0-990 12615 554 44 

990-1980 10355 395 22 

1980-3116 7668 579 19 

Table 2-4. Description of water-leaking fractures at chainage 1980–3116 (Nordbäck 
2010). 
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2.4 Reference material 

2.4.1 Rock bolting of ONKALO ceiling and walls 

It has been found during water leakage mapping that several holes of bolts used for the 
reinforcement of rock are leaking. Unfortunately, no systematic recording of leaking 
rock bolts has been performed. Rock bolts cover almost the entire area of the ceiling, 
especially deep in ONKALO, with a varying grid (in most demanding areas with a grid 
of ca. 1 x 1 m). The number of rock bolts is so high that systematic visualisation of the 
bolt locations is not reasonable, especially deep in ONKALO (Figure 2-3). 

An example of simple correlation of dripping and wet areas (autumn 2011) with rock 
bolts is visualised for TCs 200–500 in Figure 2-4. There are areas where the number of 
bolts is high, but leakages are no more frequent than on average.  

 

Figure 2-3. All rock bolts in ONKALO. View from top and tunnel walls opened to 2D 
sheets. 

 

2.4.2 Grouting 

Grouting locations and grout take in ONKALO are shown in Figure 2-5. Almost 
systematic pre-grouting was performed down to chainage 600. After that, the HZ19 and 
HZ20 zones as well as only a few tunnel sections outside these zones were pre-grouted. 
Some post-grouting was also carried out. 
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The primary purpose of this work was not to study the effect of grouting on leakages, 
because pre-grouting has always been performed before the first mapping campaign. 
The effect of post-grouting was studied and the locations and dates of all post-grouting 
campaigns are shown in Table 2-5. 

 

 

Figure 2-4. Rock bolts and leakage mapping in autumn 2011 in ONKALO between TCs 
200–500. View from top. Tunnel walls opened to 2D sheets. 
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Figure 2-5. All grouting locations and grout take. 

Table 2-5. The locations and dates of post-grouting campaigns. 

Chainage Date Grout take 
(litres) 

Note 

556-571 1.7.2005 834  
283-286 13.7.2005 3534  
570-575 28.7.2005 156  
573-610 3.8.2005 809  
585-618 13.9.2005 618  
644-653 2.11.2005 190  

80 21.10.2005 26  
455-463 10.11.2005 140  

646 30.11.2005 97  
958-964 ? 51 Field book not found for this analysis 

580 ? 
172 

Measuring weir, Field book not found 
for this analysis 

640-650 ? 317 Field book not found for this analysis 
1180 25.9.2006 192  
1180 26.9.2006 2  
1812 28.6.2007 3 Silica test 
1812 11.9.2007 3 Silica test 

3148-3182 20.3.2009 146 Leaking rock bolts 
3302-3335 9.4.2009 299 Leaking rock bolts 
3174-3177 9.4.2009 104 Leaking rock bolts 
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2.4.3 Shotcreting 

All locations of shotcreted areas have been digitized into leakage mapping sheets. 
Ceilings have been shotcreted systematically, but walls only at selected locations. The 
effect of shotcreting on mapping results was studied for sections where shotcreting was 
performed between the mapping campaigns. 

2.4.4 Zones intersecting ONKALO 

Hydraulically the most significant zones intersecting ONKALO are HZ19A, B, C and 
HZ20A and HZ20B (Vaittinen et al. 2011 b). In addition, zone HZ056 is modelled to 
intersect ONKALO close to the demonstration tunnels (Vaittinen et al. 2011 a). Brittle 
fault zone BFZ100 is a sub-vertical zone which intersects ONKALO at several 
locations. Zones BFZ084 and BFZ045 intersect ONKALO at several locations 
(Aaltonen et al. 2010). In addition, zone BFZ005 intersects ONKALO in the 
demonstration tunnels and close to them. A new zone BFZ300 intersects the technical 
facilities deep in ONKALO. The intersections of all these zones are illustrated in Figure 
2-6. Zone BFZ084 also intersects the demonstration tunnels, but this intersection has 
been left out due to the masking effect. 

 

Figure 2-6. Illustration of ONKALO and zone intersections. Zone BFZ084 also 
intersects the demonstration tunnels but has been left out due to the masking effect. In 
addition, the location of the measuring weirs is shown. 
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3 ILLUSTRATION AND PROCESSING OF DATA 

3.1 Illustration of data 

The collection of data, which include water leakage mapping results, shotcreted areas, 
traces of geological fractures and drain pipes, is shown in Figure 3-1. In addition, the 
location of the measuring weirs is shown. An illustration of data with rock bolts and 
grouting is presented in Figure 3-2. Pre-grouting is shown as a solid line with the 
assumption that grouting holes cover a 20 m long section along the tunnel. In practice, 
the actual length of grouting holes varies mostly between 20–26 m. The longer the 
distance of the line from the tunnel, the higher the grout take. The grout take is 
summarised, if the grouting holes overlap, which explains the rather small areas with a 
higher grout take. In addition, the location of post-grouting is shown. The grout takes of 
post-groutings are shown in Table 2-5. 

3.2 Data processing 

The data were divided into sections between the measuring weirs and the observed and 
calculated results in the study included 

 the measured inflow (l/min) into ONKALO 

 the total area (m2) of leakage of different types 

 the quantity (number) of leakage areas of different types 

It is evident that the area of individual leakages is an artefact due to the spreading of 
leakage downwards along the tunnel wall. However, it is likely that this artefact does 
not prevent a study of the time behaviour of changes in areas and in the number of 
observed leakages. It is to be noted that the number of certain leakage types can increase 
or decrease also due to the mapping method i.e. local areas of a certain leakage type 
might have been illustrated as one large area or as a higher number of small areas. 
Nevertheless, it is likely, that the method of leakage mapping has been quite similar 
over the time. 

The areas and the number of leakages were illustrated together with total leakages and 
grouting and shotcreting dates to see any possible correlations between them along the 
time (Figure 4-1). The local effects of post-grouting, shotcreting and installation of 
drain pipes on changes in the mapped leakages were analysed by illustrating the 
mappings before and after the aforementioned actions as detailed figures (Figure 3-1 
and Figure 3-2). The mapped fractures and the intersections of HZ zones and significant 
BFZ zones were also illustrated in the same figures to see the correlation between the 
mapped leakages and geological data. 
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Figure 3-1. Illustration of the data. Water leakage mapping, traces of fractures and 
drain pipes. In addition, the location of measuring weir MPL3356 is shown. 

 

Figure 3-2. Illustration of the data of Figure 3-1 together with rock bolts and the pre-
grouted area as a solid line (the longer the distance from the tunnel, the higher the 
grout take; grout take amounts at selected locations are also shown as a number, in this 
case 14946 (litres)). In addition, the location of post-grouting is shown.  
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4 RESULTS 

The results and the analysis are presented in the order of the measuring weirs, starting 
from the uppermost section between MPL 0–208. Long-term changes in total leakages 
as well as the areas and numbers of the leakage type and their relations with 
construction activities like shotcreting, post-grouting etc. are analysed, although the 
number of such activities was low between the mapping campaigns and found to be 
restricted to local effects. In addition, the role of ventilation and precipitation are 
discussed briefly. Detailed descriptions of leakages and their connections to mapped 
fractures are illustrated and discussed briefly. In addition, the local effects of post-
grouting, shotcreting and installation of drain pipes on the changes in mapped leakages 
are analysed. 

4.1 Chainage interval 0–208 

4.1.1 Changes in leakages 

The tunnel section of 0–208 m was excavated in September 2004–January 2005. The 
total inflow measurements of the tunnel section started in spring 2007. Starting in 
summer 2007, the leakage was 1–2 l/min and a weak decreasing trend was observed 
until the turn of the years 2010/2011 (Figure 4-1). Thereafter, variation in leakage 
amounts increased and in 2012 the average was more than one litre higher than in 2008–
2010. A couple of higher values at the beginning of the monitoring (~7 l/min) are 
caused by temporary leakages from the shaft grouting holes (Vaittinen et al. 2008). The 
increase in 2012 to an average of almost 3 l/min and the stronger fluctuation than earlier 
is probably caused by the rainy years 2011 and 2012.  

All post-grouting and shotcreting was performed before the first mapping (November 
2005), except for shotcreting at TCs 0–5 in conjunction with the installation of drain 
pipes in September 2008 (Figure 4-1). Local dripping leakages vanished after this 
action, as expected. The total area of dripping leakages decreased permanently a little 
after this action with the exception of a rather high value in autumn 2009.  

One flowing leakage was observed only in the second mapping campaign in January 
2006 at the chainage of ca. 200 m. The reason for this single observation is unknown. 

Variation is very high in the size of damp and dry areas between TCs 0–208, which can 
be caused by differences in the condensation of the ventilation air due to seasonal 
differences in air temperature and moisture content. The effect is most evident in the 
summers of 2007 and 2011, when warm ventilation air condensed on walls and the 
ceiling. In summer 2011, damp areas covered the whole surface of the tunnel and no dry 
areas were observed. It is also possible that the fluctuations have been caused by short 
and intensive rain periods before the mapping campaigns.  

An increasing trend in the area and number of wet leakages is evident. In 2006 and 
2007, the total area of wet leakages was ca. 100 m2 and the total number ca. 15–20. The 
total area has grown to ca. 800 m2 and the number has increased to 50.  
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Instead, a decreasing trend is evident in the number of damp areas. It is also possible 
that the mapping procedure has developed along the time i.e. some damp areas are 
determined to be wet. 

 

Figure 4-1. Total inflow between chainages 0–208 m together with areas (m2) in the 
upper Figure and the number (count) of mapped leakage types in the lower Figure. In 
addition, post-grouting and shotcreting dates/locations are presented. 
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4.1.2 Detailed description of leakages  

Based on the mapping results for autumn 2012, dripping leakages were observed at four 
locations (Table 4-1, see also Figure 4-2 and Figure 4-3) 

Table 4-1. Location and description of dripping leakages. 

Place Fracturing Explanation 

Ceiling of a niche at 
chainage 140 

Densely fractured main tunnel 
with several subhorizontal 
fractures, no fracture data from 
the niche 

Possibly a leaking bolt 
hole 

Ceiling at chainage 
170 

Normal fracturing Large tunnel-cutting 
fracture – dip towards 
south-east 

Ceiling at chainage 
180 

Normal fracturing Few rather large fractures 
– dip probably towards 
south-east 

Ceiling at chainage 
200 

Normal fracturing  

 

The size of the wet leakages is larger between TCs 80–120 than between TCs 0–80 
probably due to the lower grout take. Tunnel walls are completely wet at the section of 
160–210 and three of the total of four dripping leakages are also located there. The 
tunnel section of 180–214 m was not grouted, which may contribute to the existence of 
two dripping leakages at TCs 180 and 200 m.   

Zone BFZ100 intersects the tunnel at chainage 129 m. Unfortunately, there are no 
fracture data available from tunnel sections of 120–140 and 150–160 due to 
reinforcement (shotcreting) before mapping. Therefore no fracture traces exist in these 
sections in Figure 4-3. A wet area has been mapped on the left wall. 
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Figure 4-2. Leakages in autumn 2012 between chainages of 0–120 m together with 
traces of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-3. Leakages in autumn 2012 between chainages of 110–215 m together with 
traces of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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4.2 Chainage interval 208–580 

4.2.1 Changes in leakages 

The tunnel section of 208–580 m was excavated in January 2005–July 2005. The total 
inflow measurements of the tunnel section started in spring 2007. All shotcreting and 
post-grouting was performed before the first mapping of leakages with the exception of 
the tunnel section of 400–650, which was shotcreted after the first mapping at the turn 
of the years 2005/2006. The changes caused by this action between TCs 440–560 are 
illustrated in Figure 4-4. The number of dripping leakages is lower after shotcreting. 
Wet areas, on the other hand, are larger and the number is higher in January 2006, but 
again smaller in March 2006. 

A weak increasing trend in the total inflow is possible for the tunnel section of 208–580 
m (Figure 4-5). The inflow was ca. 7 l/min at the beginning and has during the recent 
years stabilised to a value of ca. 9 l/min. This increase can be seen as a weak increasing 
trend in the total area of wet leakages. The number of dripping leakages has also 
increased, although in 2006 and 2008, the number was exceptionally low. Damp 
leakages covered the whole tunnel surface in summer 2007 and in the last three 
mappings, which also causes the number (count) of damp leakages to drop. In summer 
2007, the condensation of warm air on the tunnel walls has most likely caused this 
phenomenon. In 2011 and 2012, mapping was carried out in the spring and in the 
autumn, when the probability of condensation is lower than in the summer. It is possible 
that rainy years (Vaittinen et al. 2013) have contributed to the extent of damp areas. It is 
also possible that the damp or dry state of the tunnel surface may be very sensitive to 
small changes in daily ventilation air conditions, which makes the interpretation of 
long-term changes challenging. The idea is rather to find slow processes behind the 
detected changes than to focus on the short-term fluctuation of the results. 
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Figure 4-4. Leakages before shotcreting in November 2005 (uppermost figure), after 
shotcreting in January 2006 (middle) and in March (lowest figure) between chainages 
of 440–560 m together with traces of fractures, rock bolts and grouting. 
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Figure 4-5. Total inflow between chainages 208–580 m together with areas (m2) and 
number (count) of the mapped leakage type. In addition, post-grouting and shotcreting 
dates/locations are presented. 

4.2.2 Detailed description of leakages  

The tunnel section of 208–580 includes weathered and highly fractured rock between 
TCs 273–307 which was shotcreted before the mapping of fractures making the fracture 
mapping incomplete (Figure 4-6). The post-grouted section is located between TCs 
283–286 but even so, several dripping leakages exist around this area. One rather large 
fracture has been mapped at this location. Several dripping leakages were observed in 
autumn 2012 between TCs 220–235 where fracturing is a bit more intensive than in the 
areas around it. 
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Figure 4-6. Leakages in autumn 2012 between chainages of 190–300 m together with 
traces of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 
Between TCs 300–450, the size of wet areas correlates rather well with the lack of pre-
grouting within the section of 425–445 m (Figure 4-7). On the other hand, a large wet 
area with some dripping leakages exists between TCs 310–360. Intensive fracturing 
seems to explain the observed pattern of leakages within this area. Several dripping 
leakages are located between TCs 394–403 which was completely shotcreted due to 
fracturing. Some tunnel-cutting large fractures also exist around TC 400. The tunnel 
section between TCs 390–400 was so highly fractured that mapping was not possible 
before shotcreting. 
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Figure 4-7. Leakages in autumn 2012 between TCs 280–450 m together with traces of 
fractures, drain pipes, shotcreting, rock bolts and grouting. 

The lack of fracture traces on the ceiling of TCs 450–510 indicates that rock conditions 
were poor within this section and the mapping was not carried out before the 
reinforcement of the rock (Figure 4-8). The area was almost completely shotcreted and 
the number of rock bolts is high. Leakages are, however, quite normal within this 
section which indicates that pre-grouting was successful. Dripping leakages exist at TC 
550 probably due to local intensive fracturing on the ceiling and a couple of large 
fractures. Post-grouting was performed at TC 460. However, one dripping and some wet 
leakages were observed in this area in autumn 2012. 

Zone BFZ100 intersects the tunnel at TCs 521.5–523. It is notable that no hydraulically 
conductive fractures were observed at this location during the geological mapping of 
fractures (Nordbäck et al. 2008). No dripping or wet leakages were observed at this 
location in autumn 2012 either. The zone intersects the tunnel deeper at several 
locations and leakages have been mapped at almost all intersections. 
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Figure 4-8. Leakages in autumn 2012 between TCs 430–560 m together with traces of 
fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

4.3 Chainage interval 580–1255 

4.3.1 Changes in leakages 

The tunnel section of 580–1255 m was excavated in July 2005–August 2006. The total 
inflow measurements of the tunnel section started in spring 2007. This tunnel section 
intersects the HZ19 zones. Inflow has been ca. 8 l/min on average and variation has 
mostly been +/- 1 l/min. 

A few flowing leakages were observed within this tunnel section in the summer and 
autumn of 2006 and 2007. The flowing leakages were located at TCs 600, 650, 780 and 
1180. Shotcreting (mostly ceiling) was performed for the three first TCs during the first 
half of 2006 i.e. before the mapping of flowing leakages. The shotcreting of the ceiling 
at chainage 1180 was performed mostly in autumn 2006 and may have influenced the 
disappearance of the flowing leakage in a rock bolt detected only in summer 2006. 
Flowing leakages were not observed anymore in 2008, which indicates that there are 
other processes than shotcreting which have influenced these changes. The decrease in 
the total area of dripping leakages between the mappings of summer and autumn 2006 
may also have been caused by post-grouting at chainage 1180 in autumn 2006 although 
the effect is very local. 

The tunnel surface was almost completely damp in 2007 and completely damp in the 
autumn of 2011 and 2012. The same phenomenon was observed within the 
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aforementioned tunnel section of 208–580 m and was caused in summer 2007 by the 
condensation of ventilation air on the tunnel surfaces and in 2011 and 2012 probably by 
the rainy years. A clear increase is also evident in the total area of wet leakages and in 
the number of dripping leakages. The strongest changes have occurred before year 
2010. 

 

Figure 4-9. Total inflow between chainages 580–1255 m together with areas (m2) and 
number (count) of the mapped leakage type. In addition, post-grouting and shotcreting 
dates/locations are presented. 
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4.3.2 Detailed description of leakages  

The number of post-groutings is high between TCs 556–618 probably due to the several 
dripping leakages observed still in the first mapping in November 2005 (Figure 4-10). 
The majority of post-grouting was in this area performed before the first mapping. The 
influence of these post-groutings on leakages is therefore unknown. The left wall was 
also shotcreted between TCs 560–590 (see Figure 4-11) at the beginning of 2006. Its 
influence on the mapped leakages is therefore probably greater than the effect of post-
grouting.  

One flowing and several large dripping areas were observed between TCs 630–650 in 
November 2005 (Figure 4-10) and January 2006 but not anymore in March 2006. The 
effect of post-grouting on the leakages between TCs 640–650, probably performed at 
the beginning of 2006, is most likely strong although the role of shotcreting can also be 
notable.  

Dripping and wet leakages around TCs 590–605 are explained by several tunnel-cutting 
large fractures. A large fracture at chainage 590 was observed as flowing during 
geological mapping in 2005 (Nordbäck et al. 2008). The orientation (dipdir/dip) of the 
fracture is 131/31. There is also an area with several dripping leakages between TCs 
640–650 which are explained by large fractures dipping towards south-east with a dip 
between 16 and 43. Post-grouting between TCs 556–650 has not removed all leakages. 
The number of rock bolts is high which may explain some of the dripping leakages. 

  



 29

 

Figure 4-10. Leakages in autumn 2005 between TCs 560–710 m together with traces of 
fractures, rock bolts and grouting. 

 

 

Figure 4-11. Leakages in autumn 2012 between TCs 560–710 m together with traces of 
fractures, shotcreting, rock bolts and grouting. 
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The tunnel section of 710–815 has been pre-grouted only around the chainage of 720 m 
where several tunnel-cutting large fractures have been observed (Figure 4-12). Some 
wet areas have been observed around these fractures in every mapping. The dripping 
leakage (autumn 2012) at TCs 775–779 was classified as flowing in autumn 2007. 
There are large fractures between TCs 780–815 which may explain the dripping and wet 
areas. 

There are dripping leakages and a wet area at TC 895 which is located close to zone 
BFZ100 (Figure 4-13). Intensive rock bolting has been performed at this zone. Right 
after this zone, the rock is strongly pre-grouted between TCs 910–960. Zone HZ19A is 
modelled to intersect the tunnel at TCs 932–974 (Figure 4-14). Drain pipes have been 
installed at TC 860 and between TCs 910–920 and TCs 930–970. Tunnel surfaces are 
mostly dry at TCs 910–920 and close to TC 970, probably due to the drain pipes. 
However, one dripping and one wet leakage is located close to TC 912 where a set of 
large fractures may explain these leakages. Dripping leakages occur also in the niche for 
shafts at TC 920 and on the right wall of the tunnel at TC 960. Large fractures have 
been mapped at both locations. 

 

 

Figure 4-12. Leakages in autumn 2012 between TCs 710–815 m together with traces of 
fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-13. Leakages in autumn 2012 between TCs 815–950 m together with traces of 
fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-14. Leakages in autumn 2012 between TCs 900–1010 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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A dry area has been mapped between TCs 980–1010 (Figure 4-15). Traces of fractures 
within this section are mostly short, which probably explains the phenomenon. Zone 
HZ19C intersects the tunnel at TCs 1045–1109 (Figure 4-15 and Figure 4-16). Dripping 
leakages within this zone are located at TCs 1085–1110 where large fractures in two 
directions intersect. Dripping leakages immediately after TC 1180 are located at and 
close to a set of large fractures. The area is post-grouted and a set of rock bolts has also 
been installed in this area (see Figure 4-16).  

Dripping leakages have not been observed at the last 60 m before measuring weir 
MPL1255 (Figure 4-17). The amount of wet areas is also minor. Both are most likely 
explained by the lack of large fractures. The intensity of short fractures is also minor. 

 

 

Figure 4-15. Leakages in autumn 2012 between TCs 960–1070 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-16. Leakages in autumn 2012 between TCs 1070–1185 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-17. Leakages in autumn 2012 between TCs 1190–1285 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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4.4 Chainage interval 1255–1970 

4.4.1 Changes in leakages 

The tunnel section of 1255–1970 m was excavated in August 2006–April 2007. The 
total inflow measurements of the tunnel section started in spring 2008. Post-grouting 
tests with silica sol were carried out at TC 1812 in June and September 2007. All 
shotcreting has been performed before the first mapping with the exception of TCs 
1770–2000. It is likely that the shotcreting performed in August 2007 together with the 
installation of drain pipes at TC 1830 has decreased the size of wet and dripping 
leakages locally at TCs 1820–1840 as can be seen in Figure 4-18 and Figure 4-19. The 
large damp areas observed in July 2007 have almost completely vanished in November 
2007. It is likely that large damp areas were caused in July 2007 by the condensation of 
warm ventilation air onto tunnel surfaces. The effect of post-grouting tests at TC 1812 
in June and September 2007 is minor although a small wet area was mapped on the right 
wall in November 2007 (Figure 4-19), but not in July 2007 (Figure 4-18). It is possible 
that this wet area was masked by the large damp area in July 2007. 

 

 

Figure 4-18. Leakages in July 2007 between TCs 1740–2000 m together with traces of 
fractures, drain pipes, shotcreting, rock bolts and grouting. The location of rock bolts is 
measured - the layout during mapping was an old plan. 
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Figure 4-19. Leakages in November 2007 between TCs 1740–2000 m together with 
traces of fractures, drain pipes, shotcreting, rock bolts and grouting. 

The inflow stabilised after the high values and strong fluctuation (caused by temporary 
leakages from shaft holes at the level of -180 m) in the first year to a value 0.5–1 l/min 
(Figure 4-20). A strong but temporary decrease in the total area of dripping leakages can 
also be seen after 2007. The total area of wet leakages increased after 2007. Changes in 
damp and dry areas are similar to those observed in other tunnel sections and are caused 
by the condensation of ventilation air on tunnel surfaces in 2007 and probably also in 
2011–2012. The rainy years 2011 and 2012 may also have caused such changes.  
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Figure 4-20. Total inflow between chainages 1255–1970 m together with areas (m2) 
and number (count) of the mapped leakage type. In addition, post-grouting and 
shotcreting dates/locations are presented. 
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4.4.2 Detailed description of leakages  

In 2012 mapping between TCs 1270–1382, six dripping leakage points were observed 
and all were located close to large fractures (with varying direction). Rock bolt(s) at TC 
1380 may also explain one dripping leakage. 

 

 

Figure 4-21. Leakages in autumn 2012 between TCs 1285–1425 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

A rather dry tunnel section was observed in autumn 2012 between TCs 1395–1495 
although several large fractures intersect this tunnel section (Figure 4-21 and Figure 4-
22). Large fractures are mostly sub-vertical, which may explain this phenomenon. 
Elsewhere dripping leakages seem to occur mostly at large sub-horizontal fractures as 
can be seen in Figure 4-22 at TC 1497 and 1520. 
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Figure 4-22. Leakages in autumn 2012 between TCs 1420–1530 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

Zone BFZ100 intersects the tunnel at TC 1590 (Figure 4-23). There is a ca. 10 m wide 
wet area including also dripping leakages which can be leaky holes of rock bolts 
installed with an intensive grid of 1.5 x 1.5 m. 

 

Figure 4-23. Leakages in autumn 2012 between TCs 1540–1640 m together with traces 
of fractures, drain pipes, shotcretings, rock bolts and groutings. 
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A damp but otherwise almost dry tunnel section has been mapped between TCs 1620–
1750 (Figure 4-23 and Figure 4-24), although there are also a couple of sub-horizontal 
large fractures. However, the orientation of these sub-horizontal fractures is not typical 
(dip towards south-east) for transmissive sub-horizontal fractures. In addition, this 
tunnel section is less fractured than on average in ONKALO. It is to be noted that the 
ceiling of the tunnel between TCs 1705–1755 was shotcreted before fracture mapping. 

 

Figure 4-24. Leakages in autumn 2012 between TCs 1655–1745 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

Zone BFZ100 intersects the tunnel between TCs 1820–1830 (Figure 4-27). Dripping 
and wet leakages have been observed and two of the dripping leakages are probably 
connected to leaky holes of rock bolts, which have been installed with an intensive grid 
at zone BFZ100. Drain pipes have also been installed in this zone. There is a set of large 
sub-vertical fractures also at TC 1875–1900, but the area is dry probably due to pre-
grouting. The dry area is large including TCs 1830–1965 (see Figure 4-27 and Figure 4-
28). Systematic fracture mapping of the ceiling was not performed due to shotcreting 
before mapping between TCs 1825–1840. 
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Figure 4-25. Leakages in autumn 2012 between TCs 1755–1890 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-26. Leakages in autumn 2012 between TCs 1755–1890 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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4.5 Chainage interval 1970–3003 

4.5.1 Changes in leakages 

The tunnel section of 1970–3003 m was excavated in April 2007–April 2008. The total 
inflow measurements of the tunnel section started in summer 2008. Post-grouting has 
not been performed within this tunnel section. Several large areas were shotcreted in 
2009 and also a short area in 2010. The decrease in the number of damp and wet areas 
seems to correlate with these shotcretings in 2009 and 2010, but the decrease in 2011 is 
stronger and probably not dependent on shotcretings. 

There has been a decreasing trend in the total inflow until the end of 2010 and thereafter 
an increasing trend in the first half of the year 2013 (Figure 4-27). Fluctuation was 
clearly higher in 2008–2009 than later. The decrease in the total inflow can only be seen 
in the decrease of the total area and number of damp leakages, which most likely do not 
explain the aforementioned changes in total leakage. A similar correlation can be seen 
between the increase in the total area and number of damp leakages and the total 
leakage in 2013. The number of dripping leakages increased between 2009 and 2011 
while total inflow decreased.  
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Figure 4-27. Total inflow between chainages 1970–3003 m together with areas (m2) 
and number (count) of the mapped leakage type. In addition, post-grouting and 
shotcreting dates/locations are presented. 

4.5.2 Detailed description of leakages  

Only one dripping leakage was observed in autumn 2012 between TCs 1970–2580 (see 
Figure 4-28–Figure 4-33). It is located at TC 2100 where a couple of rather large 
fractures exist and a set of rock bolts has been installed. The lack of dripping leakages 
and the rather low intensity of wet areas between TCs 1970–2580 correlate well with 
the low intensity of fractures. It is to be noted that systematic fracture mapping of the 
ceiling was not carried out between TCs 2285–2305, 2535–2575, 2650–2690, 2780–
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2830 and 2875–2895. A few wet areas are located mainly at large fractures. Intensive 
installation of rock bolts has not caused leakages e.g. at TCs 2450–2580 which indicates 
that the holes of the rock bolts are not leaking if sub-horizontal and transmissive 
fractures do not intersect the tunnel. 

Dripping fractures between TCs 2580–2625 are located in an area where the frequency 
of large fractures is higher than on average (Figure 4-33).  

 

 

Figure 4-28. Leakages in autumn 2012 between TCs 1980–2080 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-29. Leakages in autumn 2012 between TCs 2100–2190 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-30. Leakages in autumn 2012 between TCs 2200–2320 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-31. Leakages in autumn 2012 between TCs 2320–2420 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-32. Leakages in autumn 2012 between TCs 2440–2550 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-33. Leakages in autumn 2012 between TCs 2560–2680 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

Wet and dripping leakages between TCs 2720–2770 correlate well with the frequency 
of large fractures (Figure 4-34). A dry area between TCs 2770–2920 correlates well 
with the extremely low number of traces of fractures on the tunnel surfaces (Figure 4-
34–Figure 4-35). Only one dripping leakage was observed in autumn 2012 at TC 2875. 
The connection to fractures is unknown because fractures on the ceiling were not 
mapped at this location due to the early shotcreting. 

Zone BFZ100 intersects the tunnel at around TC 2935 (Figure 4-36). Several wet and 
dripping leakages have been observed in this area. After the installation of drain pipes 
between TCs 2930–2940 in December 2009 one dripping area disappeared and the wet 
area decreased on the right wall. Tunnel surfaces are almost dry between this zone and 
measuring weir MPL3003, which correlates well with the low fracturing. 
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Figure 4-34. Leakages in autumn 2012 between TCs 2680–2780 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-35. Leakages in autumn 2012 between TCs 2830–2930 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-36. Leakages in autumn 2012 between TCs 2920–3025 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

4.6 Chainage interval 3003–3125 

4.6.1 Changes in leakages 

The tunnel section of 3003–3125 m was excavated in April 2008–August 2008. The 
total inflow measurements of the tunnel section started in spring 2009. Post-grouting 
has not been performed within this tunnel section. Shotcreting occurred after the first 
mapping in shaft niches at chainage 3032 and after the second mapping at TCs 3116–
3240 (Figure 4-37).  

The total inflow has varied mostly between 3 and 5 l/min being ca. 5 l/min during 
2011–2012 (Figure 4-37). The fluctuation in 2011–2012 is caused by temporary inflows 
from grouting and control holes of shafts ONK-KU1 and ONK-KU3 at a level of -290 
m. No dripping leakages were observed in the first mapping in spring 2009, but after 
that, the number and total area first increased weakly and later decreased, and finally 
stabilised to one dripping leakage. 
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Figure 4-37. Total inflow between chainages 3003–3125 m together with areas (m2) 
and number (count) of the mapped leakage type. In addition, post-grouting and 
shotcreting dates/locations are presented. 

The possible effect of shotcreting performed in the niche at TC3020 in summer 2009 is 
illustrated in Figure 4-38. Damp leakages changed into wet leakages and their number 
increased after this shotcreting. Between autumn 2009 and spring 2010, changes were 
minor. 
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Figure 4-38. Leakages between TCs 3000–3120 m in spring 2009 before shotcreting 
(uppermost figure), in autumn 2009 after shotcretings in the niche at TC3020 (middle) 
and in spring 2010. In addition, traces of fractures, rock bolts and grouting are shown. 
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4.6.2 Detailed description of leakages  

Tunnel surfaces are rather dry between MPLs 3003–3125 (Figure 4-36 and Figure 4-40) 
but total inflow is in the order of 5 l/min (Figure 4-37). It is highly probable that the 
leaking fractures intersecting the floor of this tunnel section are hydraulically connected 
to zone HZ20A and the upper parts of the zone with highly transmissive fractures are 
located just a few metres below the floor of the tunnel and the sprinkler and shafts 
niches (Figure 4-39). One dripping leakage has been observed, together with several wet 
areas, at the sprinkler niche (TC 3020). Two large fractures dipping towards north-east 
coincide well with all these leakages. Several small wet areas have been observed also 
at shaft niches (ONK-KU1 and ONK-KU3 at TC 3032) where the occurrence of large 
sub-vertical fractures and a few sub-horizontal fractures is common. Both the sprinkler 
niche and the aforementioned shaft niches were pre-grouted. Successful grouting may 
explain the lack of dripping leakages at both niches. 

 

Figure 4-39. Highly transmissive (T > 1·10-6 m2/s) fractures of zone HZ20A in selected 
holes close to the shafts and sprinkler niches at level of -290 m. In addition, the location 
of measuring weir ONK-MPL3125 is shown. 
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Figure 4-40. Leakages in autumn 2012 between TCs 3000–3110 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

4.7 Chainage interval 3125–3356 

4.7.1 Changes in leakages 

The tunnel section of 3125–3356 m was excavated in August 2008–January 2009. The 
total inflow measurements of the tunnel section started in spring 2009. This tunnel 
section is intersected by major hydrogeological zones HZ20A and HZ20B. The total 
inflow has mostly varied between 5 and 6 l/min (Figure 4-41). The total area and 
number of damp leakages between TCs 3125–3356 started to decrease in 2008 and was 
zero at the end of year 2010, and has not been observed later. It is possible that the 
changes are caused by shotcreting carried out in summer 2009 and January 2010. 
Shotcreting may also have decreased the total area and number of dripping leakages in 
2009. An opposite change occurred in 2010 indicating that the changes are not caused 
by shotcreting (see more details in Chapter 4.7.2). The role of ventilation regarding the 
changes in damp leakages can also be significant. The number of wet areas has also 
increased along the time between TCs 3125–3356. Post-grouting was carried out before 
the first mapping campaign.  
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Figure 4-41. Total inflow between chainages 3125–3356 m together with areas (m2) 
and number (count) of the mapped leakage type. In addition, post-grouting and 
shotcreting dates/locations are presented. 

4.7.2 Detailed description of leakages  

Zone HZ20A has been modelled to intersect ONKALO between TCs 3157–3182, but 
hydraulic connections from HZ20A up to the chainage of ca. 3020 are highly probable.  
Zone HZ20B intersects ONKALO between TCs 3286–3325. Massive pre-grouting was 
performed at TCs 3115–3165 (Figure 4-42). In addition, post-grouting of leaking rock 
bolts was performed between TCs 3148–3182 and 3302–3335. Systematic rock bolting 
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was used in this area. However, several dripping leakages occur around chainages 3150 
and 3170. Large, tunnel-cutting fractures and the adjacent fracturing explain the wet and 
dripping areas within TCs 3115–3200. 

 

Figure 4-42. Leakages in autumn 2012 between TCs 3110–3240 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

Changes in leakages between spring 2009 (before shotcreting) and spring 2010 (after all 
shotcreting) are illustrated in Figure 4-43. The area between TCs 3148–3180 has not 
been shotcreted at all but even so, damp leakages had completely vanished in spring 
2010. In addition, some changes have been observed in the shape and pattern of 
dripping and wet leakages. These changes can also be caused by the fact that mapping is 
carried out visually and the leakage patterns may change slightly depending on the 
person performing the mapping. 

The effect of shotcreting on leakages is also difficult to describe. On average, damp 
leakages have gradually become smaller and less frequent, which can be caused by 
shotcreting. The location of wet leakages has changed, which can also be caused by 
shotcreting. The number of dripping leakages has also varied somewhat but the leakage 
e.g. at TC 3130 was largest in spring 2010 after completed shotcreting. 
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Figure 4-43. Leakages between TCs 3110–3240 m in spring 2009 before shotcreting 
(uppermost figure), in autumn 2009 after the first shotcreting (middle) and in spring 
2010 after completed (not between TCs 3148–3180) shotcreting. In addition, traces of 
fractures, rock bolts and grouting are shown. 
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Pre-grouting of zone HZ20B concentrated between TCs 3260–3310, but with a lower 
grout take also covered the area between TCs 3310–3340 (Figure 4-44). Five dripping 
leakages have still been observed and the number of wet leakages is high between TCs 
3270–3325. The occurrence of sub-horizontal and large fractures dipping towards 
south-east is the most probable explanation for the leakages. The orientation of fractures 
changes after the chainage of 3320. The number of leakages also clearly decreases at the 
same location. 

 

Figure 4-44. Leakages in autumn 2012 between TCs 3250–3380 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

Drain pipes were installed between TCs 3310–3330 in June 2009 between the first and 
the second mapping campaign. The effect of the installation of drain pipes and of 
shotcreting is illustrated in Figure 4-45. The uppermost figure in Figure 4-45 illustrates 
the situation before installation of drain pipes and shotcreting (with the exception of the 
reinforcement shotcreting of the ceiling). The figure in the middle illustrates the 
situation after installation of drain pipes and shotcreting (not the right wall) and the 
lowest figure the situation after completed shotcreting. The number of dripping leakages 
decreased significantly after installation of drain pipes and shotcreting (without the right 
wall) in summer 2009. The pattern of wet leakages changed on the right wall from a 
solid area into scattered and smaller areas after the shotcreting of the right wall in 
January 2010. Several local changes, which cannot be linked to drain pipes or 
shotcreting occurred between the mappings shown in Figure 4-45. 
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Figure 4-45. Leakages between TCs 3250–3380 m in spring 2009 before shotcreting 
and installation of drain pipes (uppermost figure), in autumn 2009 (middle) after 
shotcreting (without the right wall) and installation of drain pipes and in spring 2010 
after completed shotcreting. In addition, traces of fractures, rock bolts and grouting are 
shown. 
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4.8 Chainage interval 3356–3941 

4.8.1 Changes in leakages 

The tunnel section of 3356–3941 m was excavated in January 2009–November 2009. 
The total inflow measurements of the tunnel section started in autumn 2009. Post-
grouting has not been performed in this tunnel section. Shotcreting has been performed 
several times between the mappings in 2010 and 2011. An increase has occurred in the 
number and a weak increase also in the total area of wet and dripping leakages during 
these shotcreting operations, which indicates that shotcreting may spread the pattern of 
leaking areas.  

Total inflow has mostly been between 0–1 l/min (Figure 4-46). The higher inflows 
measured in 2010 are probably erroneous due to presumed leakages at the previous 
weir. It is possible that all leakages do not flow via measuring weir MPL3941, because 
zone BFZ130b, which is located just below the tunnel close to chainage 3860, is in 
hydraulic connection with the tunnel. Inflow has been measured from open drillhole 
ONK-PVA10 drilled through the zone but it has been only 45–50 ml/min until October 
2012. Inflow from the hole was stopped on 1.11.2012 by closing the valve of the 
packer. These actions can be seen in the pressure head observations in packed-off 
drillhole OL-KR3, but not in the total leakage at MPL 3941. Several dripping and wet 
areas have been observed at TCs 3530–3585 and 3835–3870. Zone HZ056 (and 
BFZ084) intersects this tunnel section (between TCs 3540–3585). 
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Figure 4-46. Leakage between chainages of 3356–3941 m together with areas (m2) and 
number (count) of the mapped leakage type. In addition, post-grouting and shotcreting 
dates/locations are presented. 

4.8.2 Detailed description of leakages  

The area between MPLs 3356–3941 is dry with two exceptions: TCs 3530–3585 and 
3830–3870 (Figure 4-47–Figure 4-50). Dripping and wet leakages are common in both 
areas. Zone BFZ084 intersects ONKALO at 3540–3541 where a narrow zone with an 
orientation of 182/50 has been mapped. Zone HZ056 is modelled to intersect ONKALO 
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at the same location (TCs 3570–3580). Several dripping leakages close to a large 
fracture with an orientation of 108/25 (Joutsen 2012) fit well with the average 
orientation of the zone. Dripping leakages at TC 3860 are close to a large fracture and 
zone BFZ130b (Figure 4-50). 

Wet areas close to measuring weir MPL3941 are not connected to large fractures (see 
Figure 4-50). A set of transmissive fractures has been detected at this location at the 
start of drillhole ONK-PH11. The most transmissive two fractures are sub-vertical in 
east–west direction. These fractures are probably in hydraulic connection with zone 
BFZ130b, which may explain the observed leakages. Both fractures intersect pilot hole 
ONK-PH11 and probably also the tunnel close to the measuring weir of MPL3941 (see 
Figure 4-51). Leakages along these fractures may explain several low values of total 
inflow observed at the weir (see Figure 4-46). Pressure head data from packed-off 
drillhole OL-KR3 indicate that the leakage has been rather stable in the order of 0.3–0.4 
l/min (Karvonen 2013). 

 

 

Figure 4-47. Leakages in autumn 2012 between TCs 3390–3530 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-48. Leakages in autumn 2012 between TCs 3530–3670 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-49. Leakages in autumn 2012 between TCs 3670–3810 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-50. Leakages in autumn 2012 between TCs 3800–3990 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-51. Illustration of the most transmissive fractures intersecting pilot hole ONK-
PH11 close to the measuring weir of MPL3941 (brown parallelogram). In addition, wet 
and dripping leakages and large fractures are shown. 
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4.9 Chainage interval 3941–4580 

4.9.1 Changes in leakages 

The tunnel section of 3941–4580 m was excavated in November 2009–January 2011. 
The total inflow measurements of the tunnel section started in summer 2011. Post-
grouting has not been performed in this tunnel section. Shotcreting has been performed 
mostly before the first mapping in summer 2011. 

Total inflow has mostly varied between 0–1 l/min (Figure 4-52). The variation is most 
likely caused by different leakages from zones BFZ084 and BFZ045, which intersect 
the ONKALO access tunnel at chainages 4276 and 4377 as well as in the demonstration 
tunnels. Grouting in demonstration tunnel 2 has decreased the total leakage in 2011 and 
at the turn of the years 2011/2012, but the variation has continued in 2012 being ca. 0.5 
l/min on average (see Figure 4-52). The total area and number of dripping leakages has 
increased during the three campaigns. Variation has been strong in damp leakages, 
probably due to different ventilation conditions. 
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Figure 4-52. Total inflow between chainages 3941–4580 m together with areas (m2) 
and number (count) of the mapped leakage type. In addition, post-grouting and 
shotcreting dates/locations are presented. 

4.9.2 Detailed description of leakages  

The tunnel section of MPL3941–4580 is mostly dry (Figure 4-50 and Figure 4-53–
Figure 4-57). Dripping and wet leakages between TCs 3980–4015 are probably caused 
by large fractures intersecting ONKALO at TCs 4010 and 4020 (at the ceiling) and sub-
vertical fractures detected in ONK-PH11 (TCs 3985–4000). The large fractures are 
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dipping towards north-west and several sub-vertical fractures are in south–north 
direction. The section of 3985–4010 has been pre-grouted.  

A few wet leakages have been observed at the intersection of zone BFZ084 at TC 4275 
(Figure 4-55). Large sub-horizontal fractures with varying orientation intersect 
ONKALO at this location.  

Two dripping leakages are located at TC 4335 (Figure 4-55). Two large sub-vertical and 
two sub-horizontal fractures intersect each other close to these leakages. 

Zone BFZ045 intersects ONKALO at TC 4385 and zone HZ056 between TCs 4360–
4390 (Figure 4-56). Several dripping and wet leakages have been observed around this 
area. Large fractures are mostly sub-vertical and in south-north direction. The tunnel 
section has been pre-grouted and drain pipes have been installed at the zone. Zones 
BFZ084 and BFZ045 intersect also demonstration tunnel 1 where several dripping and 
wet areas have been observed. 

 

Figure 4-53. Leakages in autumn 2012 between TCs 3990–4100 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-54. Leakages in autumn 2012 between TCs 4100–4240 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 

 

Figure 4-55. Leakages in autumn 2012 between TCs 4240–4380 m together with traces 
of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-56. Leakages in autumn 2012 in the Demo-tunnels area (two different scales) 
together with traces of fractures, drain pipes, shotcreting, rock bolts and grouting. 
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Figure 4-57. Leakages in autumn 2012 between TCs 4460–4680 m and in technical 
rooms together with traces of fractures, drain pipes, shotcreting, rock bolts and 
grouting. 

 
4.10 Access tunnel and technical facilities after MPL4580 

The tunnels and technical facilities after MPL4580 were excavated in January 2011–
spring 2012. Post-grouting has not been performed in this area. Shotcreting has been 
performed in several phases in January 2011–autumn 2012. Drain pipes were installed 
at TC 4860 in October 2012. 

There are a few wet and dripping leakages in the tunnel section after the measuring weir 
of MPL4580 and in technical facilities at the bottom of ONKALO (Figure 4-57 and 
Figure 4-58).     

Zone BFZ300 intersects the technical rooms at several locations and a few dripping and 
wet leakages have been observed at three intersections (Figure 4-59). Two ONKALO 
intersections are dry. 
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Figure 4-58. Leakages in autumn 2012 between TCs 4680–4980 m together with traces 
of fractures, drain pipes, shotcreting and grouting. 

 
Figure 4-59. Leakages in autumn 2012 in technical facilities together with zone 
BFZ300 (green). 
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4.11 The role of precipitation and ventilation in leakage changes 

Daily precipitation is shown, together with inflow, for years 2007–2012 in Figure 4-60, 
Figure 4-61 and Figure 4-62. The correlation between precipitation and short-term 
fluctuation of total inflow into ONKALO and inflow between measuring weirs (MPL) 
was found to be poor. The effect of short-term precipitation on the areas and number of 
leakages could not be studied due to the low number of mappings in a year. Indications 
were found of a correlation between ventilation and leakage mapping results as 
discussed in the previous Chapters. In addition, based on Figure 4-60, Figure 4-61 and 
Figure 4-62, indications of an increase in total inflow during summertime were found 
i.e. the condensation of warm ventilation air seems to increase inflow in the order of 
0.5–1 litres/min in several tunnel sections, which means a few litres/min for the total 
inflow as can be clearly seen for 2010 in Figure 4-61. 

There does not seem to be any systematic relation between the fluctuation of total 
inflow and the measurement weir specific inflow amount i.e. the highest total inflows 
cannot be seen as the highest at all weirs (see Figure 4-60, Figure 4-61 and Figure 4-62). 
This indicates that there are several independent factors behind the observed changes, 
such as uneven condensation of the ventilation air, temporary leakages from shaft holes 
etc. 
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Figure 4-60. Precipitation and leakages in 2007 and 2008. 
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Figure 4-61. Precipitation and leakages in 2009 and 2010. 
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Figure 4-62. Precipitation and leakages in 2011 and 2012. 
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5 UNCERTAINTIES 

One of the objectives of this report was to study the correlation between leakages and 
fractures i.e. which fractures are leaking. Accurate integration of a specific leakage area 
and a fracture behind the leakage in question requires accurate observations of the 
locations of both objects. Large fractures and rock bolts have been measured with the 
accurate theodolite-tacheometric survey method, but the mapping of leakages has been 
performed as a visual survey. It is assumed that the accuracy of this visual survey is in 
the order of 2–3 metres based on a few examples between the mapping campaigns of 
different years as illustrated in Figure 5-1 for dripping areas in autumn 2010 and autumn 
2011. It is therefore not possible to bind an individual leakage to an individual fracture. 
It is possible that the location of a leakage may change several metres, but it is 
impossible to know if this is a true phenomenon or if it is due to the inaccuracy of visual 
mapping. It is recommended that in the future maps with fracture traces be utilised to 
improve the accuracy of the location and correlation of leakages.  

 

 
Figure 5-1. Dripping leakages between TCs 220–240 and 330–380 in autumn 2010 
(dark red) and in autumn 2011 (light red) together with traces of fractures. 
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It is difficult to estimate the accuracy of the determination of the total area and number 
of leakage areas. It is evident that the area of individual leakages is an artefact due to the 
spreading of leakage downwards along the tunnel wall. However, it is likely that this 
artefact does not prevent a study of the time behaviour of changes in the areas and 
number of observed leakages. 

The determination of a leakage type can be rather subjective although very detailed 
working instructions have been compiled and a new surveyor always carries out the first 
mapping with an experienced colleague.   

A 3d-point of a fracture trace is converted into a plane by extending its offset 
(perpendicular distance) from the centre-line (tunnel path line) on the ceiling of the 
tunnel. Extension is based on a height difference between the ceiling centre point and 
the 3d-point in question. The accuracy is poor at tunnel curves due to the stepwise 
tunnel path line and also in niches due to the ambiguous tunnel path lines used for the 
conversion. 
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6 CONCLUSIONS 

In this study, the development of the total area and number of different leakages as well 
as the correlation of changes with total inflow, shotcreting and grouting were studied. In 
addition, traces of fractures on tunnel surfaces, and the location of rock bolts and drain 
pipes were illustrated together with leakage mappings.  

Major changes were detected in the total area of damp leakages. It is likely that this 
increase has been caused by the condensation of warm ventilation air on the tunnel 
surfaces and the corresponding decrease by the evaporation of moisture into the dry 
ventilation air. Shotcreting deeper in ONKALO may also have decreased the total area 
of damp leakages. Changes in the total area and number of damp and wet leakages 
correlate, at least near surface (down to MPL1970), with differences in yearly 
precipitation. The increase in total inflow at MPL208 in 2012 can be caused by the rainy 
years of 2011 and 2012. It is possible that strong rain has also caused a temporary 
increase in wet leakages, but due to the small number of mappings (once or twice a 
year) these possible temporary changes cannot be identified with observations. 
However, changes in total and weir-specific inflows have been rather minor, with the 
exception of inflows caused by temporary open drillholes (grouting etc.), indicating that 
the role of precipitation and ventilation in the changes of inflow is minor. 
 
Only a small number of post-grouting and shotcreting operations and installation of 
drain pipes were performed between leakage mappings. The interpretation of the effects 
of these actions is therefore difficult and their role cannot be distinguished. 
Nevertheless, it seems evident that these actions have decreased at least the number and 
area of flowing and dripping leakages. 

Dripping and wet leakages have on average been observed more frequently at locations 
where large sub-horizontal fractures intersect the tunnel. Dripping and wet areas are 
also more common in areas where fracture traces on tunnel surfaces are more frequent 
than on average.   
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