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CONTROL OF WATER INFLOW AND USE OF CEMENT IN ONKALO AFTER 
PENETRATION OF FRACTURE ZONE R19 

ABSTRACT

The construction of ONKALO, the underground rock characterisation facility at 
Olkiluoto, started in summer 2004. The potential disturbances due to construction of 
ONKALO, which were assessed prior to construction, have been reassessed in this 
report. The reassessment is based on observations and experiences from construction 
work, in situ and surface based monitoring, and numerical flow modelling. The 
implications of the construction of ONKALO and the repository on hydrogeochemical 
disturbances and the technical development of grouts are considered. Based on the new 
assessment, the recommendations of the practises to be adapted after the penetration of 
RH19B at the depth between 70 and 170 m are presented.  

The identified disturbances due to the construction of ONKALO were the drawdown of 
the groundwater table, and intrusion of surface water and upconing of deep saline 
groundwater. The intrusion of surface water would lead to reduced pH and redox 
buffering capacity of the rock. The latter would lead to locally high salinity levels that 
may negatively impact the performance of the buffer bentonite and backfill. If the rock 
were sealed with ordinary cementitious grout, the formation of a high-pH plume 
originating from cement would affect transport processes in the geosphere and the 
performance of the Engineered Barrier System, especially of the bentonite buffer around 
the canisters. 

This report comprises the observations for the first 670 m of access tunnel (reached in 
September 2005). The measured water inflow (1.7 l/min/100 m of tunnel) has remained 
well within the set target (1 – 2 l/min/100 m of tunnel). Grouting has been used as a 
measure to minimize water inflow. So far, the use of cement has been about the same as 
the amount estimated prior to construction. 

No significant changes in hydrogeochemistry have been observed, except for the high-
pH plume due to the effect of cement in the monitoring of some of the boreholes. The 
numerical flow model used to analyse the impact of several grouting alternatives is 
based on two different geometries and transmissivity values for certain geohydrological 
features (flow model 2005 and flow model 2005 alt). The results showed that 
independent of the hydrogeological model used, the water inflow rate to ONKALO 
would be far too high if no grouting were used.

The performance of the currently used ordinary cementitious grout and of the proposed 
new grouting materials (low-pH cementitious grouts and colloidal silica) has been 
evaluated. It is recommended that the use of the current grouts be continued while 
grouts based on low-pH cements and non-cementitious materials are being developed 
and tested. Clear acceptance criteria and peer review of new materials performance need 
to be adopted before adopting new materials. 

Keywords: ONKALO, disturbances, inflow, drawdown, upconing, cement, grout, low-
pH cement, colloidal silica, stray material





VUOTOVEDEN HALLINTA JA SEMENTIN KÄYTTÖ 
RIKKONAISUUSVYÖHYKKEEN R19 LÄVISTÄMISEN JÄLKEEN 

TIIVISTELMÄ

ONKALOn rakentaminen käynnistyi kesällä 2004. ONKALOn rakentamisesta ja 
käytöstä aiheutuvien häiriöiden arviointi tehtiin ensimmäisen kerran vuonna 2003.  
Tässä raportissa esitetyissä selvityksissä ONKALOn aiheuttamia häiriöitä arvioidaan 
uudelleen kallioperän yläosasta saatujen kokemusten, in-situ ja maanpinnalta  tehdyn 
seurannan, numeerisen virtausmallinnuksen sekä vaihtoehtoisten injektointimateriaalien 
kehitystyön perusteella. Uudelleenarvioinnin pohjalta on annettu suositus RH19B:n 
jälkeen käytettävästä tiivistysstrategiasta ja - menetelmistä. 

Rakentamisesta aiheutuvia häiriöitä voivat olla mm.  pohjaveden pinnan alenema ja 
pintaveden tunkeutuminen tiloihin sekä suolaisen pohjaveden nousu. Pintaveden 
tunkeutuminen kuluttaa kallioperän pH- ja redox-puskurikapasiteettia. Suolaisen 
pohjaveden nousu voisi johtaa paikallisesti korkeisiin suolapitoisuuksiin, joilla voi olla 
negatiivinen vaikutus puskuribentoniittiin tai tunnelitäytteeseen. Sementistä liukenevista 
alkalihydroksideista aiheutuva korkean pH:n pluumi voi vaikuttaa kallioperän 
kulkeutumisprosesseihin sekä päästöesteiden toimintaan, erityisesti kanisteria 
ympäröivän bentoniitin toimintaan. 

Tähän raporttiin on koottu havainnot ensimmäisten 670 m tunneliosuuden 
rakentamisesta (syyskuun 2005 tilanne). Vuotoveden määrä (1,7 l/min/100 m 
tunneliosuus) on ollut asetettujen tavoitteiden (1-2 l/min/100 m tunneliosuus) rajoissa. 
Tavoitteeseen on päästy tiivistämällä kallion yläosaa. Käytetyn sementin määrä on ollut 
samaa suuruusluokkaa kuin ennakkoon arvioitu kulutus. 

Mitään merkittävää muutosta hydrogeokemiassa ei ole havaittu lukuun ottamatta 
mitattuja korkeita pH arvoja muutamissa sementin monitorointirei´issä. Numeerisen 
virtausmallinnuksen avulla on tarkasteltu eri tiivistämisstrategioiden vaikutusta. 
Mallinnus perustuu kahteen erilaiseen geometriaan ja geohydrologisten rakenteiden 
transmissiviteettiarvoihin (flow model 2005 ja flow model 2005 alt). Tulosten mukaan 
hydrogeologisesta mallista riippumatta ONKALOn vuotovesimäärä  tulisi olemaan 
aivan liian korkea, jos merkittävät vettäjohtavat rakenteet jätettäisiin injektoimatta. 

Käytössä olevaa injektointisementtiä ja uusia injektointiaineita (matalan pH:n sementti 
ja kolloidinen silika) on arvioitu. Nykyisin käytössä olevaa sementtiä suositellaan 
käytettäväksi toistaiseksi. Rinnalla on kehitettävä ja testattava uusia matalan pH:n 
injektointiaineita. Ennen uusien materiaalien käyttöönottoa materiaaleille on asetettava  
selkeät hyväksymiskriteerit ja niille on tehtävä ulkopuolinen asiantuntija-arvio. 

Avainsanat: ONKALO, häiriöt, vuotovesi, pohjaveden pinnan alenema, suolaisen 
pohjaveden nousu, sementti, injektointiaineet, matalan pH:n injektointiaine, kolloidinen 
silika, vieraat materiaalit 
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1 INTRODUCTION  

The suitability of Olkiluoto for the location of a spent fuel repository has been 
investigated over a period of fifteen years by means of ground and airborne methods 
and from shallow and deep (300 - 1000 metres) boreholes. The construction of 
ONKALO, the underground rock characterisation facility at Olkiluoto, started in 
summer 2004. The first estimate on the potential disturbance due to the construction of 
ONKALO was assessed in Vieno et al. (2003). The first version of an integrated 
description of the Olkiluoto site (Olkiluoto Site description 2004  (Posiva 2005)) 
covered also a prediction concerning the first stage of the ONKALO tunnel, covering 
both what is to be expected in the tunnel itself (geological predictions for the first 150 m 
of the tunnel) and the hydrogeological and hydrogeochemical impacts of its 
construction (for the uppermost 100 m depth of the bedrock). The next site report is 
scheduled for 2006. The first geological model of ONKALO was compiled in late 2005, 
and the geological model Olkiluoto site will be published in early 2006. These will also 
be updated on a regular basis; the next update for ONKALO area is scheduled for 2006 
and for the geological model of Olkiluoto site in 2007-2008. 

The identified disturbances due to the construction of ONKALO are the following: 

- In case of no sealing of rock: drawdown of groundwater table, and intrusion of 
surface waters leading to reduced buffering capacity of rock (pH, redox), and 
upconing of deep saline groundwater, which may lead to locally high salinity levels 
that may be harmful for the buffer bentonite and backfill.  

- In case of sealing of rock by cementitious materials: formation of a high pH plume 
originating from cement, and its effect on the transport processes in the geosphere 
and the performance of the EBS. 

The major part of the inflow to ONKALO is expected from the subhorizontal fracture 
zones RH19A and RH19B (bedrock model 2003/1 in Vaittinen et al. 2003) at the depths 
between 70-170 metres, and RH20A and RH20B between 290-330 metres. 

Vieno et al. (2003) recommended measures to mitigate the disturbances, such as to 
avoid the use of ordinary cement in the deeper part of the rock, below the subhorizontal 
zone RH20B, by (i) removing concrete structures before sealing of the repository, (ii) 
using grouts only at locations were they best reduce leakages and, (iii) developing and 
using low-alkaline (low-pH) grouts. 

A balance needs to be found between the disturbances caused by leakages and those 
caused by the measures used to limit them. In the early phase of the construction in the 
upper part of the bedrock, emphasis has been put on limiting the inflows to as low as 
possible.

The fracture zones RH19A and RH19B were penetrated at the end of 2005. At that time, 
also almost 1.5 years of experience in the construction of ONKALO with respect to 
water inflow estimates, control of water inflow and development work on the alternative 
low-pH grout have been gained. These experiences form a good basis for the review of 
the practises to be used after the penetration of RH19B. This study presents the 
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experiences gained in the construction of ONKALO for the excavation of the first 
670 m of the access tunnel. 

The aim of this study is the updating of the estimates on the geohydrological and 
geochemical disturbances based on the new site data and the results from monitoring. 
Recommendations and justifications for the practises to be adapted after penetration of 
RH19B from the long-term safety point of view are also made.  

Chapter 2 gives an overview of the ONKALO. Chapter 3 presents the knowledge and 
experience gained from the construction of ONKALO. Chapter 4 presents an updated 
evaluation of the previous assessment of disturbance caused by construction of 
ONKALO by Vieno et al. 2003, including an updated geohydrological model for the 
ONKALO area, estimates on hydrogeological and geochemical disturbances, and 
estimates on the effect of cement on buffer and backfill. Long-term safety aspects of 
alternatives for controlling water inflow and use of cement are presented in Chapter 5. 
Finally, recommendations and summary of justifications is presented in Chapter 6. 
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2 ONKALO  

The underground parts of ONKALO consist of a system of exploratory tunnels accessed 
by a tunnel and one or alternatively two shafts (Figure 2-1). The decision on, at least 
two shafts, was taken by the end of 2005. The need of a second shaft is due to safety 
requirements during construction and operational phase. The tunnel and shaft/s are 
connected to each other at several levels to facilitate ventilation and provide evacuation 
routes. There would be no connection between shafts due to fire safety. The main 
characterisation level is located at the depth of 420 metres and the lower 
characterisation level at the depth of 520 metres. Demonstrations and tests related to 
repository technology will be mainly carried out on the main level.  

The construction of ONKALO started in June 2004. Excavations of the access tunnel 
started at the end of September 2004. The construction and installations are to be 
completed by the end of 2010. The total underground volume of ONKALO is approx. 
330 000 m3 with the combined length of tunnels and shafts of approx. 8500 metres 
(Posiva 2003a, 2003b). The access tunnel from the surface to the depth of 520 metres 
consists of approx. of 5500 metres of tunnelling with an inclination of 1:10. The tunnel 
is being excavated using a drilling and blasting method. The shaft/s will be excavated in 
several stages to their final depth of 520 metres. The shaft/s will be drilled first with a 
raise boring technique and will be slashed to final dimensions by the drill and blast 
method. In the case of two shafts, both of them will be equipped with a cage for 
personnel/freight transport. Besides the characterisation levels, the access tunnel and 
shaft/s will be connected at the depths of approx. 90, 180 and 290 metres. 

Figure 2-1. Alternative ONKALO layout with two shafts. Shaft 1 is the one already 

planned and presented in Vieno et al. (2003). Shaft 2 is the new one planned due to 

operational safety issues during construction. 
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3 KNOWLEDGE AND EXPERIENCE GAINED FROM THE CONSTRUCTION 
OF ONKALO

3.1 Observations on bedrock fracturing, hydraulically transmissive 
fracture zones, and leakage water inflow during the construction of 
ONKALO

Pilot and probe holes are drilled to investigate the rock properties prior to excavation of 
the tunnel. Hydraulic conductivity measurements are carried out in the holes. The 
results are used, in addition to overall characterization, for grouting design. Figure 3-1 
shows the distribution of the hydraulic conductivities observed in the pilot holes 
(OL-PH1, ONK-PH2 and ONK-PH3; Rouhiainen et al. (2005), Öhberg et al. (2005, 
2006)). For comparison, Figure 3-1 also shows the conductivities in the other surface-
based drill holes (OL-KR1, OL-KR2, OL-KR4, OL-KR7-10, OL-KR12-18, OL-KR20, 
OL-KR22-32) in the same depth range (0 – 50 m bsl; Sievänen et al. (2006a)). These 
measurements have been done using the Posiva Flow Log –tool (difference flow 
logging method). Figure 3-2 gives an overview of the first 570 m of the access tunnel 
and presents the observations of hydraulically conductive fractures observed in the three 
pilot holes classified according to their transmissivity (T). The results of flow logging in 
probe holes are shown in Figure 3-3. Applying flow-logging technique in probe holes 
has not been straightforward and problems related to getting the probe in the holes and 
leaking packers have been encountered. Still, flow logging provides more detailed 
information on the distribution of flow, and even on single fracture transmissivities, 
along the probe holes than traditional water injection tests (Lugeon test), which are 
carried out systematically.  

Observations of inflows into ONKALO after grouting 

The target for the inflowing water is  140 l/min for the ONKALO as a whole, which 
means an average of  1-2 l/min/100 m tunnel. If inflow exceeds this limit, more effort 
is to be put on sealing actions. The limit 280 l/min is considered to be such that the 
suitability of the Olkiluoto site has to be assessed again. This limit is a steady-state 
value expected to be reached during the operational phase of the repository.

The sealing result of the bedrock is verified and monitored as follows: 

1. Measurement of the leakage water inflow 
2. Mapping of water leakages at tunnel surfaces 
3. Monitoring the groundwater head in drill holes 
4. Using quality control holes after grouting  
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Figure 3-1. Distribution of hydraulic conductivity (K2m) in the pilot holes OL-PH1, ONK-PH2, 

ONK-PH3 and other surface-based drill holes (depth range 0 – 50 m bsl) in the area. In pilot 

holes the test section (packer interval) has been 0.5 m and in the other drill holes either 0.5 m 

or 2 m and measurement interval 10 cm.

Figure 3-2. Observation of hydraulically conductive fractures in pilot holes (OL-PH1, 

ONK-PH2 and ONK-PH3) and their transmissivity (T, m2/s) over the tunnel layout. The part of 

pilot holes where flow measurements were not carried out is shown in black. PL in the figure 

corresponds to TC=Tunnel chainage (m). 
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Figure 3-3. Transmissivity of fractures (T (m
2
/s)) in probe holes as a function of tunnel 

chainage (m). Some probe holes corresponding to chainages shown in dark grey are 

known to be tight; flow is observed in some probe holes (along the light blue sections), 

but the exact location of the flow is not known. The sections not measured by flow 

logging are shown in light grey.

Data of the observed leakage water inflow was gathered in February 2006 as the first 
measurement weir had been constructed and the excavation was paused. This 
measurement can be considered quite undisturbed since no construction water and no 
uncertainties related to the sensitive measuring equipment interfered. The measurement 
weir is at the tunnel chainage (TC) 580 m. In the four measurements, the total leakage 
water inflow to the first 580 m of tunnel varied between 9.85-10.19 l/min, being 
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10.0 l/min on average. This is 1.7 l/min/100 m of tunnel, which is within the target 
inflow (1-2 l/min/100 m). 

Figure 3-4 shows the observations of water leakages and moisture on the tunnel 
surfaces. The observed water leakages after tunnel grouting (Figure 3-4) were mapped 
on 5 September 2005 to TC 660 m and again between TC (m) 340-700 on 21 September 
2005. The observations were classified into five groups: 1 dry, 2 damp, 3 wet, 
4 dripping and 5 flowing. Mostly ONKALO is dry or damp but some wet and dripping 
surfaces were also found. In some places the difference between damp and wet was hard 
to determine. Some of the damp areas are related to precipitation on the ground as after 
rainy periods there are more damp surfaces in ONKALO than during dry periods. Most 
of the dripping leakages are concentrated to the areas around rock boltholes, but 
dripping fractures are also found.

The water inflow into ONKALO had been calculated in several contexts before the 
construction of ONKALO started (Sievänen 2003, Riekkola et al. 2003, and Vieno et 
al. 2003). Those calculations were made based on the earlier bedrock model of 
Vaittinen et al. (2001) and on an earlier ONKALO layout (Saanio et al. 2004).

The observed inflow between TC (m) 0-580 can be compared with the inflow estimates 
presented for the upper part of the access tunnel (TC (m) 0-1000) by Riekkola et al. 
(2003) and Sievänen (2003) assuming grouting and a few intersections with highly 
conductive water structures. The estimates are presented in Table 3-1. The measured 
inflow is in accordance with the case that assumes a good grouting result (Sievänen 
2003). In all other cases, the assumptions for grouting result were presumably poorer 
than those achieved in ONKALO. 

One way to get feedback from the success of the grouting is to monitor the groundwater 
head. Posiva monitors the groundwater head in several deep and shallow monitoring 
holes at the Olkiluoto Island and in reference holes far away from the Olkiluoto Island 
and ONKALO (See Chapter 4). Observations in the ONKALO area are compared to the 
reference lines, and the reasons for all deviations are studied. Tunnelling activities, such 
as drilling of grouting holes, grouting, penetrating significant fracture zones etc. are 
often seen in groundwater heads as temporary peaks or e.g. ascending or descending 
trends.

In the beginning of the tunnelling (the first 120 m), four quality control holes (15 m 
length) were drilled after grouting of each fan and checked by water loss measurement 
(WLM) to verify the results of the grouting. In the first two fans when the tunnel was 
near the ground surface, the measured water losses referred to K values < 10-8 m/s. 
After that the control holes showed typically WLM values of 0, which refers to 
sufficient grouting result, except for a couple of individual quality control holes where 
the K values were approximately 10-8 to 10-7 m/s.  

Because the grouting seemed to be successful and the construction was delayed, the 
systematic quality control holes were given up after TC 117 m. After this, it was 
decided to verify the result of grouting with quality control holes only in cases where 
the rock quality is poor and when grouting tests are carried out. 
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Figure 3-4. The observations of inflowing water and moisture in the ONKALO access 
tunnel between tunnel chainage 0-680 m.

Table 3-1. Comparison between predicted and measured water inflows. 

Prediction of inflow for chainage 0-580 m, after grouting Measured inflow between 
chainage 0-580 m, after 
grouting

 Sievänen 2003: Riekkola et al. 2003:   

Inflow from 
structures

no specified locations in 
access tunnel 

0.6 l/min Not specified 

Inflow from 
other areas 

with poor grouting 6-10 
l/min/100 m

~ 35-60 l/min 

with moderate grouting 
4-6 l/min/100 m

~ 23-35 l/min 

with good grouting 
1-2 l/min/100 m

~ 6-12 l/min 

4-6 l/min/100 m 
(assuming a moderate 
grouting result)

~23-35 l/min 

Measured 1.7 l/min/100 m 

TOTAL ~6-60 l/min, depending 
on assumed case 

~25-40 l/min, depending 
on assumed case 

10 l/min (TC 580 m) 
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3.2 Pre-grouting performed, used grout mixes and observations

Three boreholes (OL-PH1, ONK-PH2, ONK-PH3) were core-drilled before excavating 
the respective access tunnel sections at TC intervals (m) 0-130, 135-257 and 700-840 
(see Figure 3-2). They gave important information for grouting design purposes. The 
final decisions of grouting have been based on four probe holes that are drilled 
systematically every 3rd to 4th excavation round. Probe holes have been studied for 
water losses (Lugeon-test) and out flowing water. The hydraulically conductive 
fractures have also been characterised with Posiva Flow Log tool with varying success 
due to the difficulties in getting the probe into the holes. Recently the results of flow-
loggings have been promising. 

The first 670 m of ONKALO access tunnel have mainly been grouted. Only a few 
tunnel sections have not been grouted. Figure 3-5 shows where grouting has been 
carried out; the colour denotes the cement-take (cement kg/borehole-m) in each 
grouting fan. Figure 3-6 presents in detail the grout-take (as volume/borehole-m) and 
cement-take (as weight/borehole-m). Note that the compositions of grout mixes have 
varied. This means that the curve of the grout-take (as volume/borehole-m) is not 
similar to the curve of cement-take (as weight/borehole-m). The amount of additives 
used (superplasticizers (SPL) and microsilicaslurry) is relatively small and thus they are 
not presented separately in Figure 3-6. In this Figure, it can be seen that the grout-take 
diminished remarkably after TC  ~ 550 m, and in some groutings the amount of grout 
pumped into the bedrock was very low. The most probable reason for this is the 
relatively small apertures of hydraulically conductive fractures, e.g. in pilot hole ONK-
PH3 (TC ~ 700-840 m) the apertures of hydraulically conductive fractures were all 
< 100 µm. See also Figure 3-1, which shows that the hydraulic conductivity in ONK-
PH3 is notably less than in the other two pilot holes and in the depth range 0- -50 m bsl

in general. 

The amount of grouting holes in grouting fans and the length of the holes has varied 
(see Table 3-2). The intention was first to ensure tightness and then, based on the 
experiences, optimise the grouting drilling pattern. The acceptability of sealing result is 
seen as an adequate low water inflow and a small impact on groundwater table. Besides 
the basic drilling patterns there have been several other drilling patterns for different 
parts of tunnel (e.g. connection to the shaft at -11 m level and recesses). Figure 3-7 
presents a basic fan with 22 grouting holes. 

Table 3-2. Variations in the number of grouting holes

Tunnel position
(Chainage interval) m 

Distances between grouting 
holes in basic drilling 
patterns (m)1

Number of grouting 
holes in basic drilling 

patterns
0 - 100 1.5 34 

100 - 155 2 27 
155 - 670 2.5 22 

1 Distance measured between the end points of the grouting holes. 
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Figure 3-5. Grouting carried out in the ONKALO access tunnel up to TC of about 

690 m and cement-take. The colours denote the cement-take in each fan: in the 

colourless areas grouting was not performed, yellow = areas with cement-take 

< 10 kg/borehole-m, orange = areas with cement-take of 10 – 20 kg/borehole-m and 

blue = areas with high cement-take of > 20 kg/borehole-m.

There are numerous alternatives for grout mixes in tunnelling. Grout mixes can be 
divided into cementitious grouts and chemical grouts. The first group includes cements 
with various grain size distributions (construction cements, grouting cements, 
microcements etc.) and with varying amounts of clinker-type and other additives (e.g. 
Portland cements, Portland-blended cements, blast furnace slag cements, pozzolanic 
cements and blended cements) (Finnish Standard Association 2000). The so-called 
chemical grouts include a wide range of chemically different grouts. These can be 
divided into gels (silicates, acryl amids, acrylates, lignosulphonates) and into resins 
(aminoplasts, fenoplasts, epoxy and polyurethane) (Axelsson & Nilsson 2002, 
Andersson & Sellner 2000, Andersson 1998).

Most of the chemical grouts were out of consideration because organic materials should 
be avoided in the construction of ONKALO, and thus only cementitious grouts and 
silicates were left. Sodium silicate (water glass) is not chemically stable, and it is 
suitable only when short-term water tightness is required. Colloidal silica is promising, 
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but the experience of it is very limited. Thereby, cementitious grouts were considered to 
be suitable as the main grout material.  

The target for water inflow is tight, which means that fractures with small aperture have 
to get sealed. This requirement limited the suitable cements to the group of 
microcements, of which d95-grain size is less than 20 µm. Also sulphate resistant 
cements were preferred, which left only a couple of commercial products. Ultrafin16 is 
generally considered to have good penetration ability, and it was thus selected for use in 
ONKALO.

Several grout mix compositions (recipes) have been used. The binder material has been 
microfine sulphate resistant Portland cement, Ultrafin 16. Water to cement ratio has 
typically varied between 0.8-1.2. Naphthalene sulphonate based and melamine 
sulphonate based SPLs have been used. Stabilised microsilicaslurry GroutAid (later 
microsilicaslurry, including 50 wt.% microsilica and 50 wt.% water) has been used as 
an admixture in cement grouts occasionally. In the beginning of the tunnel the closing 
pressure in grouting was 1.5-2 MPa, and it has been raised gradually up to 4-5 MPa as 
the tunnel has been excavated deeper.

The amount of cement, SPL and microsilicaslurry used in the first 670 m of the access 
tunnel (upper part of one shaft included) and in the open cut area are presented in 
Table 3-3. Naturally, some of these materials are transported out of the tunnel after 
excavation. It was estimated that 80% of these used materials in the access tunnel 
remain in the fractured bedrock and 20% is removed when transporting the blasted rock 
out from the tunnel. This estimation is based on the ratio of the cross-section of the 
tunnel (radius about 2.5 m) and on the estimated cross-section of the grouted zone 
(thickness about 3 m around the tunnel). The proportion remaining in bedrock depends 
on the total grout-take. The less grout is used, the more of it is removed during 
excavation. This estimation is valid only for the examined part of the tunnel. In the open 
cut area, it was estimated that about 70% of the grout materials were excavated away 
and the rest 30% remains in the bedrock. This estimation is based on the drilling pattern 
and excavated volumes.

The total grout-take and amounts of grout components are shown in Table 3-3. Between 
TC (m) 0-670 about 330 m3 of a total grout-take of 440 m3 is estimated to remain in the 
rock. Out of the total of 370 tons of cement used, about 270 tons is estimated to remain 
in the rock. About 2.2 tons out of a total of 3 tons of different types of SPLs used, 
remain in the rock. Out of the total of 23 tons of microsilicaslurry used, about 18 tons 
remain in the rock. Microsilicaslurry includes 50 wt.% of water, which means that out 
of a total of 11 tons of microsilica used, approx. 9 tons remain in the rock. 
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Figure 3-6. Grouted volume (l/borehole-m) and cement-take (kg/borehole-m) in 

ONKALO access tunnel, TC (m) 0-650. Dashed line shows the volume of one metre of a 

grouting hole.

a) b)

Figure 3-7. a) Drilling pattern with 22 grouting holes, b) 3D-illustration of basic fan 

with 22 grouting holes. 

ONKALO. Summary of grouting, chainage 0-670.
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Table 3-3. Grout volume and grout components consumed in pre-grouting in the access 
tunnel TC 0-670 (m), in the upper part of shaft and in the open cut area: the amount of 

materials used and the estimation of the amount of those materials remaining in the 

rock after excavation. 

TOTAL
USED

Superplasticizers (SPL)* 
(dry weight, kg) 

Total
grout-
take
(m3)

Cement
(1000 kg) 

1.
Naphthalene 
sulphonate
(NS) based 
SPL

Melamine
sulphonate
(MS) based 
SPL

2.
Naphthalene 
sulphonate
(NS) based 
SPL

Microsilica
(out of 
slurry) 
(kg)

Access
tunnel + 
shaft 385 310 1395 1120 160 11400
Open cut 55 60 315 40
Total 440 370 1710 1160 160 11400
REMAINING IN THE ROCK (estimated) 
Access
tunnel + 
shaft 310 250 1125 880 120 9100
Open cut 17 18 90 20
Total 330 270 1215 920 120 9100
* The dry weight percentage of SPLs used is according to the manufacturer, 45% for the NS based SPL 1 
and 40% for the MS based and the NS based SPL 2. These maximum values have been used, although the 
water content of the products according to the safety data sheets can vary from 60 to 100%.  

The volume of one grouting hole has varied between about 50-60 l depending on the 
length of the grouting hole (diameter 54 mm, length 22-26 m). The sum of the length of 
the grouting holes in the access tunnel is ~24 km, equivalent to a total volume of about 
55 m3. In the open cut area the sum of the length of the grouting holes was about 13 km, 
that is 30 m3 in volume. Based on similar assumptions it has been estimated that the 
remaining length of grouting holes in the surroundings of the access tunnel would be 
about 19 km, that is 44 m3. In the open cut area 4 km length would remain equivalent to 
9 m3.

If small variations in grout recipes and variations in grout-take are not taken into 
account, the estimation of the remaining amount of cement in the bedrock of ONKALO 
access tunnel is the following: 

About 265 m3 of grout ~ 210 tons of cement in fractures and fracture zones 
About 45 m3 of grout ~ 40 tons of cement in grouting holes 

And in the open cut area respectively: 
About 8 m3 of grout ~ 9 tons of cement in fractures and fracture zones 
About 9 m3 of grout ~ 9 tons of cement in grouting holes 

The target of the thickness of the grouted zone around the tunnel is about 3-5 m. 
However, the flow of the grout in the rock is not a totally controllable event. In two 
cases right in the beginning of the access tunnel, when the tunnel length was < 10 m, a 
small amount (some tens of litres) of grout penetrated to the ground surface. In a few 
cases the grout penetrated into nearby investigation holes, located at a distance of some 
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tens of metres away from the tunnel. At the same time, there are occasional leaking rock 
boltholes, which mean that the thickness of the grouted zones is locally < 3m. 

Before construction it was estimated that pre-grouting would be needed all over the 
upper parts of the bedrock (0 – 100 m bsl) (Sievänen 2003 and Riekkola et al. 2003; see 
also earlier bedrock model (Vaittinen et al. 2003) and ONKALO layout (Saanio et al. 
2004)). Except for a few tunnel sections left ungrouted, the prediction was quite 
accurate between TC (m) 0-650, as thereafter the need for grouting has been slightly 
smaller than expected. 

The quick-prediction made during the construction based on the pilot holes OL-PH1 and 
ONK-PH2 also gave accurate and useful information for the grouting design. Also, 
whenever succeeded, the flow-log method has given very useful information on the 
fractures that need grouting. It is planned that the main characterisation method for 
grouting design in the future is this flow-log method. 

Different opinions about the grouting pressure have been expressed. In ONKALO, the 
used pressures are in accordance with professional literature (e.g. Hytti 1981). 
Basically, this is a question of grouting strategy: Using low pressures, grout spread and 
grout-take can be better controlled. But in order to get fractures with small apertures 
sealed mainly with cement-based grouts, high pressures can cause small deformation of 
fractures and enable grout to penetrate into fractures. However, then grout spread will 
not be so controlled and the grout-take would presumably be more or less higher. 

The grouting results have been acceptable between TC (m) 0-550. After that, the 
leaking fractures seem to be tighter and grouting has been more difficult. ONK-PH3 
showed that at the depths of about -70 m bsl hydraulically conductive fractures seem to 
have a hydraulic aperture of < 100 µm and of those, fracture apertures of over 30-50 µm 
have to get sealed in order to reach the target inflow. Fractures with hydraulic apertures 
less than 50 µm are difficult to get sealed by any cementitious grouts. The SPL used 
also influences the rheological properties of the grout. Only a few SPLs are so far 
accepted for use in ONKALO. The acceptance is based on the first estimate on their 
potential harmful effects on long-term safety of a repository (see Chapter 5.2). These 
SPLs might not be technically the best possible ones. 

The target for the transmissivity of the fractures and fracture zones intersected by 
ONKALO after grouting is about T=10-7 and T= 10-8 m2/s. These would set the water 
inflow to the target limit of 1-2 l/min/100 tunnel-m.  
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3.3 Post-grouting 

Post-grouting has been carried out in a few places, usually due to unsatisfactory 
grouting result (leaking fractures). One post-grouting case was the grouting of the floor 
in the place of the water inflow-measuring weir. 

One leaking fracture /zone was post-grouted four times between TC 556-618 m (2.4 m3

of grout, i.e. 1.7 tons of cement). The reason for several post-groutings was the typical 
problem: leakage only moved to another place. Between TC 644-653 m the same 
problem arose again: a leaking zone in the ceiling parallel to the tunnel was post-
grouted two times (290 l = 210 kg cement), because the zone started to leak again later 
after the first post-grouting. At the TC 455-463 m, one leaking zone was post-grouted 
once (140 l = 70 kg of cement). One leaking rock bolthole at TC 80 m was post-grouted 
(26 l of grout, i.e. 20 kg of cement).  

Total grout-take in post grouting is 2.9 m3 and 2 tons of cement, i.e. < 1% of all the 
grout used in pre-grouting.

3.4 Other use of cement and stray materials 

In addition to the main use of cement for grouting, cement has also been used as rock 
bolt mortar and shotcreting. For rock bolting, altogether 7 tons of cement has been used 
so far. Shotcreting of the tunnel roof and/or walls has been performed for different 
tunnel sections (TC intervals (m) 0-150, 257-307, 392-400, and 448-481). In total, about 
85 tons of cement have been used for shotcreting. The shotcrete contained about 1.5 
tons of SPL (dry weight) and 4 tons of accelerators. 

For excavation of the tunnel, different types of blasting agents have been used, such as 
dynamite and annite, which contain both organic and inorganic nitrogen compounds 
potentially harmful for the long-term safety. It is expected that most of the blasting 
agents are decomposed and transported away with the excavated rock. Until the end of 
September (TC 764 m) altogether 103 tonnes of blasting agents were used in ONKALO. 
In addition, small amounts of marking paint have been used. The amount of oil due to 
contamination from the equipment or transport vehicles is expected to be very low 
according to the control measures taken. 

Except for the use of SPL as cement admixtures, altogether 3 tons for injection (of 
which it is estimated that 0.8 tons are removed), and 1.5 tons for shotcreting, the amount 
of organics used in ONKALO has been very low. Only for marking purposes, some 
paint has been used, in total 300 l. 
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3.5 Observations from monitoring of groundwater chemistry  

Sampling points 

Monitoring of groundwater chemistry from ONKALO has been so far based on the 
observations from 1) pilot holes (ONK-PH2 and ONK-PH3), 2) the four boreholes 
drilled for monitoring of the influence of cement on the groundwater (ONK-KR1, -
KR4), 3) the groundwater station (ONK-PVA1), and 4) waters leaking from fractures 
(ONK-RV1- ONK-RV10). Sampling has been performed in 2004 and 2005 from the 
locations shown in Figure 3-8.

The groundwater samples from ONK-PH2 and ONK-PH3 have been taken from the 
bottom part of the pilot boreholes drilled along tunnel profile before excavation 
(ONK-PH2 in 2004, at TC (m) 240-263, and ONK-PH3 in 2005, at TC (m) 801-840). 
The samples have been analysed for major components and isotopes.  

Figure 3-8. Locations of different hydrochemical samplings in ONKALO tunnel along 

TC 0-570 m. In addition, samples have been taken from pilot holes ONK-PH2 at TC (m) 

240-263, and ONK-PH3 a TC (m) 801-840 prior to excavation.  
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The boreholes for monitoring the influence of cement were drilled in August 2005. The 
monitoring boreholes (76 mm diameter) represent grouted areas of different ages, 
different grout takes and different cement mixes (Table 3-4). However, grout 
observations as fracture infillings in drill cores are limited to boreholes ONK-KR3 and -
KR4. Kaolinite, calcite and sulphides are the most common fracture infilling minerals in 
all of these boreholes and also in ONK-PVA1, though in –KR2 calcite is observed only 
once. Chlorite observations are also rather common.    

The daily monitoring of the boreholes for water inflow rate, pH, temperature and 
electrical conductivity (EC) started within a few days after drilling. Complete chemical 
analyses of the waters were done at four occasions during August-December 2005 for 
boreholes ONK-KR1 and -KR4. The latter had a high content of remaining flushing 
water during the first weeks, which has clearly influenced the field values, including the 
pH of the water. Unfortunately, boreholes ONK-KR2 and -KR3 were dry at the second 
sampling campaign. ONK-KR2 was dry during 30 August to 12 September, and ONK-
KR3 was dry during the first two weeks of September. The groundwater samples from 
ONK-KR2 and -KR3 were successfully collected again in the two subsequent sampling 
campaigns in November and December. The flow rates have varied along the 
monitoring phase, especially in the boreholes ONK-KR2 and -KR3, which have been 
dry during several periods, but also in ONK-KR1. Variations in flow rates have also 
been observed for ONK-PVA1. The evaluation of how the different operations 
performed in ONKALO during the construction work or of how some operations in the 
nearby boreholes might have affected the results has to be done yet. In the beginning, 
the flow rates (Fig. 3-9a) in boreholes ONK-PVA1 and -KR1 were relevant for the total 
inflow to ONKALO. The flow rates were regulated to a lower level in boreholes ONK-
KR1, -KR3 and -PVA1 at the end of August whereas –KR2 and –KR4 were dry at that 
moment. The samplings represent high flow and regulated flow stages for boreholes 
ONK-KR1, -KR3 and –PVA1, whereas the boreholes ONK-KR2 and -KR4 with 
initially low flow rates were not regulated. Based on the flow-log observations and 
fracture mapping, the boreholes were packed off in September-October and dummies 
were installed in the sections to reduce volume and to get the most representative water 
volume.  The first sampling was performed with no regulations of flow, the second 
sampling in September with regulation of flow for ONK-KR1, -KR3 and -PVA1, and 
the third and fourth samplings with both regulated flow and dummies installed. 

The first groundwater station ONK-PVA1 (length 26.30 m) in “native ungrouted rock”
at TC (m) 200 was also drilled in August, and is included in the same monitoring and 
sampling programme as the cement monitoring boreholes. So far, four samplings have 
been performed from ONK-PVA1 in August-December, 2005. 

Fracture leakages (point leakages) remaining after grouting in ONKALO along the 
access tunnel have been sampled (ONK-RV1 to ONK-RV10) and the main chemical 
parameters and also indicators such as nitrogen, organics, alkalis, etc., analysed to 
consider the effects of the eventual remaining stray materials. 
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Table 3-4. Boreholes for monitoring of cement. 

TC (m) Date of grouting*/ 
Cement and SPL used 
in grout mix 

Cement-take 
(kg)**/
grouting hole-m 

Cement-
take (tons) 
**/ fan 

Monitoring
borehole
length (m) 

ONK-KR1 110 23.11.04/ 
UF16+SetControl II 

9.7 6.7 12.4 

ONK-KR2 375 11. -18.4.05/ 
UF16+SP40

19.7 or 16.2 13.1 or 9.2 15.5 

ONK-KR3 515 6. -7.6.05/ 
Low-pH cement 
UF16+GroutAid+

Mighty 150 

7.7 5.3 10.7 

ONK-KR4 540 13. -21.6.05/ 
UF-16+GroutAid+SP40

10.1 or 2.3 6.4 or 2.3 11.7 

*If a date is given as a range of about one week, the effects of grouting can possibly originate from two 
different grouting fans and it is not possible to determine which one. 
** If the grout can originate from two alternative grouting fans, both grout takes are presented 

Observations

The most distinct signature of interaction between water and cement is high pH, which, 
in principle, can even reach the value of 13. A clear indication of the effect of cement 
on groundwater was observed in the cement monitoring boreholes very soon after 
starting the monitoring (Figure 3-9b). High pH was observed from the boreholes ONK-
KR3 and ONK-KR4, which represent the most recently grouted rock, already from the 
first measurements from ONK-KR3 and, within a few days, also from ONK-KR4 after 
flushing out the drilling water. The former monitoring point, which represents the 
grouting environment of low-pH cement, shows more significant decrease than the later 
with normal cement grouting. The decrease in pH cannot be explained by variable flow 
conditions; hence it should be caused by the availability of hydroxide sources (Ca(OH)2,
etc.). Cement was observed in the drill cores of these boreholes but not in other 
monitoring boreholes with lower pH, though slightly elevated pH values were also 
observed in ONK-KR2. The flow is also smaller in the boreholes with high monitored 
pH than in the other (Figure 3-9a and b), suggesting possible dilution effect in the other 
monitoring boreholes. Also, the longer time, which elapsed since grouting for ONK-
KR1 and ONK-KR2 means also a longer time for dilution of eventual “cement”-
contaminated waters. A large amount of cement is present in the surroundings of these 
two monitoring boreholes although not seen clearly in the pH values (Figure 3-9b). The 
interpretation is also complicated by the temporal variation in the flow rates. Though, 
boreholes ONK-KR1 and ONK-PVA1 show values suggesting no cement influence 
typical to groundwaters in shallow bedrock (i.e. HCO3-rich groundwater type, e.g. 
Pitkänen et al. 2004) at Olkiluoto. 

In the monitoring boreholes, EC values are relatively stable (Figure 3-9c). The 
boreholes ONK-KR1, ONK-PVA1 and ONK-KR2 show relatively stable EC values 
similar to pH, though in the latter borehole, EC has varied largely in recent 
measurements. The decrease of EC in the boreholes ONK-KR3 and –KR4 in the early 
monitoring period may partly result from decreasing pH. If pH decreases from 12 to 11, 
the concentration of OH- -ions changes from 10 mmol/l to 1 mmol/l, which corresponds 
to a decrease of 300 mg/l as Ca(OH)2 (note: 1000 S/cm  600 mg/l in TDS). A similar 
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mass decrease in solute is reached, if pH drops from 12.2 to 11.8. At the end of the 
monitoring period, the EC values increase with the depth of the monitored boreholes, 
except in ONK-KR3, which may also reflect direct connection to the surface. 

Figure 3-9. Temporal variation of a) flow rate, b) pH and c) EC since the start of 

grouting in monitored boreholes at ONKALO. Days refer to time after grouting of each 

borehole. Groundwater samples with complete chemical analyses have been taken in 
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Figure 3-10. a) TDS, b) Cl, c) DIC and d) SO4 contents in groundwater samples from 

ONKALO along chainage, TC (m). 

Groundwater samples taken from ONKALO represent mainly HCO3-rich fresh or 
brackish groundwater type (Figure 3-10), occurring generally at shallow depths at 
Olkiluoto. Samples from ONK-KR3 and –KR4 show very low DIC value. Two samples 
(ONK-PH2 and ONK-RV2 from TC 290 m) are SO4-rich brackish groundwaters though 
their cation composition deviates from the typical SO4-rich groundwaters at the site. 
The samples are from a strongly, hydrothermally altered tunnel section where 
extraordinary cation exchange conditions are probable. Forward from the TC (m) 200, 
Cl seems to be the dominant anion in groundwaters. 

Figures 3-11a and 3-11b show the results of pH, major ions, silica, NH4 and DOC of the 
groundwater samples against their Cl content. The temporal dependence between the 
results in sampling points and sampling campaigns can be deduced with the help of 
Figures 3-11b(k) and 3-11b(l). Two fracture water samples (ONK-RV6 and ONK-RV7 
at TC (m) 338 and 462, respectively) clearly show elevated pH values, reflecting the 
influence of cement. Comparison of the high pH samples (ONK-KR3 and_-KR4) to 
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other samples shows that interaction with cement seems to decrease Mg, DIC and silica 
contents in general and increase K, NH4 and Ca, particularly in the case of ordinary 
cement (ONK-KR4). This phenomenon also seems to decrease with lower/decreasing 
pH; however at pH 10, DIC and Mg anomalies are still clearly observable. Precipitation 
of carbonates may cause the decrease of Mg and DIC. Calcium may precipitate as well, 
but the huge source of Ca in cement may mask it. Potassium (K) may partly be 
generated from cement but as well as NH4 it may be released by cation exchange due to 
changes in cation ratios during groundwater-cement interaction. Elevated NH4 values
may also be the result of some contamination due to blasting of the tunnel. Silica may 
be precipitated in cement grout. Sodium and sulphate contents are higher than the 
average in high pH samples, although the data cannot reveal whether this is caused by 
cement or not. It is also important to notice that one fracture sample with low salinity 
and normal pH (from TC 260 m) has very high SO4 content. DIC is high with lower Cl 
contents and seems not to depend on cement interaction. Dissolved organic content 
(DOC) does not deviate from the usually found DOC in the shallow bedrock at 
Olkiluoto. Thus, the influence of the eventual contamination due to organics introduced 
during construction, such as any cement admixtures, cannot be estimated based on the 
results available so far. These will be addressed in more detail within the initiated SKB-
NUMO-Posiva project on the evaluation of the effect of SPLs on the long-term safety. 
The plan includes sampling and analysing SPLs from the cement monitoring boreholes 
in ONKALO. 

The first observations based on ONK-KR3 and –KR4 suggest that, as would be 
expected, pH decreases more efficiently in low pH grout environment than in the case 
with ordinary cementitious grout. However, the whole hydrochemical data from 
ONKALO from grouted bedrock sections seem to present divergent chemical 
evolutionary paths, partly showing the influence of cement and partly normal 
hydrogeochemical evolution. The main reasons for this may be variable flow paths 
(passing or in contact with cement) and the time frame for cement-water interaction. 
Buffering processes, such as the alteration of silicates or the neutralising of carbonic 
acid in groundwater, may also influence the chemical results. These issues are also the 
main uncertainties to make the interpretations difficult. Besides the continued 
monitoring of the hydrochemical influences caused by cement and their recovery, in the 
future it would be important to study mineralogical changes in rock and fracture 
surfaces to get information on the potential buffering processes against high pH plumes 
in bedrock (see Section 4.4). 
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Figure 3-11a. Chloride plots of a) pH, b) Ca, c) Mg, d) Na, e) K and f) NH4 from 

ONKALO groundwater samples. The line shown represents seawater dilution.
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Figure 3-11b. Chloride plots of g) SO4, h) DIC, i) silica and j) DOC results, and k) pH 

results and l) Cl contents from the four sampling campaigns from ONKALO 

groundwater samples. The line shown represents seawater dilution.  The figures k and l 

are to make the temporal dependence between the chloride plots and sampling 

campaigns more approachable. 
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4 UPDATED EVALUATION OF DISTURBANCES CAUSED BY THE 
CONSTRUCTION OF ONKALO

4.1 Updated bedrock data  

The compilation of a geological model of the ONKALO volume as well as an Olkiluoto 
site scale model is going on. Compared to the bedrock model 2003/1 (Vaittinen et al. 
2003), new data is available from several new boreholes, investigation trenches and 
ONKALO, but also from the revised structural mapping of the old drill cores. The 
strategy of geological modelling has also been revised and the principles have been 
presented in Posiva (2003a) and Milnes (2006). The geological model consists of the 
following:

Lithological model describing the rock types  
Alteration model 
Ductile deformation model 
Brittle deformation zone model. 

As this study focuses on the estimation of inflows to the tunnel and the flow modelling 
in general, the brittle deformation zone model is of most interest. The geological 
modelling is done mainly connecting the observed deformation zone intersections in 
boreholes based on the observed fault orientation and the geological characteristics. 
Geophysical data (mainly results from mise-à-la-masse and VSP measurements) has 
been used in the site scale model (GeoMTF 2006) to support the modelled connections 
and extension of the zones.

Neither the new geological model of the ONKALO area (Paananen et al. 2006) nor the 
model of the site (GeoMTF 2006) was available to be used in this work. A brief, 
preliminary comparison of the available brittle fault model has been made with the 
hydraulic features presented in Section 4.2 (see also Appendix 1 for the deformation 
zones intersecting ONKALO). In a few cases, the modelled hydrological features and 
the modelled faults overlap, although they might have different orientation. There are 
also cases where the faults are located at extension of the hydrological features. 

4.2 Updated geohydrological model for the ONKALO area 

4.2.1 Hydrological and hydrogeological monitoring data 

Extensive hydrological and hydrogeological monitoring has been carried out over 
several years at Olkiluoto (Ahokas & Herva 1993, Hänninen 1996, Lehtimäki 2001, 
Voipio et al. 2003 and Ahokas et al. 2005). Recently, most effort has been put on the 
surface-based monitoring of the effect of the ONKALO construction on the 
groundwater flow system (Ahokas et al. 2005). The programme includes monitoring the 
inflows of groundwater into ONKALO, the changes induced in groundwater table and 
hydraulic head, the evolution of the hydraulic network (i.e. changes in hydraulic 
conductivity) and the changes in groundwater flow rates and directions, both on the 
surface and in ONKALO. 
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The level of groundwater table has been monitored in nearly 60 points mainly 
consisting of shallow boreholes and uppermost levels of multi-level piezometers. 
Boreholes PP1, PP9, PP10 and packed-off sections (L4 and L8) in borehole OL-KR3 
are located so far from ONKALO or are assumed to be so far outside the possible radius 
of hydrological influence of ONKALO that they are used as reference boreholes to 
monitor the natural fluctuation of the groundwater table to be used to analyze real 
effects of ONKALO on hydrological circumstances. In addition, monitoring results of 
Kuuminainen groundwater station at Pori (Finnish Environment Institute 2004, 2005) 
have been used as reference data. So far, the effect of the construction of ONKALO on 
the groundwater table has been very small (Ahokas et al. 2005). According to the latest 
observations in August-September 2005, only a fall of a few decimetres in the 
groundwater table has occurred in a few observation points (EP2 and L13). It is 
questionable whether the observation refers to drawdown caused by the construction of 
ONKALO or to other activities going on at the site that can similarly affect water levels.  

Hydraulic head measurements have been carried out in packed-off boreholes using an 
automatic measuring system (Groundwater Monitoring System, GWMS) at intervals of 
one hour, but also once a week or a month manually. The number of packed-off 
boreholes has varied, depending on the needs of other measurement campaigns. At the 
end of August 2005 twelve packed-off KR-boreholes were monitored. Additionally, 
seven permanent multi-level piezometers (EP holes) have been observed since the 
beginning of 1990. 

The head in packed-off boreholes has been very sensitive to activities like drilling of 
grouting boreholes in ONKALO. The penetration of some hydraulically conductive 
zones by ONKALO has been seen as a strong, several metres short-term pressure 
drawdowns in several packed-off boreholes. For example, Figure 4-1 shows the results 
of monitoring of heads in the packed-off borehole KR23 during 2005. Clear drawdowns 
caused by drilling of grouting boreholes and recovery after grouting can be seen e.g. at 
TCs (m) 274, 307, 371, 388, 466, 520 and 560. Other similar effects can also be seen 
but are not analysed in detail as they are partly masked by other activities, like pumping 
in adjacent boreholes. 
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4.2.2 Models of geohydrological structures 

Two updates of the geohydrological features of the bedrock model in Vaittinen et al. 
(2003) have been carried out during summer and autumn 2005. The first update was 
made in connection with the update of the leakage water inflow estimate (Sievänen et 
al. 2006a). Within the present study, an alternative description of the location of 
significant geohydrological structures has been compiled based on the integration of 
geophysical mise-à-la-masse anomalies and hydrological data. These are summarised in 
this section. 

Revised bedrock model 2003/1

The bedrock model 2003/1 (Vaittinen et al. 2003) was revised for the estimation of 
water leakages (Sievänen et al. 2006a). The geohydrological structure intersections with 
boreholes were assessed based on data from new boreholes (extension of borehole OL-
KR23, boreholes OL-KR24 – OL-KR32) and long-term pumping test made in borehole 
OL-KR24 (Rouhiainen & Pöllänen 2005, Vaittinen & Ahokas 2005). To treat the huge 
amount of hydrogeological data and then to calculate the inflows, the bedrock was 
divided into the following three classes: 

1. Sparsely fractured rock (occasionally leaking fractures, no large structures) 
2. Major RH structures 
3. Local structures 

Sparsely fractured rock and classification of structures were defined in a similar way as 
in Vaittinen et al. (2003). Major RH structures include all hydraulically conductive 
structures for which continuity between different boreholes, their dimensions and 
orientations have been established. Local structures are other structures observed in 
single boreholes. Their continuity and dimensions are not known. 

Structures RH19A, RH19B (depth interval 70 – 170 m), RH20A, and RH20B (depth 
interval 290 – 330 m) were changed and the new geohydrological structures 
KR24_1RH, KR24_2H, and KR24_3H were modelled based on the hydraulic responses 
observed during the long-term pumping test in borehole OL-KR24. Also, an additional 
feature named RH20B_ALT below structures RH20A and RH20B, partly overlapping 
RH20B was modelled. Structure RH24 was not reassessed and structure R56 (and 
R56_ALT) remained unchanged. Figure 4-2 shows the visualization of the 
geohydrological structures based on the bedrock model in Vaittinen et al. (2003) and 
Figure 4-3 shows the visualization of the geohydrological structures after the new 
assessment. Some of the local structures are hydraulically highly conductive and their 
role may be important for the calculation of leakages into the tunnels. Figure 4-4 shows 
the location of all local structures found in boreholes around ONKALO. 
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Figure 4-2. Geohydrological structures intersecting ONKALO based on the bedrock 

model 2003/1 in Vaittinen et al. (2003). 

Figure 4-3. Geohydrological structures intersecting ONKALO based on the revision of 

the bedrock model 2003/1.



32

Figure 4-4. Local structures observed in boreholes close to ONKALO. For the local 

structures in boreholes KR23 - KR32 (grey tube) orientation has not been analysed. The 

type of each structure is based on properties of borehole section: hydraulic feature 

(blue), fracture zone (green), and crushed zone (grey). 

Integration of hydrological data and geophysical mise-à-la-masse anomalies

As a result of the integration of geophysical mise-à-la-masse anomalies and 
hydrological data, an alternative description of the location of significant 
geohydrological structures intersecting ONKALO has been compiled. In addition, some 
recent data from the geological mapping in ONKALO and the results of monitoring of 
heads in packed-off boreholes are used and reported in detail in Appendix 2. The 
alternative description is mainly compiled for flow modelling purposes. 

The aforementioned study provided new information of hydraulic features in the upper 
part of ONKALO, where structures SGP1 (SGP = Structure on GeoPhysical bases), 
SGP2 and SHGP1 (SHGP = Structure on Hydrological and GeoPhysical bases) and 
SHGP2 are modelled. Figure 4-5 presents these new features together with structures 
RH20A and RH20B_ALT (Sievänen et al. 2006a) as described in the revised bedrock 
model 2003/1.  
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SHGP1

SHGP2

RH20A

RH20B_alt

SGP2

SGP1

Figure 4-5. New geohydrological structures SHGP1, SHGP2, SGP1, SGP2 and 

R20B_alt. In addition, structure RH20A (bedrock model in Vaittinen et al. 2003) is 

shown. Colour in discs indicates transmissivities (T) (T>10
-5

m
2
/s red, 10

-5
>T>10

-6
m

2
/s

purple, 10
-6

>T>10
-7

 m
2
/s green). 

The main differences between the revised bedrock model 2003/1 and this new 
geohydrological model are the following: 

– Structures RH19A and RH19B are replaced by SHGP1 and SHGP2 
– Structure RH20B is replaced by structure RH20B_alt 

In addition, the local structures KR24_1RH, KR24_2RH and KR24_3H (see Figure 4-3) 
are “replaced” by the local structures SGP1 and SGP2 (see Figure 4-5).

Measured borehole specific transmissivities of the new geohydrological structures are 
shown in Figure 4-6. Geometric means of measured transmissivities and transmissivities 
used for the flow model are shown in Table 4-1. 

Other possible subvertical geohydrological structures or flow routes 

Comparing oriented and transmissive fractures detected in OL-PH1 with flow responses 
detected at shallow depths in OL-KR26 and OL-KR28 (Rouhiainen & Pöllänen 2005), 
as well as with the brittle faults (BFI) or single shear fractures found during geological 
mapping in ONKALO, the existence of sub-vertical geohydrological features with 
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Figure 4-6. Measured borehole specific transmissivities of new geohydrological 

structures.

south-north strike is suggested (see Figure 4-7). One possible route for flow responses 
from borehole OL-KR24 would be along SHGP1 and SHGP2 to SGP1 and further 
along vertical fractures/faults up to the ground surface as shown in Figure 4-8. These 
sub-vertical features may also be part of structure RH24, which intersects ONKALO 
and OL-PH1 according to the bedrock model 2003/1 at about TC 50-100 m. Details of 
this possibility and other assessments concerning structure RH24 are given in 
Appendix 2. 

As presented in Section 4.2.1, penetration of these zones by drilling of grouting and 
other boreholes have been seen as short-term pressure changes in several monitoring 
boreholes. New structures SGP1 and SGP2 may explain these results. Structure SGP2 
intersects ONKALO between TC 300-400 m and SGP1 between 480-540 m. 
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Table 4-1. Transmissivity (geometric mean of the borehole intersections) and 

intersections of the new geohydrological structures with ONKALO and the shafts. It is 

assumed that the features intersect the shafts at the same depth. Corresponding figures 

for structures RH20 are also shown. 

Structure Log T (m2/s)
Geom. mean

Tunnel chainage
(Approximated)

Z
seclow 
(m)

Z secup 
(m)

Intersection
volume, m3

Access
tunnel

      

SGP1 130 140 -11 -4 300
SGP1 490 490 -44 -37 220
SGP1 490 540 -48 -37 350
SGP1

-5.2

770 800 -71 -66 180
SGP2 330 390 -33 -23 1570
SGP2

-6.6
1040 1060 -97 -90 250

SHGP2 -5.8 930 970 -87 -81 330
SHGP1 -5.5 1050 1070 -97 -91 200
RH20A -5.2 3130 3180 -297 -292 655
RH20B -5.2 3280 3310 -311 -305.1 325
RH20B_ALT 3280 3310 -311 -305.1 325
RH20B_ALT

-5.6
4180 4210 -397 -390.5 494

Shafts    
SHGP2 -87 -83 62

SHGP1 -110 -104 62
RH20A -299 -293 59

RH20B -329 -320 56

RH20B_ALT -389 -374 56

Other intersections     
 RH20B_ALT Level -420 -419 -412 1075
 RH20B_ALT Access tunnel from main 

characterisation level to lower 
characterisation level 

-466 -452 1754

 RH20B_ALT Access tunnel from main 
characterisation level to lower 
characterisation level 

-489 -477 1718
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Figure 4-7. Upper: Oriented fractures having T > 1·10
-7

 m
2
/s in pilot holes PH1-3  

(purple= 10
-5

>T>10
-6

 m
2
/s, green=10

-6
>T>10

-7
 m

2
/s) and flow responses (blue discs) 

of OL-KR24 pumping test. Down: BFI = brittle fault intersection and DSI = ductile 

shear intersection. Mapping in ONKALO covers TC 0 -570 m. 
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SHGP1

SHGP2

SGP1

Figure 4-8. Possible flow routes (red arrows) from borehole OL-KR24 along 

geohydrological structures SHGP1, SHGP2, SGP1 and sub-vertical features mapped in 

ONKALO and PH 1. Other data: Oriented fractures in PH 1-3 with transmissivity 

T>10
-7

 m
2
/s (purple=10

-5
>T>10

-6
 m

2
/s, green=10

-6
>T>10

-7
 m

2
/s) and flow responses 

(blue discs) of OL-KR24 pumping test. 

Presentation of alternative geohydrological structures in flow models 

Based on the discussion above, it is suggested to include the following geohydrological 
structures in the flow model (see Section 4.3): 

SGP1, SGP2 and SHGP1 (depth interval 4 – 97 m) to replace structures RH19A and 
RH19B (depth interval 70 – 170 m). The geohydrological structure SHGP2 (depth 
interval 81 – 87 m) can be neglected in the flow model. Technically, the flow 
conditions at this depth can be described well enough using one subhorizontal 
geohydrological structure alone.
Structures RH20A, RH20B (depth interval 290 – 330 m) and RH20B_ALT (depth 
interval 305 – 397 m) are combined to one structure named RH20AB (depth interval 
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290 – 400 m). The reasoning behind this is similar to the above mentioned. Also, the 
coexistence of structures RH20B and RH20B_ALT is uncertain, as it is the 
existence of one or another.
As there are hints of vertical features and also to study their effect on the flow, two 
vertical structures are introduced in the flow model. The vertical structures are 
structure R16 from bedrock model 2001/1 (Vaittinen et al. 2001) and a hypothetical 
vertical geohydrological structure intersecting the repository area. These vertical 
structures are not based on the current observations or interpretations, but they are 
introduced as a sensitivity case in the flow simulations.   

Other structures are the same as in the earlier flow model (Löfman & Meszàros 2005). 
See also Appendix 1 for comparison of the hydraulic structures and the structure in the 
new geological model of the Olkiluoto study area (GeoMTF 2006) and their 
intersections with ONKALO. 

4.2.3 Hydraulic properties outside the main geohydrological structures 

Hydraulic properties between the structures SHGP1 and RH20A

Data from boreholes near the ONKALO (OL-KR4, OL-KR7, OL-KR10, OL-KR14, 
OL-KR22 to OL-KR25, OL-KR27 and OL-KR28) have been used. All hydraulic 
conductivities (K m/s) are transformed to transmissivity (T m2/s) by the relation of 
T2m=2m*K2m.

The cumulative distribution of both K (m/s) and T (m2/s) is presented in Figure 4-9. As 
can clearly be seen, over 95% of the bedrock is less transmissive than 1·10-8 m2/s, which 
is approximately the limit for need of grouting to reduce leakages into the tunnels. 

The distribution of distances between transmissive fractures or features is shown in 
Figure 4-10. The distances are divided into two main groups according to transmissivity 
values i.e. T>10-7 m2/s and T>10-8 m2/s. In case of T>10-8 m2/s, an alternative 
distribution where distances shorter than 6 m are estimated to belong into a hydraulic 
feature is shown as an open diamond in Figure 4-10. The simplified visual fits for 
distances in the group of T>10-7 m2/s are also shown in Figure 4-10. According to these 
fits, the average distance between hydraulically significant features is in the order of 70-
75 m. The largest distances met in boreholes are a bit over 200 m. The corresponding 
average distances in the group T >10-8 m2/s are in the order of 20-25 m. The largest 
distances are in the order of 150-200 m. In this group, distances are less than 60 m in 
80% of the total data. 



39

0

10

20

30

40

50

60

70

80

90

100

-11 -10 -9 -8 -7 -6 -5
log K or T

c
u

m
u

la
ti

v
e

 p
e

rc
e

n
t

K2m

T2m

Figure 4-9. Cumulative distributions of hydraulic conductivities and transmissivities 

between combination of zones RH19 and RH20 as described in Figure 4-11. Data from 
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m
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belong to a hydraulic feature is also presented. Lines represent simplified fits for 
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2
/s.



40

Hydraulic properties below structure RH20B_ALT (depth interval 305 – 397 m) 

Hellä et al. (2006) reported a study based on the observations of transmissive fractures 
in boreholes for sparsely fractured rock. The major fracture zones (bedrock model 
2003/1) and the surrounding rock were excluded, as the aim was to analyse conditions 
at the depth interval of 300-700 m bsl.

The spacing of transmissive fractures (all fractures above measurement limit log (T 
(m2/s)) > -10…-9), i.e. distance between two adjacent fractures along borehole, is 
presented in Figure 4-11 and the basic statistics in Table 4-2. The transmissive fractures 
seem to occur rather close to each other as the mean distance is around 6 m. On the 
other hand, there are also intervals over 100 m with no transmissive fractures; such 
intervals comprise roughly one fifth of the total sample length. The distance between 
transmissive fractures follows approximately lognormal distribution.  

The overall frequency of transmissive fractures is 4 fractures per 100 m. Transmissive 
fractures occur mainly in connection with local zones with abundant fracturing. This is 
especially typical for the fractures with T >10-8 m2/s. Fractures with smaller 
conductivity also occur outside the zones and tend to form clusters. Rock intervals of 
over 100 m length with no transmissive fractures form about one fifth of the total 
sample length and intervals with length over 100 m and no highly transmissive fractures 
(T>10-8 m2/s) cover roughly 80% of the sample length.  The transmissivity of fractures 
per 5 m and per 10 m borehole length were summarised and converted to inflow 
estimate. Over 90% of the 5 m intervals and about 85% of the 10 m intervals had a flow 
less than 0.1 l/min. Assuming that the flow comes from a single fracture and a head of 
420 m (repository level) and a radial flow field with a radius of influence of 50 m, this 
means that the transmissivity of this single fracture is T=3·10-9 m2/s.

The distances between 2 m long hydraulically conductive sections (K2m > 10-8 m/s) 
along deep investigation holes were calculated in order to evaluate the need for grouting 
in different parts of ONKALO (Sievänen et al. 2006a). 

Table 4-2. Basic statistics of the distances (m) between hydraulically conductive 

fractures in two cases; all transmissive fractures above measurement limit log (T(m
2
/s)) 

> -10…-9 and fractures with log (T(m
2
/s)) > -8 considered.  

All 
transmissive 
fractures

Fractures with 
T > 10-8 m2/s

Count 180 87 

Median 6 26 

Average 20 65 

Stdev 32 100 

I quartile 1.4 3.8 

III quartile 23 70 
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Figure 4-11. Distributions of the spacing between transmissive features along 

boreholes at depth interval –300…-700 m bsl; in lilac fractures with T > 10
-9

 m
2
/s, in 

plum distances between transmissive fractures with T > 10
-8

 m
2
/s. In the figure, the 

spacing is divided in categories for which the logarithmic of interval lengths are equal. 

All the observations of distances between the hydraulically conductive 2m-sections are 
plotted in Figure 4-12. It can be seen that the hydraulically conductive sections usually 
appear close to each other, i.e. in clusters. There are also long borehole sections with no 
K2m values exceeding the limit of 10-8 m/s. The average distances at different depth 
levels were also calculated (Table 4-3). The average distance of about 30 m in the 
interval -200 -300 m bsl is probably due to the limited amount of data and to the 
remarkable relative proportion of clusters. Below the -400 m depth level, there are very 
few hydraulically conductive features.

Table 4-3. Average distance between hydraulically conductive 2m-sections for the 

indicated depth range. 

Depth range 
(m, bsl)

0 50 50 100 150 200 200  300 300 400

Average
distance (m) 

7 38 52 30 46 
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Figure 4-12. Distance between all observed hydraulically conductive sections 

(K2m>1·10
-8

m/s) in boreholes plotted against depth (Sievänen et al. 2006a). 

4.3 Updated estimates on the hydrogeological disturbances

This section discusses the hydrogeological impact of ONKALO – more specifically 
inflow rate, drawdown of the water table, and saline upconing – that is estimated by 
means of numerical flow modelling. The first assessment of ONKALO’s 
hydrogeological impacts was published in ONKALO Disturbance Report 2003 (Vieno 
et al. 2003). The report aimed to provide an impact assessment before the 
commencement of the excavations. Since that time the flow model has been updated 
and also the plans for ONKALO have undergone some changes. This section details an 
analysis that builds on the numerical flow modelling based on the flow model update 
that was published in the Site Descriptive Modelling 2004 report by Posiva (2005), and 
its alternative, crafted specifically for this study.

Posiva (2005) also provided a detailed discussion on the anticipated hydrogeological 
impact of ONKALO – the drawdown of the water table, water pressure change in 
boreholes, and change in groundwater salinities in the boreholes – for the first 100 m in 
the vertical, and for different grouting efficiencies. All these past analyses have clearly 
indicated the all-important role of sealing by grouting as a requisite to minimize the 
hydrogeological impacts at the site scale.   

The current study will be based on following the similar basic approach applied in 
Vieno et al. (2003) and in Löfman & Mészáros (2005), which assessed the maximum 
hydraulic impact that might result from ONKALO. Thus, it is not necessary to take into 
account the time and progress of the excavations, but the entire tunnel system is 
instantly made hydraulically active at the beginning of the simulation, and it is assumed 
to be open for 100 years (closure of the tunnels also instantly), which is the approximate 
duration of disposal operations. During these 100 years the flow field evolves toward a 
new balance, which much depends on the assumed grouting efficiency in each case, and 
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after the closing of the tunnels the flow field recovers gradually back towards the 
natural state.

We first briefly review the basic characteristics of the updated flow model in the 
vicinity of ONKALO. Thereafter, we provide a discussion on the differences between 
the flow models used by Vieno et al. (2003) and Löfman & Mészáros (2005) and the 
flow model published in the Olkiluoto Site Descriptive Modelling 2004 (Posiva 2005). 

4.3.1 Hydrogeological/structural model 

The analysis of hydrogeological impacts of ONKALO will be based on the recent flow 
model update (Posiva 2005; see Figures 4-13 and 4-14), called flow model 2005 later on 
in this section, and on ONKALO design as of February 2005. While the analysis is 
based on the numerical groundwater flow modelling, this work actually covers a much 
larger volume of rock than just the immediate surroundings of ONKALO. The analysis 
will essentially be detailed in terms of a few nearby fracture zones and boundary 
conditions associated to them.   

From the perspective of ONKALO’s hydrogeological impact, the most important 
factors are the structures located in its vicinity. In particular – as will be seen later – the 
inflow rate into ONKALO is governed by the structures it intersects directly. The 
structural model in the vicinity of ONKALO is shown in Figure 4-14.  

As a result of the integration of geophysical mise-à-la-masse anomalies and 
hydrological data, an alternative description of the location of significant 
geohydrological structures was compiled for this study (Section 4.2.2; Appendix 2). In 
the alternative flow model (Figure 4-15), called flow model 2005alt later on in this 
section, the new fracture zones SHGP1, SGP1, and SGP2 (depth interval 4 – 97 m) 
replace zones RH19A and RH19B (depth interval 70 – 170 m) in the flow model 2005

(Figure 4-14). The geohydrological structure SHGP2 was not taken into account in the 
new flow model for simplicity. It was assumed that one subhorizontal geohydrological 
structure (SHGP1) could describe the flow conditions well enough. Based on a similar 
reasoning, RH20-structures are modelled as only one large structure in the flow model. 
To simulate the possible effects of sub-vertical geohydrological structures offering a 
connection for water infiltration from the surface, structure R16 from bedrock model 
2001/2 (Saksa et al. 2002) was added to the flow model. In a similar sense, a 
hypothetical vertical geohydrological structure (hypo) was added to intersect the 
repository tunnels of the first excavation phase to represent possible fracture zones not 
anticipated on investigations. 

Additionally, a ventilation shaft and repository tunnels from the first construction phase 
were included in the flow model 2005alt.

The hydraulic properties of the flow models 2005 and 2005alt (transmissivities of the 
fracture zones and the hydraulic conductivity of the sparsely fractured rock between the 
zones) are presented in Tables 4-4 and 4-5 
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Figure 4-13. Structure of the flow model in the latest update (Posiva 2005).  The size of the 

flow model domain is about 25 km
2
 horizontally and 2 km in depth.  “WCA” denotes the so-

called Well Characterized Area.  The structures have been coloured for clarity. View is from 

the south.

Figure 4-14. Flow model 2005 (Posiva 2005) structures in the vicinity of ONKALO. 

Note that the ONKALO layout adopted in this model depicts one vertical shaft only, 

whereas the actual complete ONKALO may consist of two vertical shafts (see Figure 4-

15). See Figure 4-1 for the corresponding geohydrological model.
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Figure 4-15. Alternative flow model 2005alt in the close vicinity of ONKALO 

representing a sensitivity case. New fracture zones SHGP1, SGP1, and SGP2 replace 

zones RH19A and RH19B in the flow model 2005 (Figure 4-14).  Additionally, two 

vertical fracture zones, R16 and a hypothetical fracture zone, as well as a ventilation 

shaft and repository tunnels from the first construction phase were included in the flow

model 2005alt. See Figure 4-3 for the corresponding geohydrological model.

4.3.2 Changes in the flow model since the ONKALO disturbance report 

Because of the evolving bedrock/flow models, it is reasonable to include a discussion on 
changes between the flow model 2003 applied in the latest ONKALO disturbances 
reports (Vieno et al. 2003; Löfman & Mészáros 2005) and the subsequent flow model 

2005 (Posiva 2005) applied in this study.  In the following, however, we only review 
those model features and properties that are related to rock properties within a few 
hundred metres from ONKALO.  Full details can be found in Posiva (2005). 

From the point of view of the anticipated ONKALO’s hydrogeological impacts, the 
most important changes compared to the flow model 2003 that was used for the 
modelling in the ONKALO disturbances reports are as follows: 

Fracture zone RH20AB (called R20 in the previous flow model 2003) reaches the 
ground surface in the updated model (Figure 4-16). Besides the very high 
transmissivity of this fracture zone, its connection to the ground surface is further 
strengthened by the structure RH11_ALT.

The transmissivity value (T) of structure RH11_ALT is at least ten times higher than 
the value in the flow model 2003. Its transmissivity was only 10–7 m2/s below the 
200 m horizon and 10–6 m2/s above it.  In the flow model 2005 its T is 10–5 m2/s.
Thereby while this structure intersected with RH20AB already in the flow model 
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2003, this intersection has a far greater hydrogeological importance in the flow
model 2005 because of its greatly increased transmissivity.  

Also the groundwater flow properties of the rock mass between these fracture zones 
has been treated somewhat differently in the flow modelling for this memorandum 
(Table 4-5). They deviate somewhat from those applied in the ONKALO 
disturbance report (Vieno et al. 2003). In particular, they also significantly differ 
from the values used in the predictive simulations of the drawdown of water table 
(for the first 100 m of the tunnels in the vertical) in the site descriptive modelling 
2004 report (Posiva 2005).

The depth of the flow model 2005 has been extended to 2 km, which is 0.5 km 
deeper than the flow model 2003.

Table 4-4. The transmissivities of the fracture zones in the baseline flow model 2005

(Figure 4-14) and in the alternative flow model 2005alt (Figure 4-15). The values on the 

left are from the calibrated flow model Posiva, 2005. These essentially are similar to 

those in Vieno et al. 2003, except for RH11_ALT, which is thirteen times more 

transmissive in the updated model than in the old model (in which its name was R11). 
The transmissivities of the “new” fracture zones in the flow model 2005alt are presented 

on the right. The S-zones in the flow model 2005alt replace RH19A and RH19B in the 

flow model 2005.

Fracture zone log T [m2/s] 

SHGP1 –5

SGP1 –6

SGP2 –6

R16 –6 

Hypothetical fracture 
zone

–6

Fracture zone log T [m2/s] 
KR08_13RH -5.0 
KR23_2H -5.8 
KR23_3H -5.2 
R10A -8.8 
R2 -7.2 
R56 -8.4 
R56_ALT -6.9 
R72 -6.8 
R78 -7.3 
RH11_ALT -4.9 

RH19A -4.4 
RH19B -4.8 
RH20AB -4.7 
RH20C -6.4 
RH21 -7.6 
RH24 -5.1 
RH26 -5.9 
RH3 -5.3 
RH80 -7.5 
RH9 -6.0 
RH8  -4.7 
lineaments -5.0 
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Figure 4-16. Schematic depiction of the hydrogeological connections associated with 

ONKALO and fracture zones R20 and R11 in the flow model 2003 (top: Vieno et al. 

2003; Löfman & Mészáros 2005) and latest flow model 2005 (bottom: Posiva 2005). 

Besides the geometrical, another essential change to the flow model is introduced by the 

much higher transmissivity of RH11_ALT; see Table 4-4. This same hydrogeological 

connection between RH20AB and RH11_ALT is also realized in the alternative flow 

model.

Besides these changes in the natural hydrogeological units, also the plans for the 
ONKALO itself have undergone changes. Until now these changes have been of far less 
importance compared to the changes in the model of bedrock structures. The ONKALO 
plans made use of in the updated modelling are those of February 2005. 

R11

R 20 

RH11_ALT

RH20AB
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Table 4-5. Hydraulic conductivities [K, m/s] in the flow model 2003 (Vieno et al. 2003; Löfman 

& Mészáros 2005) and 2005 (Posiva 2005). In the flow model 2003, a separate volume bounded 

by R7 and R24 was specified as this was deemed to be more fractured than the rock mass 

elsewhere. In the flow model 2005 a well-characterized area (WCA) was defined according to 

the volume of rock of most detailed borehole investigations. See source reports for details. The 

K (m/s) values of the sparsely fractured rock (SFR) used in the alternative flow model 2005alt  

(Figure 4-15) are the same as in the baseline flow model 2005 (Figure 4-14).

Disturbance report 2003 (Vieno et 
al. 2003) 

 Olkiluoto Site Descriptive Modelling 
2004 (Posiva 2005; *) 

K, m/s; R7-R24 
domain 

K, m/s; 
elsewhere

Depth (m) K, m/s; WCA K, m/s; elsewhere 

0–50 10–7/10–9 (**) 5 10–9

2 10–8 2 10–9

50–100 10–10 5 10–10

100–200 3 10–11 1.5 10–10

2 10–9 5 10–10

200–400 10–11 5 10–11

5 10–10 10–10 Below 400 3 10–12 1.5 10–11

(*) These are the hydraulic conductivities adjusted in the integrated hydrogeochemical 
modelling.  The predictions of the ONKALO’s hydrogeological impact on the drawdown of 
water table were based on the values before the adjustment.  See the source report for a 
detailed discussion. 

(**) An anisotropic hydraulic conductivity was defined, having the horizontal components 
equal to 100 times the vertical hydraulic conductivity.

4.3.3 Studied cases for grouting 

In order to support the decision on grouting practices after passing RH19, the following 
agreed cases were defined for the baseline flow model 2005 (Figures 4-14 and 4-17): 

Case 1:  No sealing/grouting measures taken anywhere in ONKALO.  While this 
clearly does not correspond to the actual situation, it is expected that the largest 
inflows would be associated with highly transmissive fracture zones RH19A, 
RH19B and RH20AB clearly overwhelming the inflow taking place in fractures of 
the sparsely fractured rock.

Case 2: Grouting of the topmost 50 m of the sparsely fractured rock and RH19A, no 
grouting deeper down – including RH19B and RH20AB. 

Case 3: Grouting of the topmost 50 m of the sparsely fractured rock, and fracture 
zones RH19A and RH19B; no grouting deeper down – including RH20AB.

Case 4: As Case 3 but now fracture zone RH20AB is also grouted.

For the alternative flow model 2005alt (Figure 4-15), Cases 1alt, 3alt and 4alt are 
applied. Similarly to the flow model 2005, no grouting is assumed in Case 1alt. In 
Case 3alt the topmost 50 m and RH24, SGP1, SGP2, SHGP1, R16 and the hypothetical 
fracture, which intersects the tunnels, are grouted, whereas RH20AB remains 
ungrouted. In Case 4alt also RH20AB is grouted. 
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Figure 4-17. Definitions of the calculated cases in terms of grouting in the baseline 

flow model 2005 (Figure 4-14). The rock mass adjacent to ONKALO between the 

fracture zones is grouted down to 50 m below the ground surface leaving a 20-m gap 

before RH19A.  Deeper the hydraulic conductivity of the rock mass is small enough to 

render grouting unnecessary. This figure defines the grouting cases associated with 

calculations for the flow model 2005. The corresponding cases for the flow model 
2005alt are represented as Case 1alt, no grouting; Case 3alt, all other fracture zones 

but RH20AB grouted; and Case 4alt, analogous to complete grouting. 

Grouting cement replaces water and subsequently sets in cavities of fractured rock.  
Hydrogeologically this means that the hydraulic conductivity or transmissivity locally 
decreases. Sievänen (2003) have produced estimations of the impact of grouting 
measures in terms of the transmissivity. These estimations are adopted in the numerical 
groundwater flow modelling of the impact of ONKALO in this study as follows:  

The hydraulic conductivity (of the tetrahedra finite elements representing the 
sparsely fractured rock) adjacent to the tunnel where the vertical distance from the 
surface is less than 50 m were grouted to achieve a K=10–8 m/s.  

At the intersection of the fracture zones – RH24, RH19A, RH19B, RH20AB and 
R56 – and depending on the case as described above, the transmissivity of the 
triangular finite elements representing the zones adjacent to the ONKALO tunnels is 
set to 10-7 or 10-8 m2/s (the latter case denoted with “T8”).

The effect of the grouting in the finite element model (FEM) also depends on the size of 
the finite elements these values have been assigned to. The average length of the side of 
the grouted tetrahedra elements is about 10 m, whereas the average size of the triangular 
elements is about 4 m, which is rather close to the estimated penetration depth of the 
grouting cement. Löfman & Mészáros (2005) assessed the effect of the finite element 
discretisation in the vicinity of ONKALO on the inflow rates. In the ungrouted case the 

grouted

RH20AB

grouted

RH20AB
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total inflow decreased from 1500 to 1200 l/min, and finally to 1100 l/min, when the 
element mesh around the tunnels was refined (the corresponding average sizes of the 
tetrahedra near tunnels were 18, 14 and 11 m, respectively). 

There remains an uncertainty associated with the realism of modelling the impact of the 
grouting in predictive modelling. For example, the penetration depth of grouting cement 
may have been greater than assumed in the estimations of the grouting efficiency (i.e. 
10 –15 m).  As the actual observations from the ONKALO increase, they are to support 
a detailed analysis of the quantitative properties of the grouting with the numerical 
means. 

4.3.4 Numerical modelling method 

Because it is computationally a very demanding task to combine the simulation of the 
drawdown of the groundwater table and the evolution of the salinity distribution into the 
same truly transient simulation, the two phenomena were analysed separately using 
somewhat different modelling approaches and assumptions.  

The drawdown of the groundwater table is simulated employing a free surface 
approach, in which only the saturated part is included in the modelled volume and the 
transiently sinking water table constitutes the free surface, and therefore represents an 
irregular and time-dependent top to the modelled volume. The salinity is neglected in 
the simulations, as it does not significantly affect the drawdown of the groundwater 
table.

The evolution of the salinity distribution is simulated employing a coupled (flow and 
salt transport) and transient model. In contrast with the drawdown simulation, the 
modelled volume is of regular shape and remains the same throughout. The effect of the 
drawdown of the groundwater table is not considered. 

The inflow of groundwater into the tunnels is computed as a steady state simulation, 
both considering and ignoring the drawdown and the effects of the drawdown. As the 
open tunnels constitute a very strong sink in the host rock, the effect of groundwater 
salinity on the flow was considered negligible in the vicinity of the tunnels and the 
inflow of water in both cases is computed assuming fresh water conditions. 

A detailed discussion on the modelling approach is given by Löfman & Mészáros 
(2005).

4.3.5 Numerical modelling results 

Inflow rates 

The calculated inflow rates of groundwater into the ONKALO tunnels in the different 
cases (Table 4-6) are summarized in Tables 4-7 and 4-8.  The importance of sealing to 
the inflow rates becomes clear. Grouting the intersecting fracture zones in the baseline 
flow model 2005 (Figure 4-14) to transmissivities of two to three orders of magnitude 
lower than the initial values decreases the inflows from the corresponding zones by one 
to two orders of magnitude, respectively. Interestingly, in Case 2, the grouting of 
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RH19A makes the inflow from RH19B somewhat larger. This can be easily understood 
as the decrease in the inflow (due to the grouting) forces the water to seek an easier 
route, which is now offered by RH19B. It also is noteworthy that the grouting of the 
topmost part of ONKALO between fracture zones (see row ‘Sparsely fractured rock’) 
does not make such a strong change in the inflow. The difference between the 
ungrouted Case 1 and grouted Cases 3 and 4 is practically insignificant. As can be seen 
from Table 4-6, in the most effectively grouted case (Case 4T8) nearly 80% of the 
inflow comes from the sparsely fractured rock.   

One may compare the fracture zone maximum specific flow rates to the mean rainfall 
rate at Olkiluoto. For example, in Table 4 we see that in Case 1 (ungrouted) 280 l/min 
of water is entering the tunnel from RH19A.  Taking the mean annual rainfall (ca. 
 550 mm) at Olkiluoto, we may conclude that the inflow for RH19A would require all 
precipitated water from an area of about 270 000 m2. A fracture zone having a 1-km 
trace on the ground surface would need to collect all precipitated water within a 
drainage zone of about 270-m width along the trace to correspond to the inflow rate 
associated with RH19A (this zone itself has no direct connection to the surface). On the 
other hand, even under extreme conditions not all precipitated water could possibly 
infiltrate, calling for an even larger drainage zone.  This strongly suggests that the water 
table in connection to this fracture zone cannot stay unaffected. 

Because of the forming of an unsaturated, i.e. dry, zone in the bedrock when the water 
table is allowed to subside (Cases denoted with “f” in Table 4-7; see also Figure 4-18), 
the inflow rates are naturally clearly smaller than those computed ignoring the 
drawdown (especially in the ungrouted Cases 1 and 1f; in Case 1f the bedrock is 
practically dried out around ONKALO above the zone RH20AB). However, with 
grouting, both the water table drawdown is moderated and the inflows calculated 
ignoring and considering drawdown approach each other. 

As is seen from Table 4-8, in the ungrouted Case 1 the impact of ONKALO is lower 
with the alternative flow model 2005alt (Figure 4-15), although it includes two 
additional vertical fracture zones (R16 and the hypothetical zone). This follows from the 
replacement of RH19A and RH19B with SHGP1, SGP1 and SGP2, which own a lower 
combined transmissivity than the two fracture zones in the 2004 flow model. The 
difference can be clearly seen in the computed inflow, e.g. in the ungrouted Cases 1 and 
1alt the total inflow from the RH19-zones is 465 l/min, whereas the corresponding 
inflow from the S zones is only 147 l/min. On the other hand, with the grouting, the 
aforementioned inflows approach each other. The grouting of RH20AB in Case 4alt (in 
Case 3alt all the intersecting zones, except RH20AB, are grouted) reroutes part of the 
water to the hypothetical zone and R16 resulting in increased inflows. 

The role of infiltration was investigated in several sensitivity cases, in which the sinking 
groundwater table was considered. In all the cases involving also infiltration over the 
island of Olkiluoto, a uniform infiltration distribution was applied. The magnitude of 
the infiltration varied between 0.1 - 2.0% of the 550 mm annual precipitation. As having 
prescribed 0.5 or even 2.0% of the precipitation as infiltration resulted in an 
unrealistically elevated groundwater table, only an infiltration of 0.1% of the 
precipitation is discussed in the following. The two sensitivity cases presented herein 
were derived from: (1) Case 4f_i (grouting with T = 10-7 m2/s) and (2) the same Case
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4f_alt_i with the alternative geometry involved. In both cases the added infiltration of 
0.1% resulted in the total inflows that were essentially the same as in the cases without 
infiltration.

Table 4-6. Summary of the simulation cases with the flow model 2005 (Figure 4-14, 

Posiva 2005). Four different cases with regard to the grouting of the tunnels were 

computed. The corresponding cases with the alternative flow model 2005alt (Figure 4-

15, Appendix 2) are denoted with “alt” later on in this section. Note that all the cases 

are not computed with both flow models.

Case  Description 

1-4T8 Drawdown of the groundwater table is not considered. 

1 No grouting, i.e. groundwater flows freely to the tunnels.  

2 Grouting of the topmost 50 m to K=10-8 m/s and RH19A to T=10-7 m2/s.

3 Grouting of the topmost 50 m to K=10-8 m/s and RH19A and RH19B to T=10-7 m2/s.

4 Grouting of the topmost 50 m to K=10-8 m/s and RH19A, RH19B and RH20AB to 
T=10-7 m2/s.

4T8 Grouting of the topmost 50 m to K=10-8 m/s and RH19A, RH19B and RH20AB to 
T=10-8 m2/s.

1-4f_i Drawdown of the groundwater table is considered.

1f No grouting, i.e. groundwater flows freely to the tunnels. 

4f Grouting of the topmost 50 m to K=10-8 m/s and RH19A, RH19B and RH20AB to 
T=10-7 m2/s.

4fT8 Grouting of the topmost 50 m to K=10-8 m/s and RH19A, RH19B and RH20AB to 
T=10-8 m2/s.

4f_i Grouting of the topmost 50 m to K=10-8 m/s and RH19A, RH19B and RH20AB to 
T=10-7 m2/s. Infiltration of 0.1% of annual precipitation 600 mm/a. 

Table 4-7. Calculated inflow rates [l/min] in ONKALO for different cases with flow

model 2005 (Figure 4-14, Posiva 2005).  Acronym “at” stands for the access tunnel 

and “s” for the vertical shaft. “SFR” denotes the sparsely fractured rock. See Table 4-6 

for the definition of the cases. 

 Depth [m] T [m2/s] Case / inflow rate [l/min] 

   1 1f 2 3 4 4T8 4f 4fT8
SFR   27 0.4 16 21 21 21 7 12 

RH19A 70 (at+s) 4 10–5 280 15 10 12 12 1 9 1 

RH19B 100 (at)  

130 (s) 
1.6 10–5 185 57 223 7 7 1 10 1 

RH20AB 300 (at) 

340 (s) 
2 10–5 218 13 218 218 27 3 21 3 

Total 710 85 467 258 67 27 47 17
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Table 4-8. Calculated inflow rates [l/min] in ONKALO for different cases with the 
alternative flow model 2005alt (Figure 4-15, Appendix 2). Acronyms “at” and “s” are 

as in Table 4-7 whereas “r” stands for the repository tunnels. In the Case 3alt all the 

zones, except RH20AB, were grouted. “SFR” denotes the sparsely fractured rock. See 

Table 4-6 for the definition of the cases.

 Depth [m] T [m2/s] Case / inflow rate [l/min] 

   1alt 3alt 4alt 4altT8 4f_alt  4f_alt_T8

SFR   39 20 21 23 4 10 

SHGP1 100-110 (s) 

90 (at) 
10–5 121 11 11 1 9 1 

SGP1 10-50-70 (at) 10–6 17 8 9 2 4 2 

SGP2 30-100 (at) 10–6 9 5 5 2 1 1 

RH20AB 300 (at) 

340 (s) 
2 10–5 244 258 28 3 15 3 

R16 460 (at) 10–6 18 7 13 2 10 2 

Hypo 420 (r) 10–6 54 33 39 8 19 8 

Total     514 343 127 42 62 27 

Drawdown of the water table 

As is seen in Figures 4-18 and 4-19a, the water table drawdown in Case 1f (no grouting, 
no inflow of water within the area of the island) is very pronounced with the baseline 
flow model 2005 (Figure 4-14). Based on the calculated figures, the water table would 
move down to about 330 m below the ground surface if no grouting measures were 
taken and the assumption of the non-infiltration within the area of the island were valid. 
The subsequent Figure 4-19 clearly emphasizes the impact of the grouting on the water 
table drawdown.  In the case of the grouting at T = 10–7m2/s (Case 4f), the drawdown 
weakens to about 15–20 m in the vicinity of ONKALO and to about 35–40 m at the 
intersection of RH11_ALT and surface (Figure 4-21b). The tighter grouting at T = 10–8

m2/s (Case 4fT8) similarly depresses the water table over the entire island, but the extent 
of its vertical movement is more limited, at most 10–15 m (Figure 4-19c).  

The simulations showed that the set of the four cases defined for investigation actually 
collapses into two on the basis whether the RH20AB zone is grouted or not. Thus the 
simulation of Cases 1f, 2f, and 3f produces a very large depression area between the 
conductive RH20AB zone that intersects ONKALO at two depths (at -300 m with the 
access tunnel and -340 m with the shaft) and the surface (Figure 4-16). In other words, 
once RH20AB remains ungrouted it becomes of secondary importance whether the 
RH19A and RH19B zones, or the rock matrix around the tunnel above –50 m bsl are 
grouted or not – eventually a similar large depression area develops in all of these cases 
due to the good hydraulic connection between the surface and the deep intersections 
between the RH20AB zone and ONKALO. The development of this large depression 
area is initially somewhat different because of the different grouting strategies 
implemented in these cases, but the end result is basically the same. 
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Because of the large depression, inflow to the tunnel is significantly smaller than when 
drawdown is not considered (Table 4-7). On the other hand, this is equivalent to 
thinking that in the case of the static water table, the infiltration must have increased in 
order to keep the water table unchanged. Thereby in the case of the static water table, 
the inflow to the tunnel is significantly enlarged as much more water is infiltrated 
through the surface. 

In Case 4f with the RH20AB zone grouted at its intersection with ONKALO, both the 
depression and the inflow decrease (Figures 4-19b, Table 4-7). The presence of the 
conductive RH20AB and R11_ALT zones are obvious in the shape of the depressed 
water table, as its deepest areas still develop in the vicinity of these zones and not near 
ONKALO. This is understandable considering that these inclined fracture zones connect 
deep sinks with surface areas distant from ONKALO, while in the immediate vicinity of 
the drifts there are no conductive and vertical zones that would cause a more 
pronounced depression there. 

As it was shown earlier (Vieno et al. 2003; Löfman & Mészáros 2005; Posiva 2005), an 
even more efficient grouting appears feasible. Setting the transmissivity of the grouted 
zones that ONKALO intersects to T = 10–8 m2/s, the depression and the inflows remain 
even more moderate (Figure 4-19c, Table 4-7).  

The alternative flow model 2005alt (Figure 4-15) coupled with the ONKALO layout 
complemented with the second shaft and a set of disposal tunnels result in a rather 
different drawdown field (Figure 4-19e), with its maximum as low as about 320 m, but 
the magnitude of the total inflow into the tunnel remains similar (62 l/min, of which one 
third is given by the hypothetical structure). The shape of the depression is largely 
dominated by the vertical, hypothetical structure that extends downwards to the disposal 
tunnels.

In the case of grouting the fracture zones tightly (T = 10–8 m2/s) with the alternative 
geometry, the maximum depression and the total inflow to the tunnel diminishes to -19 
m and 27 l/min (still most, 8 l/min from the vertical hypothetical structure), respectively 
(Figure 4-19e). 

The role of an added infiltration of 0.1% of the precipitation is presented in the two 
sensitivity cases: (1) Case 4f_i (grouting with T = 10-7 m2/s) and (2) the same Case

4f_alt_i with the alternative geometry involved. In the case of the baseline flow model 

2005 (Figure 4-14), the added infiltration resulted in a shallower depression area (Figure 
4-19d). With the alternative flow model 2005alt (Figure 4-15) applied, the groundwater 
table also depressed generally less than the corresponding simulation case with no 
infiltration. However, because of some numerical instability the simulation time was 
extended, and during this prolonged interval the maximum drawdown nevertheless 
became larger around the hypothetical vertical fracture zone than with no infiltration 
(Figure 4-19g).
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Figure 4-18. The calculated water table for Case 1f for the flow model developed in 

Posiva (2005).  View is from the south. The ruler on the left indicates the scale for the 

depression of the water table and spatial scale with tick marks in metres. The figure 

represents a steady state drawdown under no infiltration within the landmass of the 

island. The bedrock is practically dried out around ONKALO above the zone RH20AB. 

Salinity and upconing of deep saline groundwaters 

The salinity (TDS) of groundwater affects the flow of water through its impact on the 
density of water. The density of saline groundwater ( ) is computed through a simple 
equation

cac0 ,

where 0 is the freshwater density, c is the concentration and ac=0.71. Observed 
salinities (TDS) exhibit a rather large variability (from 0 to about 10 g/l) already at 
rather shallow depths (Posiva 2005; see also Figure 4-20) with a clearly increasing trend 
with depth below the 400 m horizon. Deeper down, the strongest values indicate very 
high salinities but also a larger variability. However, for an analysis supported with 
practical calculations at site scale one needs to accept a simple approximation of the 
salinity profile, as depicted in Figure 4-20. This approximation displays a strong 
transition from moderately saline water in the topmost 400 m up to brines below the 700 
m horizon. While the change in the salinity is remarkable, the width (of about 200 to 
300 m) of the “transition zone” does not support the existence of a sharp interface 
between freshwater and saline water regimes. 
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(a) Case 1f (ungrouted) (b) Case 4f (all zones grouted to T=10-7 m2/s)

(c) Case 4fT8 (all zones grouted to T=10-8 m2/s) (d) Case 4f_i (all zones grouted to T=10-7 m2/s and 
infiltration of 0.1% of precipitation 600 mm/a) 

(e) Case 4f_alt (all zones grouted to T=10-7 m2/s
and alternative flow model) 

(f) Case 4f_altT8 (all zones grouted to T=10-8 m2/s and 
alternative flow model) 

(g) Case 4alt i (all zones grouted to T=10-7 m2/s, alternative flow model and infiltration of 0.1% of 
precipitation 600 mm/a) 

Figure 4-19.  Steady state drawdown of the water table. No infiltration through the top 

surface of the model within the depression area (coloured area in the figures) is 

considered, except for Cases 4i and 4alt_i in subfigures (d) and (g).
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One anticipated impact of ONKALO is the upward movement of deep saline 
groundwaters. Saline water is a major concern with regard to the performance of the 
tunnel backfill material after tunnel closure, because it may significantly decrease the 
swelling pressure and increase the hydraulic conductivity of the backfill. Thus, it has 

been recommended that groundwater salinity (expressed as total dissolved solids, TDS) 

near the repository should not be allowed to exceed the limit of 35 g/l (Vieno 2000). 

In the hydrogeological literature – published in the context of skimming fresh water 
above a saltwater interface – this particular process is termed “upconing” of freshwater–
saltwater interface, which usually is depicted as being sharp. In the case of calculating 
ONKALO and repository’s hydrogeological impact, we adopt a similar parlance while 
remarking that the founding concept of interface is now replaced with a wide transition 

zone. One should also note that upconing signifies the evolution of the shape of the 
interface; and in the actual situation establishing such an evolution based on scattered 
single measurements in boreholes intersected by fracture zones is not straightforward.

The evolution of the salinity field in this study is based on the advection–dispersion 
equation, discretized with a fixed, static mesh, i.e. without explicitly taking the effect of 
the free surface into account (or without adaptation to salinity gradients), and taking into 
account the movement of salinity in the water’s velocity field and dispersion 
characterized with longitudinal and transversal dispersivities. As the velocity field is 
obtained from a solution of the flow equation, the numerical results are based on the 
coupled system of equations to be solved with an iterative scheme. Details are found in 
Löfman & Mészáros (2005). The parameters needed for modelling the saline 
groundwater transport are shown in Table 4-9.

Table 4-9. Values of the parameters used for modelling solute transport. The thickness 

of the fracture zones is assumed to be 10 m. “SFR” stands for sparsely fractured rock. 

Parameter Value 
Fresh water density 998.8 kg/m3

Viscosity of water 10-3 kg/ms) 
Longitudinal dispersion length 50 m 
Transversal dispersion length 12.5 m 
Flow porosity 10-4 (SFR) 

10-3 (fracture zones) 
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Figure 4-20. The curve represents the initial vertical profile of the groundwater salinity 
(TDS) at Olkiluoto. The circles indicate measured values before 2003; see Vieno et al. 

(2003) for details. The present measured maximum salinity (TDS) is 84 g/l. 

Figure 4-21 presents the modelled maximum salinity (TDS) at the 420 m and 520 m 
horizons in fracture zones within a radial distance of 1 km to the shaft. It is immediately 
seen that grouting has all the importance for the TDS concentration reached during the 
period of the operative time (ca. 100 a) of the repository. Without grouting very high 
salinities are reached very quickly and thereafter maintained at high levels throughout 
the operative phase.  Grouting the intersection with RH19A has a clear impact – the 
highest salinities stay well below those for the Case 1. Even more dramatic impact 
toward lower salinities in this horizon is associated with the cases of both RH19A and 
RH19B grouted, and the case where all three highly transmissive fracture zones are 
grouted – albeit the two latter cases are not essentially different from each other. The 
upconing is strongest in RH24, which is connected to the ONKALO by RH19A and 
RH19B. Thus, the grouting of RH19A weakens the connection, whereas the grouting of 
both zones disconnects RH24 from the tunnels and the maximum salinity remains 
lower.

In the ungrouted Case 1alt the inflows from RH19A and RH19B are lower with the 
alternative structural model (Table 4-6 and 4-7). Thus, the upconing of the saline water 
along RH24 is lower, and the maximum salinity remains lower. In the grouted Case 4alt

the fresh water flow along the zones RH9, RH21, R16 and the hypothetical vertical zone 
towards the tunnels is stronger than the upconing of saline water, which results in a 
lower maximum salinity than in Case 4.
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Basically the evolution of the salinity (TDS) in the deeper horizon (520 m) is quite 
similar. The only essential difference is that the overall salinities (TDS) are slightly 
higher than those in the upper horizon (cf. Figure 4-20). This is just in line with the 
salinity’s increasing trend along with the depth.  In the lower horizon the calculated 
salinities (TDS) show a bit larger difference between Cases 3 and 4 compared to the 
salinities in the upper horizon.

Figure 4-21.  Maximum salinity (TDS) in the fracture zones in the vicinity of the 

ONKALO at a depth of 420 m (top) and 520 m (bottom) from the initial state on to 

500 years forward. The dashed lines denote the cases computed with the alternative 

geohydrological model (Figure 4-15). See Table 4-6 for the definition of the cases. 
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It is noteworthy that the evolution of the salinity field after closing the tunnels is very 
slow. Actually, Figure 4-21 seems to imply that the salinities (TDS) would be 
permanently maintained stronger than those in the initial state. This, most likely, is an 
artefact associated with the original imbalance between the salinity and flow fields in 
the initial state. This imbalance surely contributes also to the evolution immediately 
after the initial state, but it is not possible to differentiate it from the evolution 
associated with the open tunnel system before the closure of the repository. It is clear, 
however, that the impact of ONKALO must dominate both in strength and swiftness. 
The existence of such an imbalance in the true flow system at Olkiluoto cannot 
conclusively be ruled out; but the concept of downward movement of the freshwater–
saline water interface as a response to the strengthening freshwater “lens” due to land 
uplift would point to evolution toward weaker salinities – and not stronger as implied by 
Figure 4-21 – at the level of 420 m and 520 m (compared to the initial values).   

Löfman & Mészáros (2005) assessed the effects of the initial salinity field on the results 
using a very simple model (fresh water was assumed to prevail from the top to a depth 
of 600 metres and a constant salinity of 70 g/l from the depth of 600 m to the bottom). 
This showed that the open tunnels dominate the flow so much that the upconing in the 
vicinity of the tunnels was of the same level as that assessed with the depth-dependent 
initial salinity model. 

The evolution of the salinity in the sparsely fractured rock (i.e. the rock between 
fracture zones = SFR) basically emphasize the same important role of grouting, albeit 
the overall development in each case is somewhat slower than for the corresponding 
case for the fracture zones (Figure 4-22). This slower evolution is due to the low 
hydraulic conductivities associated with the SFR – albeit its lower flow porosity acts in 
the opposite direction. After closing the repository, the salinities in the SFR start their 
slow retreat toward values that are not necessarily equal to those of the initial state. 

Some more details of the evolution of the salinity field are revealed visualizing the 
results on vertical and horizontal cut planes, which locations are defined in Figure 4-23. 
As seen in Figure 4-24, the clearest and most immediate response of the salinity field to 
ONKALO is associated with RH24, not because of its direct connection to ONKALO 
but through its intersections with RH19A and RH19B. Both fracture zones have a very 
high transmissivity offering a good hydrogeological connection for the impact of 
ONKALO to reach great depths. A similar but clearly less emphasized response of 
ONKALO is transmitted by R7 through its intersection with RH19B.   

The rise of high TDS concentrations immediately below ONKALO is in accordance 
with the concept of upconing. A discernible change toward a smoother transition 
between freshwater and saline water domains is explainable due to the dispersivity 
associated with flow velocities related to the strong hydraulic gradients in the vicinity of 
ONKALO at depth. 
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Figure 4-22.  Maximum salinity (TDS) in the sparsely fractured rock in the vicinity of 

the ONKALO at depth of 420 m (top) and 520 m (bottom) from the initial state on to 

500 years forward. The dashed lines denote the cases computed with the alternative 

geohydrological model (Figure 4-15). See Table 4-6 for the definition of the cases.

The omission of the water table drawdown from the salinity evolution model likely 
underestimates the upconing (cf. the Ghyben-Herzberg principle, e.g. Fetter (1988)). 
Löfman & Mészáros (2005) estimated the impact of the drawdown on the upconing 
with a sensitivity case similar to the most tightly grouted case, except for the use of the 
calculated drawdown (the lowermost point of the water table was about 10 m) instead of 
the fixed water table as a boundary condition on the flat top of the model for 100 years. 
Including the drawdown slightly enhanced the upconing extending the high salinities to



62

Figure 4-23. The vertical and horizontal cross-sections for results visualizations. 

a wider area and increasing the maximum TDS values less than 10% at the repository 
depths of 420 and 520 m.  This is understandable as the open tunnel system reaching the 
depth of 500 m forms such a high “pumping drawdown” with respect to the depth of the 
freshwater–saltwater interface that water inevitably gets drawn to the sink. Thereby this 
is different from the cases in the literature on upconing in which the interface’s stability 
or evolution underneath the sink is usually studied. In the case in which the interface 
rises up to the sink, the drawdown of the water table may impact the form of the 
upconing “dome” – to make it somewhat flatter – but would not affect the eventual 
salinities found in the sink. Naturally, the less efficient the grouting, the more 
pronounced the drawdown and its impact on the upconing. 

Because grouting strongly affects the inflow rates in ONKALO, it is expectable that 
grouting is also reflected by differences in calculated salinity fields in different cases. 
This is vividly shown in Figures 4-25 and 4-26. In particular, we see a strikingly large 
difference in the salinity associated with the fracture zone RH24. As it was explained 
earlier, this zone is able to transmit the strong impact of ONKALO to depths when there 
is no grouting applied to decrease the inflow rates.  When the grouting is applied, the 
situation changes dramatically, because the grouting of RH19A/RH19B weakens the 
connection with or disconnects RH24 from the tunnels. Obviously the flow direction 
changes in RH24 completely. The induced upward trending flow in this fracture zone 
under the influence of the ungrouted ONKALO reverses to downward, that is, natural, 
trending flow when ONKALO is “sealed” with grouting. At the same time this strongly 
implies that the initial condition was clearly off balance for this fracture zone. 
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Figure 4-24. The salinity (TDS, g/l) on the vertical northwest–southeast cross section (cf. 

Fig. 4-23). Case 1, no grouting, no water table drawdown.
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Figure 4-25. Salinity field (TDS, g/l) on the NW–SW cross-section (cf. Figure 4-23) 100 a 

after the opening of the underground facility. These cases have been calculated without 

considering the effect of the freely moving water table. The salinities on the bottom were 

computed with the alternative structural model (Figure 4-15). See Table 4-6 for the 

definition of the cases.

Flow paths to and from ONKALO 

It is of interest to know where the water to the grouted spots in ONKALO comes from 
during the operative phase and where it goes to after the closure of the repository. In 
particular, it is of interest to know whether the water that got in contact with grouting 
cement would find a way to the repository depth. One way of addressing this with 
numerical flow modelling is to calculate flow paths connecting the grouted spots to the 
ground surface. Recharge points were computed placing a fixed number of “particles” 
close to and evenly around the tunnel. The locations of the origin of the water and 
associated flow paths are then obtained computing the positions of the particles 
backward in time. The same initial setup of the particles was used in resolving the flow 
paths after the closure of the repository but naturally the computation was then carried 
out forward in time. The flow paths computed for this study represent snapshots of the 
evolving system. In other words a “true water parcel” that would be affected by 
transiently changing conditions during the course of the travel, would not experience the 
same hydrogeological field that governs these flow paths. 
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Figure 4-26.  Groundwater salinity (TDS) at the horizontal cut plane at the depth of 500 m 100 a after 

the opening of the underground facility (cf. Figure 4-23). The cases for the flow model developed in 

Posiva (2005) are presented on the top and middle, whereas the salinities on the bottom were 

computed with the alternative structural model (Figure 4-15). See Table 4-6 for the definition of the 

cases.
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The paths to the grouted spots during the operative phase were computed assuming a 
steady state flow field under the influence of open tunnels. Because the flow field will 
recover gradually back towards the natural state after the closing of the tunnels, the 
post-closure flow paths were computed from a steady state flow field under natural 
conditions. The effect of salinity was omitted from the flow path computations because 
the solute transport simulations indicated that the grouted spots in all cases are located 
in the fresh water zone, and it was anticipated that the routes do not run into the deeper 
saline groundwater, but head upwards remaining in the fracture zones with fresh or low 
salinity water. The effect of the drawdown of the groundwater table was not considered, 
either.

In the following discussion and for simplicity, we will regularly use expression “grouted 
spot(s)” in the meaning that it covers the first 50 m in the vertical of ONKALO and the 
fracture zone intersections – regardless of the actual grouting implemented for the case 
in question. 

In Case 1 (without grouting) the water that enters the spots corresponding to the grouted 
fracture zone intersections with ONKALO originates from the ground surface at places 
that are connected to ONKALO either directly or through fracture zone intersections 
(Figure 4-27).  In particular, a large portion of the flow paths entering ONKALO 
through fracture zone RH20AB actually originates from the ground surface in the 
vicinity of fracture zone RH11_ALT. Fracture zone RH19A, which does not have a 
direct connection to the surface of its own receives all its water from the fracture zones 
intersecting with it: RH19B, R7, and RH24.

After the closure of the repository, most transients and, in particular, the water table 
drawdown will cease2. We can see that all the path lines are trending to the west and 
southwest to enter the sea or the ground surface near the shoreline of the island (Figure 
4-27).  However, the flow paths originating from the different grouting spots take 
different routes. The paths from the upper sparsely fractured rock (SFR) (to the first 
turning of ONKALO at a depth of about 30 m) follow horizontally the anisotropic (see 
Table 4-5) upper 50 m layer towards R27 and further on to the sea. The water from the 
deeper SFR (depth of 30-50 m) and from RH19A flows first to RH19B along which all 
the paths lead towards R27 and the sea. The deeper paths from RH20AB take the route 
upwards to RH11_alt, after which they end up near the shoreline along the anisotropic 
50 m layer of rock. 

2 A notable exception of the disturbance of ONKALO still acting after the closure at depth is the heat 
generation from the decaying nuclear waste. Its impact on the flow paths shown in this study is difficult to 
estimate without a full numerical simulation. We, however, note that the decay heat induces an increasing 
upward groundwater flow in the vicinity of the repository (Löfman 2005).  
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Figure 4-27.  Flow paths to the potentially grouted spots under the influence of the 

open ONKALO (top) and from the potentially grouted spots after the closure of the 

tunnels (bottom) for Case 1 (no grouting) for the flow model in Posiva (2005). The 

view is from N-NE. The water table is assumed not to respond to the excavations. The 

arrows denote the main flow directions. 

Grouting the rock (Cases 2-4) does not change the overall flow pattern, but the main 
flow paths and discharge areas remain essentially the same as in the ungrouted Case 1. 
Even though the grouting decreases the inflow, the water table drawdown and the 
upconing of deep saline water when ONKALO is open, it has only a local impact on the 
flow paths after resaturation. 
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Calculating flow paths with evenly distributed discharge positions along the whole 
ONKALO for Cases 1 (no grouting) and 4 (extensive grouting) under the influence of 
the open underground facility clearly shows how a larger portion of flow paths travels at 
great depths in the ungrouted case (Figure 4-28 top). This particularly holds for the flow 
paths entering the ONKALO below RH20AB. The water flows from the surface along 
R1 and R6 to RH21, from which it is drawn upwards below the open tunnels. The 
grouting decreases the number of paths below RH20AB, but increases paths to the 
tunnels from the surface along RH20AB and RH11_ALT. Considering this result 
together with the simulated evolution of the salinity distribution for the different cases 
calculated earlier, we can conclude that grouting weakens the upconing not only 
because of the lower inflow rates associated with it but also because the proportion of 
deep water fluxes induced by ONKALO is diminished. 

With the alternative structural model, the flow paths to and from the intersections of the 
underground facilities and fracture zones do not show a great difference between 
ungrouted (Case 1alt) and grouted cases (Case 2alt-4alt), either. Under the influence of 
the open underground facilities, the water that meets the facilities at the intersection 
with RH20AB originates from the surface through RH11_ALT as this fracture zone 
offers the shortest and strongest connection to the ground surface for the waters heading 
for the tunnels along RH20AB (Figure 4-29). Interestingly, only a small part of the flow 
paths that enter the repository tunnels along the hypothetical fracture zone do get 
transported directly from this fracture zone’s contact with the surface, but most of water 
to the hypothetical zone flows from above through RH20AB (with a higher 
transmissivity) and from below through RH9.  In the upper part of the bedrock, the flow 
paths heading for the tunnel follow SHGP1 either directly from the surface from the 
west or through intersecting more vertical fracture zones in the west. 

 After the closure of the repository, the path lines originating from ONKALO's 
intersections with the fracture zones first get transported deeper because of the 
downward flow pattern induced by the overlying high elevation of the water table 
(Figure 4-29).  Similarly to the cases with the baseline structural model (flow model 
2005), the flow paths from above SHGP1 are directed south-west towards R27 and 
further on to the sea, except some of the paths from the intersection of SGP1 and the 
access tunnel, which head to the surface along zones R16, RH20AB and RH11_ALT. 
Deeper down the flow paths are much longer and quite concentrated reflecting a 
uniform character of the hydraulic gradient. The flow paths originating at the 
intersection with RH20AB are transported along this fracture zone towards the 
northwest, to be discharged at the ground surface through the hypothetical vertical 
structure. Most of the paths from the intersection of the repository tunnels and the 
hypothetical fracture zone take route south-west to the sea along R72 and R32, but 
some paths end up also to the north coast of Olkiluoto along RH21 and R1. 
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Figure 4-28. Flow paths to the open ONKALO in Case 1 (top) and Case 4 (bottom).  

No response of the water table to the underground facilities is considered. The flow 

model is presented in Posiva (2005).  As was observed earlier, the total inflow rate in 

Case 1 is more than ten times higher than in Case 4 (see Table 4-6). The arrows denote 

the flow directions.
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Figure 4-29. Flow paths to the potentially grouted spots for Case 1 with the 

alternative structural model under the influence of the open ONKALO/repository 

excavations (top) and from the potentially grouted spots after the closure of the 

tunnels (bottom).  No drawdown of the water table is considered. The arrows denote 

the flow directions. 
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Comparison between the results computed with the flow model 2003 applied in Vieno et 

al. (2003) and with the latest flow model 2005 applied in this study 

The prerequisite of the groundwater flow simulations is the flow model. In particular, 
the conceptual fracture zone geometry constitutes one of the main sources of uncertainty 
in site-scale groundwater flow analyses (Posiva 2005). Although the continuing site 
investigations and interpretations have resulted in evolving bedrock and flow models, 
the overall conception of the flow conditions at Olkiluoto has not much changed during 
these years. However, the individual quantities or results have proved to be sensitive to 
the flow models. 

A brief comparison between the results with the flow model 2003 applied in the 
ONKALO disturbances report (Vieno et al. 2003), Löfman & Mészáros (2005) and the 
latest flow models 2005 (Posiva 2005) and 2005alt (Appendix 2) applied in this study is 
provided below. 

Inflow rates
With the flow model 2003 the inflow rates into the tunnels in the ungrouted case are 
higher than with the flow model 2005 (1100 l/min vs. 710 l/min), which can be 
attributed to the differences in the fracture zone geometry. The fracture zones 
intersecting ONKALO in the model 2003 possess more indirect connections to the 
ground surface (e.g. R16). In addition, although R20 is not directly connected to the 
surface (as in the 2005 model), its extension over the island of Olkiluoto was larger. 
Moreover, due to the higher hydraulic conductivity of the sparsely fractured rock (SRF), 
more water infiltrates into the bedrock with the 2003 model, which allows the 
intersecting fracture zones to collect more water out of the surrounding SFR and further 
on to ONKALO. The alternative flow model 2005alt results in the lowest total inflows 
(514 l/min), although it includes two additional vertical fracture zones. This follows 
from the replacement of the RH19A and RH19B with fracture zones of a combined 
lower transmissivity. However, the more efficient the grouting, the less sensitive the 
model to the geological environment of ONKALO is. 

Drawdown of the water table
Without grouting the present flow model 2005 resulted in higher drawdown of the water 
table than the model 2003. In the model 2005 the zone RH20AB not only extends 
directly to the ground surface (Figure 4-16) but also its connection to the surface is 
further strengthened by the structure RH11_ALT (with a higher transmissivity than 
before). These connections from ONKALO to the surface dominated the drawdown 
simulations, and the water table would move down to a depth of about 330 m if 
RH20AB remained ungrouted. The lowest point of the water table with the flow model 
2003 was about 200 m. The simulations in the ungrouted case were not carried out with 
the alternative flow model 2005alt, but it is obvious that the impact of the tunnels would 
have been larger than with the baseline model 2005, because of the two additional 
vertical fracture zones. Also in this case, the more efficient the grouting, the more 
drawdowns computed with different flow models approached each other (e.g. Case 4 in 
Löfman & Mészáros 2005), 4fT8 (Figure 4-19c) and 4f_altT8 (Figure 4-19f). 
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Salinity and upconing of deep saline groundwaters
Due to higher inflow rates and higher hydraulic conductivity, the upconing was more 
pronounced with the flow model 2003 than with the models 2005 and 2005alt. With the 
lowest inflows, the model 2005alt resulted in lowest upconing, as well. The maximum 
salinities on the repository area, as defined in the layout 2003 (Löfman 2005), are 
presented in Table 4-10. Note that the maximum salinities in Figures 4-21 and 4-22 
have been taken within a radial distance of 1 km to the shaft, denoting a larger area than 
the repository area itself.

Flow paths
Vieno et al. (2003) calculated flow paths originating from the grouted spots 50 years 
after the closure of the repository.  The flow paths were calculated for an ungrouted case 
similar to Case 1 in the current document. As seen in Figure 4-30, the cement used to 
seal R19A-B and R20 would be transported along these fracture zones but would not 
penetrate into the bedrock below R203. How much are the flow paths in the current 
calculations different from that in Vieno et al. (2003) and what are the reasons for the 
differences?  The differences are best seen comparing Figures 4-27 and 4-30. Basically, 
the flow paths associated with the corresponding fractures, i.e. RH19A  R19A, 
RH19B  R19B, and RH20AB  R20 act in a very similar fashion, the only 
difference being that those path lines that move in the vertical direction toward R20 in 
the calculations in Vieno et al. (2003) are missing in the calculated path lines for this 
document.

Table 4-10. Maximum salinities (g/l) in the ONKALO area at repository levels (the 

repository itself is not included in the flow model), as defined in the layout 2003 

(Löfman 2005). The initial salinities were about 8 and 22 g/l at the depths of 420 m and 

520 m respectively. 

CASE Ungrouted CASE Grouting of T = 10-7 m2/s

Depth -420 m -520 m Depth -420 m -520 m 

2003/
Case 1 

39 53 2003/
Case 3

30 54 

1 21 38 4 18 34 

1alt 13 32 4alt 13 34 

3 Note that the naming convention in the bedrock model on which the Vieno et al. (2003) built their flow 
model was slightly different from that adopted by Vaittinen et al. (2003). 
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Figure 4-30. Flow paths from the intersections of the ONKALO and R24, R19A, R19B, 

R20, and R56 as calculated by Vieno et al. (2003). This calculated case corresponds to 

Case 1 in the current document (i.e. no grouting). 

Uncertainties and sensitivities 

Numerical groundwater flow simulations are subject to uncertainties and sensitivities 
related to input data. Unfortunately, uncertainty and sensitivity analysis fell beyond the 
scope of the current study. However, such analyses were carried out in Löfman & 
Mészáros (2005), and although different model (flow model 2003) was applied, their 
conclusions are valid for the current study, as well. A brief summary of the previous 
uncertainty and sensitivity analysis is provided below. 

Since most of the water flows into the tunnels along the intersecting fracture zones, the 
fracture zone geometry of the conceptual hydrogeological model and the transmissivity 
of the zones, together with the hydraulic conductivity of the sparsely fractured rock, 
constituted the largest uncertainties in the simulations. The uncertainties related to the 
geometry of the zones followed from the conceptual bedrock model (Vaittinen et al. 
2003). The averaging of the measured small-scale transmissivities of the zones and the 
hydraulic conductivities of the sparsely fractured rock, to obtain the effective values 
over a larger length scale, was obviously subject to considerable uncertainties (Posiva 
2005).

As was expected, the calculated inflows were highly sensitive to the transmissivities of 
the fracture zones and the hydraulic conductivity of the sparsely fractured rock in the 
ungrouted case. A one-order-of-magnitude change in the values resulted in 
approximately a one-order-of-magnitude change to the inflows. The grouting of the 
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tunnels decreased this type of sensitivity, and in the tightly grouted case, the inflow 
along the zones into the tunnels did not change with the prolonged transmissivity. 

Just as the inflow of the groundwater into the tunnels caused hydraulic disturbances, the 
uncertainties and sensitivities related to the inflow also directly affected the drawdown 
of the water table and the evolution of the salinity distribution. 

When simulating the solute transport, we encountered additional sources of uncertainty 
and sensitivity, such as flow porosity and dispersion lengths, for which there were no 
site-specific field data available. Because of the lower seepage velocities, the higher 
flow porosity moderated the transport of solutes, so that transport occurred over a longer 
time scale; whereas the lower porosity induced higher velocities and a faster response to 
the opening and closing of the tunnels. Also, when simulating the water table 
drawdown, the flow porosity affected the time required to reach steady state. The 
variations in the dispersion lengths showed that the longer values increase the spreading 
of solutes, resulting in a wider transition zone between fresh and saline water, and a 
lower upconing of saline groundwater. The (longitudinal) dispersion lengths shorter 
than 50 m were not used, because the high Darcy velocities near the tunnels caused 
numerical problems associated with a too large Peclet number when solving the 
transport equation. 

The post-closure evolution of the flow pattern and the salinity distribution in the 
groundwater are also affected by the heat generation of the spent fuel, the effects of 
which have not been analysed within the present study. However, the decay heat of 
spent nuclear fuel raises the temperature of the repository and the surrounding bedrock 
several tens of degrees. Such decay heat induces an increasing upward groundwater 
flow, which for hundreds of years delays the recovery of flow conditions towards the 
natural state and leads to increases in the salinity of groundwater in the vicinity of the 
repository (Löfman 2005). 

As expected, in the ungrouted case, the model was sensitive to the most important 
hydrogeological properties. But the more efficient the grouting, the less sensitive the 
model to the geological environment of ONKALO is. 

4.4 Updated estimates on the geochemical disturbances on the basis of 
surface-based monitoring

Hydrogeochemical monitoring results based on groundwater sampling from surface 
extend until early winter 2005 (see Hirvonen & Mäntynen 2005). Monitoring samples 
have been collected from overburden (observation tubes), shallow borehole wells, and 
deep boreholes. Deep groundwater has been sampled from either open boreholes with 
double packer equipment (PAVE) or multi-packered boreholes.  

The hydrogeological disturbance of ONKALO has been only minor until now (e.g. 
Ahokas et al. 2005). Therefore, significant changes in hydrogeochemistry are not 
expected in monitoring results. However, certain changes may have been caused by 
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different activities at the site such as long-term pumping tests in boreholes OL-KR24 
and OL-KR6.

Luukkonen et al. (2004) predicted the potential hydrogeochemical disturbances and 
their influences in the hydrogeologically active fracture system. They used oxidative 
and slightly acid, CO2 bearing meteoric water in the calculations to examine the stability 
of the water-rock system (i.e. buffering capacity of fracture wall minerals) against 
aggressive, superficial, water infiltration induced by the increasing hydraulic gradient 
due to the ONKALO construction. Calcite and pyrite on fracture walls have generally 
been considered the main buffering minerals to stabilise groundwater, i.e. neutral or 
slightly alkaline pH and anoxic conditions. Reference values used in the calculations for 
dissolved inorganic carbon (DIC) and O2 were 8.2 and 10 mg/l, respectively. The pH 
was fixed to 5.4 in infiltrating water, in which condition CO2 dominates carbonic acid 
dissociation. In addition more matured infiltrating water (advanced respiration in soil 
layer) was also tested with values for DIC and O2 of 15.7 and 1 mg/l, respectively.  

Shallow groundwaters 

Shallow groundwaters do not show any significant changes in the vicinity of ONKALO. 
However, the level of DIC seems to vary in the low pH (< 6) groundwaters more 
extensively (Hirvonen & Mäntynen 2005) than was observed during the baseline 
characterisation. Some shallow holes, such as PP5 and PP36, have shown fairly stable 
DIC levels similar to the values used in the calculations by Luukkonen et al. (2004), 
whereas DIC largely varies in borehole PR1 from 4 to 20 mg/l. High values are 
measured in autumn reflecting active respiration in soil and CO2 dissolution in 
infiltrating water during summer time. These results indicate that slightly higher initial 
CO2 contents than used in the calculations by Luukkonen et al. (2004) are possible in 
the meteoric infiltrating water. 

Deep groundwaters 

Monitoring results of deep groundwaters show some dilution in certain borehole 
sections (Figure 4-31a). However, it is not expected that this be induced by the 
construction of ONKALO (Hirvonen & Mäntynen 2005), because the dilution effect is 
related only to open boreholes and not to multi-packered boreholes. Typically water 
flows from upper levels downwards and it is stored deeper into fractured sections. 
Pumping during sampling is not sufficient to decontaminate sampling sections, which is 
also observed as an increased HCO3

-, tritium, and radiocarbon contents in groundwater 
samples (Figure 4-31b), which are unambiguous evidences of shallow water 
contamination. 

In the borehole OL-KR6, a long-term pumping test has been conducted with constant 
flow of 20 l/min along with groundwater sampling since 2001. The chemical results so 
far gathered from the borehole may indicate the influence of ONKALO on the 
hydrogeological system during longer period. Salinity increased in the sections that 
were sampled initially (samples from the intervals 98-100 m and 135-137 m of borehole 
length) before pumping started and have shown fairly stable values as well as in the 
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sections taken into the programme lately (Figure 4-32a). The salinity change is caused 
by an increasing dominance of marine water component indicated, e.g. by SO4

enrichment (Figure 4-32b) along the seawater dilution line. However, certain 
indications, such as an increase in salinity above values in current seawater and a 
decrease in radiocarbon results, suggest that infiltrating marine component represents 
old Litorina derived seawater rather than current Baltic seawater. 

Luukkonen et al. (2004) found out that seawater rather stabilises the hydrogeochemical 
system and its buffering capacity than disturbs it when compared with meteoric water 
infiltration. This is in particular true in the case of OL-KR6, because the old Litorina 
derived water is already equilibrated with the host rock. However, deeper in the bedrock 
the increase of a marine groundwater component may be a risk if it is mixed with CH4-
rich saline groundwater. Bacteria may use methane in reducing SO4 to dissolved 
sulphide. Signals from this process can be observed from the deepest monitored section 
OL-KR6-422 where dissolved sulphide has been 3-4 mg/l since the year 2003.  

The location of the borehole OL-KR6 near the coastline has no clear connection with 
ONKALO and the details of the bedrock structures are not as well known as in the 
ONKALO area, therefore the results should only be taken as indicative. The results do 
not support increasing meteoric water intrusion in the system at least in the near future, 
however, the potential sulphide production in deeper levels supports the need for 
effective grouting to keep water inflow to ONKALO as low as possible. 



77

Figure 4-31. a) Total dissolved solids (TDS) and b) dissolved inorganic carbon (DIC) 

calculated as HCO3 content as a function of time in the deep groundwaters sampled for 

the monitoring programme.
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Figure 4-32. a) Changes of Cl concentration of monitored sections during long-term 

pumping test in borehole OL-KR6. b) Corresponding SO4 contents versus Cl 

concentrations.

4.5 Hydrogeochemical implications of the new geohydrological model 

Calcite on fracture surfaces is one of the most important natural buffers to maintain 
stable the hydrogeochemical conditions in the bedrock. Though calcite is neutral against 
the alkaline plume caused by cement, it is very sensitive to acid infiltration from surface 
as it is the result of CO2 (organic respiration product) dissolved in water and also 
indirectly of O2. Luukkonen et al. (2004) concluded, on the basis of their geochemical 
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calculations, that calcite coatings may have enough lifetime on fracture surfaces as far 
as the volumetric flow rates from the infiltration zone stay below 10 l/h on a single flow 
path (500 m long with 1 litre of water per square metre of fracture) during construction 
and operational stage of ONKALO. The calculations contained shortcomings and 
simplifications, which are discussed in detail in the report. Calcite was considered as the 
only buffer against low pH although silicates and ion exchange may probably play a 
role in the process. Therefore, the infiltration value of 10 l/h for a single flow path can 
be considered as an upper limit before more advanced calculations are done with new 
geological and mineralogical data.  

The results of flow simulations based on either of the used geohydrological structure 
configurations (flow model 2005 or flow model 2005alt, Sections 4.2 and 4.3) suggest 
high inflow into ONKALO along fracture zone RH20 from surface if the zone is not 
grouted. The inflow level of 100 l/min (for the access tunnel without shafts) would 
represent 600 fractures forming flow paths of 10 l/h. The fracture number probably 
exceeds clearly the number of conductive flow paths in RH20 into ONKALO and 
correspondingly the limit value by Luukkonen et al. (2004). In addition, RH20 with 
high inflow forms a potential mixing zone for marine-derived groundwater and deeper 
CH4-rich saline groundwater. These both features support careful grouting of the zone 
RH20.

4.6 Updated estimates on the effect of cement on buffer and backfill

A plume of high pH originating from cement may affect the transport processes in the 
geosphere and the performance of the EBS. The main concerns are related to the 
alteration of bentonite, the stability of fuel matrix, and the validity of performance 
assessment databases in high pH environments. Also, the potential disturbances due to 
superplasticizers (SPL) and other organic admixtures of cement are unknown. In the 
long term, degrading concrete structures, such as injection boreholes, liners and floors, 
may become preferential flow and transport routes. 

The highly alkaline conditions induced by cement will support a silica activity four 
orders of magnitude higher than at neutral conditions and the release of alkali metals 
from fresh cement will increase the cation/proton activity ratio significantly compared 
to current groundwater conditions (Figure 4-33, Karnland et al. 2005). These conditions 
will affect the stability of the EBS system. The pH evolution is of concern for the 
performance and safety assessment analyses, in particular the pH evolution in the 
bentonite buffer, which completely surrounds and thereby protects the fuel canisters by 
chemical buffering. If buffer minerals alter rapidly by the interaction with cement pore 
fluids, these primary buffer functions may be lost. 
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Figure 4-33. Left: Stability relations of some phases in the system Na2O-Al2O3-SiO2-

H2O at 25 C and 1 atm, as function of {Na
+
/H

+
} and {H4SiO4} (simplified after 

Helgeson et al. 1969). Right: Solubility of silica versus pH in NaOH solutions. Hatched 

line indicates quartz saturation and dotted line indicates amorphous silica saturation. 

Calculations with PHREEQC v. 2.8 (Parkhurst & Appelo 1999). After Karnland et al. 

(2005). 

Identified areas with respect to the effect of a high-pH plume from cement on bentonite, 
by Vieno et al. (2003), deserving further studies include the following: 

pH buffering capacity, alteration products, and the properties of the altered clay in 
highly compacted bentonite  
The relative propagation rates of diffusing OH- ions and the reaction front of the 
buffering and alteration processes in the highly compacted bentonite. Is it possible 
that, due to the kinetics of reactions, the plume of high pH could reach the canister 
surface and penetrate into a defective canister before the buffering reactions 
neutralize the high pH?
The fate and effects of dissolving siliceous and aluminous reaction products in the 
long term. The potential of these species to re-precipitate and to cause 
cementation of the highly compacted bentonite in the phase when the pH 
eventually decreases again, should be investigated. 

The need for further experiments as well as modelling studies on the transport and 
effects of cement in fractured rock was also identified, as well as the need for field 
evidence on the eventual formation of pH-plumes. One key source of information is the 
knowledge and observations gained from ONKALO.  

Many of the identified areas have been improved during the recent years thanks to the 
large interest shown on the potential interaction of alkaline plumes with clay materials 
(e.g. Michau 2005, Metcalfe & Walker 2004, Karnland et al. 2005, Savage et al. 2005). 
In case of the effect of high pH on spent fuel dissolution, the results of a recent study by 
Loida et al. (2005) indicate that in reducing conditions high pH solutions do not 
increase the dissolution of spent fuel. 
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Buffering and alteration of bentonite 

Apart from the general cementation by secondary phases, the most important effect of 
an alkaline plume is the dissolution of montmorillonite. The reaction between the 
hydroxyl groups in the cement leachate and bentonite gives a significant release of 
silicon. Initially silicon in solution is controlled by the dissolution of silica polymorphs 
(cristobalite and quartz) followed by the dissolution of montmorillonite (Karnland et al. 
2005).

The consequences of the above reactions are a decrease of swelling pressure due to 
mass loss, and density (Figure 4-34), and an increase in cation exchange capacity, 
hydraulic conductivity and fissuring due to cementing processes (CSH-gel). If cement-
bentonite alteration results in porosity reduction that causes a permeability decrease this 
could be an adverse effect since the potential for gas pressures to rise, leading to 
eventual cracking of the barrier, might be enhanced. 
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Figure 4-34. Left: Measured (dots) and calculated (lines) values of swelling pressure 

versus density in pure montmorillonite exposed to NaCl solutions Right: Close up 

showing initial ( ) and final ( ) pressure versus density in MX-Na contacted with 1.0 M 

NaCl/NaOH. Upper bold line and squares represent deionized water conditions, and 

lowermost line and diamonds represent conditions in 1M NaCl solution The 

combination of the osmotic effect of external solutions and the mass loss due to 

dissolution of cristobalite, quartz and montmorillonite fully explains the drop in 

swelling pressure from 5.5 MPa in pure water to the final value of 1.8 MPa in the 1.0 M 

NaCl/NaOH system (Karnland in Metcalfe & Walker 2004). 
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Most studies on the interactions between bentonite and cement pore-water have been 
performed either as batch experiments with a high solution/solid ratio (e.g. Bauer & 
Berger 1998; Bauer & Velde 1999; Cama et al. 2000), as flow-through experiments 
(Cama et al. 2000) or as modelling studies (e.g. Jefferies et al. 1988; Savage et al. 
2002). Few studies with compacted bentonite have been performed so far. Karnland et 
al. (2005) studied the interaction between highly compacted bentonite (MX-80 or 
purified homo-ionic Na- or Ca-montmorillonite) and high molar hydroxide solutions. 
For compacted bentonite, a permanent decrease in swelling pressure and increase in 
hydraulic conductivity was observed for alkaline solutions with pH > 13 (> 0.1 M 
NaOH), whereas typically no or small decrease in swelling pressure was recorded for 
compacted bentonite in contact with a hyperalkaline fluid with pH  13.

It seems that mineral transformation in compacted bentonite under diffusion control is a 
powerful chemical buffer against a high-pH solution. Furthermore, it is conceivable that 
the propagation of the high-pH front will slow down to some extent4 due to the fact that 
the solid reaction products, in their part, buffer the ingress of the aggressive plume 
(Lehikoinen in Metcalfe & Walker 2004). Nevertheless, it is obvious that OH- solutions 
migrate through highly compacted bentonite if the pH-gradient is sufficiently high 
(Karnland et al. 2005). 

The permanent decrease in swelling pressure is caused by the dissolution of the 
bentonite minerals, which changes the sample mass. Consequences are expected to be 
much more significant for backfill than for the compacted bentonite buffer in the 
deposition hole. Backfill consists of crushed rock and bentonite or natural swelling clay. 
The density of bentonite in backfill is lower compared to the buffer. The sensitivity of 
backfill needs to be evaluated more thoroughly, as well as the role of the crushed rock 
as a buffer against OH- ions.

In the flow-through tests performed at VTT (Vuorinen et al. 2006) both crushed rock 
from Olkiluoto boreholes OL-KR10 and OL-KR12 (depth interval 460-500m) and 
bentonite were in contact with saline and fresh alkaline solutions (pH 12.5) and saline 
hyperalkaline solutions (pH 13.5). Of these two materials it was observed that bentonite 
caused major alteration in the outflow solution chemistries. In the experiments Na-
montmorillonite partially altered to Na-beidellite, and a CSH-gel formed. Mg became 
possibly adsorbed or precipitated in the CSH-gel with some other elements (e.g. Na and 
Al). Minor precipitation of calcite occurred in all bentonite experiments. 

According to the final water composition of saline alkaline and hyperalkaline 
experiments, the bentonite batches release K and significantly Si (especially in the 
hyperalkaline case), and sulphate in the alkaline case. In fresh water significant 
increases in the concentration of K, Fe, Mg, Al and Si are found; it seems evident that 
some Na-montmorillonite breaks up and Fe, Al, Si are released in the water. The 
amount of released Si grows as a function of reaction time, and likely this indicates the 
breakdown of silicates. The saline hyperalkaline solution induced the strongest attack on 

4 Assuming that the hydraulic properties do not increase drastically upon mineral alterations. 
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crushed rock and dissolved microcline resulting in the formation of sericite/illite, a 
likely alteration also seen in the saline alkaline experiments. As a general note, very 
small effects were found in the fresh alkaline experiments. 

Dissolution rate vs. pH

According to Sellin et al. (2003) the dissolution rate for a number of silicates and 
aluminium silicates, e.g. quartz, kaolinite, increases by a factor of 10 if pH is increased 
from 11 to 13, and the laboratory experiments referred to implied that bentonite is much 
more stable at pH 11 as compared to pH 13. The kinetics of montmorillonite dissolution 
can be regarded as a direct constraint on the amount of dissolution, and enhanced 
dissolution rate under higher pH has been observed (Metcalfe & Walker 2004). The 
recent studies by Huertas et al. (2005) confirm these observations as it was found that 
for smectite dissolution the pH value 11 is a critical value, above this the smectite 
dissolution rate increases significantly. This effect will be strengthened at higher 
temperature. 

Status and future efforts needed 

It is quite obvious that the pH for the groundwater in contact with the buffer bentonite 
should be kept below 11 in order to ensure that the basic functional requirements on 
bentonite will be satisfied. 

Although a lot of research has been performed and is going on, there is still need for 
both. An understanding of the interaction processes and of their consequences in 
realistic repository conditions is to be enhanced by experimental and theoretical 
(modelling) studies. In addition to “simple” mass balance and mass transport modelling 
of the effect of cement in a repository, a more sophisticated modelling is needed in 
order to have the net effects of the individual interactions in the overall performance of 
a repository. The evolution of the system components is a sum of THMCBGR 
interactions, which will vary at different time steps. Also part of the components is not 
yet well understood, e.g. the composition and effects of the organic additives like SPL. 
To build a robust safety case, a full overview of all relevant processes is needed 
(Alexander et al. 2005, Metcalfe & Walker 2004, Vieno et al. 2003).  

The case of relatively fast diffusion of hydroxide ions through bentonite with apparently 
little chemical buffering clearly needs more studies, in particular, the propagation of 
OH– in relation to the “buffering rate” of compacted bentonite.  

So far, predictive model calculations on the long-term evolution of the bentonite buffer 
in contact with high-pH solutions have been fairly speculative, the model results 
ranging from a small amount of montmorillonite dissolution in one million years to the 
total removal of the primary bentonite minerals up to 60 cm from contact with cement 
in about 1 000 years. Unfortunately, the mass flow rates of OH– ions and other solutes 
entering the bentonite from concrete were not recorded in any of these simulations. A 
common problem with all the model calculations with complex mineral assemblages is 
the poor knowledge of the possible reaction products and of mineral dissolution and 
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growth kinetics, which are thus subject to considerable uncertainty. It is also important 
to consider the range of secondary minerals that may form and the temporal sequences 
in which they form (Lehikoinen in Metcalfe & Walker 2004). 

According to recent results (e.g. Figure 4-34), the consequences for the backfill of lower 
density than the compacted bentonite might be even more dramatic. There is certainly a 
strong need for experimental and theoretical studies on the effect of the alkaline plume 
on the backfill material (bentonite and crushed rock or some other combination of 
materials). 
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5 ALTERNATIVES FOR CONTROLLING WATER INFLOW AND USE OF 
CEMENT – LONG-TERM SAFETY ASPECTS  

5.1 Need of grouting below R19 

Based on the distances between hydraulically conductive sections (see Figure 4-12 and 
Table 4-3 in Section 4.2.3) and assuming grouting fans with grouting holes of about 25 
m length, it has been estimated that the tunnel sections between TC 0-1000 m could be 
left only occasionally without grouting (Sievänen et al. 2006a). Between TC 1000-1500 
m about 2/3 of the tunnel probably needs grouting and between TC 1500-2000 m about 
half of the tunnel length has to be grouted. Fracture clusters including several separate 
hydraulically conductive sections are the reason for the low average distance at the 
depth range 200-300 m, and the average values do not necessarily imply increased need 
for grouting. The more correct interpretation may be that there could be relatively long 
hydraulically conductive tunnel sections between TC 2000-3000 m that need grouting 
and at the same time there would be long sections that do not need grouting. The rough 
estimation of the proportion of the tunnel length that needs grouting between TC 2000-
3000 m is 50%. Between TC 3000-4000 m, the situation seems to be similar but the 
amount of hydraulically conductive sections could be smaller. After TC 4000 m the 
need for grouting is very sporadic. The rough estimation for total need for grouting in 
ONKALO is about 40% of the tunnel length using 25 m grouting holes. The better the 
grouting can be focused to the leaking tunnel sections, the less grouting is needed if 
about 13 m long grouting holes could be used. The total grouting need in ONKALO 
was estimated to be about 30% (Sievänen et al. 2006a). However, these estimates are 
somewhat overestimated, since fractures appear in clusters, what means that often 
several water-leaking fractures occur in the area of one grouting fan. The need for 
grouting may also depend on the orientation of the tunnel (Sievänen et al. 2006a).  

An estimation of the grout volumes and cement-takes to be used has been based on the 
analysis above. Table 5-1 presents the assumptions made on the need of grouting and 
grouting holes for the calculation of the grout-take. The presented grouting-hole length 
and diameter as well as the number of holes in a fan are assumptions made for the 
calculations of grout-take and are not based on any detailed grouting plans. The shaft/s 
can be grouted either by using long grouting holes within the shaft diameter or using a 
fan of grouting holes drilled in the circumference of the shaft. In the first case, the long 
grouting holes are later excavated away, and additional grouting from tunnels can be 
done if needed. The estimation of the grout-take is based on the later option. Regardless 
of the details of grouting, the target is to limit the inflow to 1-2 l/min/100 m also in the 
shaft/s. In the calculation the number of fans needed has been rounded up to the closest 
integer.

Three alternative cases are calculated using (1) ordinary cementitious grout similar to 
those currently in use in ONKALO, (2) low-pH cementitious grout after penetrating 
RH19 (SHGP1, SGP1 and SGP2) (3) both, low-pH cementitious grout (50-volume %) 
and colloidal silica (50-volume %) at greater depths. For each case, two variants are 
calculated (a) assuming the grout-take to remain similar to the experiences obtained in 
ONKALO so far and (b) assuming the grout-take to diminish to half of the current at 
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larger depths (below -100 m). The grout-take (l) and the respective amounts (kg) of 
cement, silica (in case 3 silica is a sum of the microsilica used in low-pH cementitious 
grout and colloidal silica) and SPL are presented in Table 5-2. The presented amounts 
of cement and silica and SPLs are dry weight (kg). In both Tables the word 'zones' is 
used for the intersections of fractured and highly conductive zones (both local and 
larger zones, see Table 4-1 in Section 4-2), and in these the grout-take is assumed to be 
higher. In the estimation, the length of the grouting holes in the tunnel has been 
assumed to be 25 m above the -200 m level and 20 m below that and 10 m in shafts. In 
addition to these, a fourth option would be based on so-called “smart grouting”, which 
means more advanced optimising of the grouting by careful design aiming to minimize 
the amounts of grout used and of grouting holes outside the tunnel profile (see Section 
5.3).

In a previous study, Hjerpe (2003) estimated the need of cement for grouting to be 
3 000 000 kg in case of one shaft, i.e. twice the amount now estimated according to 
Case 1. The estimate by Hjerpe (2003) included also 250 000 kg cement used in post 
grouting, which is not included here. Another reason for the difference is the tunnel 
length that needs to be grouted. Hjerpe (2003) and Riekkola et al. (2003) included more 
structures intersecting ONKALO, and they also took into account the relative 
orientation of the structure with respect to the tunnel and the parts of the tunnel, when 
the structure was within a few metres of the tunnel. The difference is mainly due to a 
different grout-take estimate, which is assumed to be less in this revised estimate based 
on the ONKALO experiences. It is even estimated that the grout-take per grouting hole 
length will decrease as excavation proceeds, due to the more scattered occurrence of 
hydraulically conductive fractures and their smaller apertures at greater depths. 
Therefore cases 1a, 2a and 3a are likely to overestimate the need of grout. Uncertainties 
related to the estimation of the tunnel length that needs to be grouted and the actual 
grout-take both in the SFR sections and in fracture zones are the main sources of 
uncertainty in the results. 

The proportion of grout filling in the hole and the remaining grout penetrating in the 
rock after the tunnel is excavated and grouted varies depending on the grout-take. If the 
grout-take is 20 l/borehole-m, roughly 10% of grout is in the grouting hole whereas in 
case of a grout-take of 10 l/borehole-m, over 20% of grout is in the hole. If the grout-
take is 5 l/borehole-m, about 50% of the grout is in grouting holes. In the shaft grouting 
holes, the amount of grout remaining in the grouting hole is even larger. After 
excavation, some part of the grout in grouting holes and in fractures is excavated away. 
How much remains in bedrock after excavation will also depend on the grout-take. It is 
assumed that in places where the grout-take is large, about 80% of the grout remains in 
the bedrock after excavation, but the proportion diminishes with diminishing the grout-
take.
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Table 5-1. Estimation of the tunnel length to be grouted and assumed grouting holes at 
different depth intervals. TC = Tunnel chainage

Length of 
tunnels/shafts (m) 

Need of grouting
(length m) 

Grouting holes

Access tunnel, shaft connection and other tunnels in the depth range 

TC 0-1000 m 
Depth (0 - -100 m) 

1040 90% of the tunnel length 
(950 m) 

Holes in fan 25 
Length 25 m  
Diameter 54 mm 
Volume 57 dm3

TC 1000-1500 m 
(-100 - -150 m) 

500 70% of the tunnel length 
(350 m) 
Average rock 290 m 

Zones 60 m 

Holes in fan 25
Length 25 m  
Diameter 54 mm 
Volume 57 dm3

TC 1500-2000 m 
(-150 - -200 m) 

540 50% of the tunnel length 
(270 m) 
Average rock 240 m 

Zones 30 m 

Holes in fan 35
Length 20 m  
Diameter 54 mm 
Volume 46 dm3

TC 2000-3000 m  
(-200 - -300 m) 

1060 50% of the tunnel length 
(530 m) 
Average rock 480 m 

Zones 50 m 

Holes in fan 35 
Length 20 m  
Diameter 54 mm 
Volume 46 dm3

TC 3000-4000 m  
(-300 - -400 m) 

1000 50% of the tunnel length 
(500 m) 
Average rock 270 m 

Zones 230 m 

Holes in fan 35 
Length 20 m  
Diameter 54 mm 
Volume 46 dm3

TC 4000-5000 m  
(-400 - -520 m) 

2417 10% of the tunnel length 
(240 m) 
Average rock 180 m 

Zones 160 m 

Holes in fan 35 
Length 20 m 
Diameter 54 mm 
Volume 46 dm3

Research Loop    

(-420 m) 1600 10% of the tunnel length 
(160 m) 
Average rock 140 m 

Zones 20 m 

Holes in fan 35 
Length 20 m 
Diameter 54 mm 
Volume 46 dm3

Shafts (two 520 m shafts) 

 1040 100% of the shaft length 
(1040 m) 
Average rock 900 m 

Zones 140 m 

0 - -100 m 
Holes in fan 35 
Diameter 80 mm 
100 - -520 m 
Holes in fan 30 
Diameter 76 mm 

Total 9200 4100 m  
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Table 5-2. Estimated need of grout. Note that the figures include the already used amounts of 

grout, cement, silica and superplasticizers SPLs. Note that the given weights are dry weight. 

The estimated amount of SPL as percentage of the dry weight of the mass includes the water in 

the SPL mixture; see also Table 3-3. 
Case Grout-take Total grout-take 

a) Grout-take similar to currently used 

Average rock 

10 l/borehole-m

Zones

20 l/borehole-m

Total grout-take 2 000 000 l 

Cement 1 500 000 kg (shafts 

320 000 kg) 

Silica - kg 

SPLs 13 500 kg 

b) Decreased grout-take below – 100 m

Case 1: Grout

Ordinary cementitious 

grout

SPL

2% of dry weight 

(cement)

0- -100 m as in a) 

-100 -520 m 

Average rock 

5 l/borehole m (in shafts 7 

l/borehole-m)

Zones

10 l/borehole-m (in shafts 15 

l/borehole-m)

Total grout-take 1 400 000 l 

Cement1 1 100 000 kg (shafts 

250 000 kg) 

Silica - kg 

SPLs 9 450 kg 

a) Grout-take similar to currently used

Average rock 

10 l/borehole-m

Zones

20 l/borehole-m

Total grout-take 2 000 000 l 

Cement 970 000 kg (shafts 

180 000 kg) 

Silica 300 000 kg 

SPLs 20 700 kg 

b) Decreased grout-take below – 100 m 

Case 2: Grout

Ordinary cementitious 

grout

0 - -100 m

Low-pH cementitious 

grout below -100 m 

 SPL

Ordinary cementitious 

grout: 2% of dry weight 

(cement)

Low-pH cementitious 

grout: 4% of dry weight 

(cement and silica) 

0- -100 m as in a) 

-100 -520 m 

Average rock 

5 l/borehole m (in shafts 7 

l/borehole-m)

Zones

10 l/borehole-m (in shafts 15 

l/borehole-m)

Total grout-take 1 400 000 l 

Cement 780 000 kg (shafts 

150 000 kg) 

Silica 170 000 kg 

SPLs 13 500 kg 

a) Grout-take similar to currently used

Average rock 

10 l/ borehole-m 

Zones

20 l/ borehole-m 

Total grout-take 2 000 000 l 

Cement 810 000 kg (shafts 

140 000 kg) 

Silica 400 000 kg 

SPLs 14 850 kg 

b) Decreased grout-take below – 100 m 

Case 3: Grout 

Ordinary cementitious 

grout 0 - -100 m

Low-pH cementitious 

grout -100 - -200 m 

Low-pH cementitious 

grout and colloidal silica 

below - 200 m

SPL

Ordinary cementitious 

grout:  2% of dry weight 

(cement)

Low-pH cementitious 

grout: 4% of dry weight 

(cement and silica) 

0- -100 m as in a) 

-100 -520 m 

Average rock 

5 l/borehole-m (in shafts 7 

l/borehole-m)

Zones

10 l/borehole-m (in shafts 15 

l/borehole-m)

Total grout-take 1 400 000 l 

Cement 690 000 kg (shafts 

120 000 kg) 

Silica 220 000 kg 

SPLs 10 350 kg 



89

5.2 Development and use of low-pH injection grout  

The demands that ONKALO should qualify as a part of the final disposal facility for 
spent fuel sets strict requirements on the grouting procedure to be used. The grouting 
material and procedure should also be applicable at depths below 100 m for fractures of 
low hydraulic aperture and high hydrostatic pressure in the rock.

The development of a low pH grouting material fulfilling the criteria set (see 
Appendix 3) was initiated with a feasibility study in 2002, and continued within the 
project “Low-pH injection grout for deep repositories” during 2003-2005 (Bodén & 
Sievänen 2005) as a joint project between SKB, Posiva and NUMO. In this project 
Posiva was responsible for developing a low-pH cementitious grout for fractures of 
hydraulic aperture over 100 µm and SKB was responsible for the development of the 
low pH non-cementitious grout for fractures with aperture smaller than 100 µm. The 
project concentrated on the development of technical properties for the low pH grouts. 
Additional long-term safety aspects, other than the pH criteria, like environmental 
acceptance and durability of materials, were briefly considered (Kronlöf 2004). The 
definition of low-pH grout used is that pH should be less than 11 in the leachate. A 
short-term pH in the pore water exceeding 11 due to initial leaching can be accepted, 
but the long-term equilibrium pH should be less than 11. 

5.2.1 Development and testing of low-pH cementitious grout materials  

Laboratory tests 

Based on the functional requirements for grout materials, several potential low-pH (low-
alkaline) binder-material systems were selected for development of the technical 
performance of the grouts in the laboratory (Kronlöf 2004). The tested binder-material 
systems were named Portland Cement + Silica Fume system (PC+SF; consists of 
microcement and microsilica in the form of slurry), Blast furnace slag system (Slag), 
Super sulphate cement system (SSC), Japanese Low alkali cement system (LAC) and 
Fly ash system. Avoiding the use of SPLs was preferred, but not a strict requirement. 
Planned and used materials were domestic whenever available (slag, fly ash). The 
studied material combinations consist basically of mixtures of cement were the Ca/Si 
ratio and the potential for formation of Ca(OH)2 (portlandite) have been reduced by 
replacing a large part of PC by a pozzolan. The grouting-related properties tested in 
laboratory were penetrability, bleeding, shear strength, viscosity and yield stress. For 
some mixes Marsh fluidity and the uniaxial compressive strength were also measured. 
The most promising recipes were tested for pH and leaching behaviour (Vuorinen et al. 
2005) by so-called “equilibrium test” and “diffusion test”- in simulated groundwater 
conditions (fresh ALL-MR and saline OL-SR water).

Of the proposed materials, fly ash was ruled out at the early stage because there were 
problems with the availability of material with uniform quality. LAC was ruled out due 
to the poor penetrability properties. Later on Slag- and SSC systems were ruled out due 
to the high leaching of sulphide. 
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As a result of thorough testing of different materials, a set of mixes of PC+SF system 
(either based on microfine sulphate resistant Portland cement or low-alkali white 
cement) showed promising technical performance and fulfilled the pH criteria 
(Appendix 3, Table A3-1). Based on the laboratory tests, the alkali content in a mix 
does not directly influence the measured pH in the leachates. It was also found that the 
minimum content of SiO2 in mixes should be close to or above 50 weight-% of the total 
volume of binder materials and the Ca/Si molar ratio should be close to or less than 0.80 
in order to reach the pH criteria, pH  11. The water to dry material ratio (W/DM) of the 
grout affects a number of basic properties of the grout, such as penetration ability, 
viscosity and setting. The penetration ability of the grouts is positively correlated with 
W/DM but only up to a W/DM ratio of about 2. For PC+SF mixes the penetration 
ability sharply became worse with W/DM < 2. Larger W/DM values decrease and 
improve viscosity. The viscosity and yield stress values had a very weak correlation to 
the penetration ability. The W/DM ratio controls the setting. Aluminium cement and/or 
gypsum (named ETTA like acceleration according to ettringite formation) speeded up 
the PC+SF system clearly. SF increases the strength in the PC+SF systems.  

Testing in the field 

Both, pilot field tests (PFTs) and batch mixing tests have been performed with the 
selected most promising PC+SF based grouts fulfilling the set requirements. Based on 
the PFT-1 in the Helsinki Kamppi-Kruununhaka multipurpose tunnel (Sievänen et al. 
2005), the PC+SF system was too slow (Appendix 3, Table A3-2), the sealing result 
was not satisfactory and re-grouting was needed. SPL was regarded necessary in order 
to decrease the W/DM ratio and to speed up the development of strength.  

After further modification in the laboratory with respect to the content of water, SPL, 
alumina cement, and gypsum (Kronlöf 2005), batch mixing tests (a full-scale grouting 
mixer used but the mixes were not grouted in bedrock) were performed at Olkiluoto 
(Sievänen et al. 2005). The requirements were also slightly modified based on the 
experiences of the PFT-1. Good results were obtained with respect to penetration 
ability, Marsh-fluidity, strength development and satisfying compressive strength. 
Further benefits were a simple mix composition and a low content of SPL. 

The batch test was followed by the PFT-2 in ONKALO (TC 214 m). In this test half of 
the grouting fan was grouted with the low-pH grout (mix P3 in Appendix 3, Table A3-
2) and the other half with the ordinary grout mix used in ONKALO (Sievänen et al. 
2005). Good results were obtained with respect to the development of strength and 
bleeding, but the results of penetrability and Marsh fluidity were poorer in the actual 
grouting test than in the batch-mixing test. From the point of view of the sealing results, 
this low-pH mix (P3) seemed to be poorer than the ordinary grout. After excavation and 
rock bolting there were a few dropping leakages in the area grouted with low-pH mix 
P3. Thus, the thickness of the grouted zone was estimated to be less than the length of 
the rock bolts, i.e. less than 2-3 m. The conclusion of the PFT-2 was that the use of this 
kind of low-pH cementitious grout could be considered for grouting from the technical 
performance point of view, although improvements by further optimisation are still 
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needed. Also more field experience was regarded as necessary in order to verify the 
behaviour of the grout. The used melamine based SPL was not regarded as the most 
suitable SPL for repository grouting from the long-term safety point of view.  

Environmental and long-term safety aspects 

There seem to be no reasons to judge the PC+SF system to be unacceptable from the 
environmental protection point of view (Sievänen et al. 2005). 

With respect to the long-term safety aspects, the relatively short-term leaching 
experiments performed in the laboratory revealed that the defined pH criteria could be 
met based on the testing procedure used measuring the maximum equilibrium pH of the 
leachant. For all the materials studied, the pH values measured in the saline leachates 
were constantly lower than in the fresh leachates. Based on the analyses of the solid 
phase of the low-pH cementitious mix, there was no Ca(OH)2 found in the hydrated 
paste (Vuorinen et al. 2005). 

Potassium (K) and sulphate (SO4
2-) are rapidly released from the low-pH cement 

product, and a declining release of calcium (Ca) with time was observed. Silica release 
continued throughout the experimental time. Distinctly higher release of the alkalis Ca, 
Na, K was observed for the reference PC-cement. The leached fraction of K and SO4

2-

was calculated to be 100% for the low-pH cement mass (PC+SF system), whereas the 
leaching fraction of Si and Al was low, only a few %. Based on the experimental and 
model results, it is conceivable that, irrespective of the mix, the whole inventory of the 
alkaline elements, and possibly of sulphur, is leachable. The long-term behaviour of the 
product, such as phase changes and crystallization of CSH phases, which might have an 
effect on the long-term degradation and leaching of the product, remains to be 
evaluated. The long-term behaviour of the product means stability of the grout for the 
operation and construction period and further understanding of the degradation of the 
product in the longer term In addition to the alkalis leaching from cement, also the 
sulphates leaching from any cement needs to be considered with respect to their 
eventual harmful effects on the long-term safety. Leaching sulphates may be potential 
sources of sulphide due to reduction by sulphate reducing bacteria present in the 
bedrock (Vuorinen et al. 2005, Bodén & Sievänen 2005). 

The first review of the potential effects of organic cement additives on the radionuclide 
mobility was also done (in Bodén & Sievänen 2005), although the preference at the 
outset of the project was to develop an injection grout without organic additives. Based 
on the review, any use of SPL needs further evaluation for the specific grout and 
organic additive being used. Of the four types of SPLs reviewed (melamine sulphonates, 
naphthalene sulphonates, modified lignosulphonates and polycarboxylates), it was noted 
that the naphthalene sulphonate based compounds are possibly the least harmful of the 
additives with respect to the potential effects on radionuclide transport. It was also noted 
that the additives are commercial products of fairly ill-defined composition that likely 
contain also other components than those indicated in the product safety sheets. It 
follows that the compositions of candidate products must be better known before use 
and more information about their behaviour is needed. Also the knowledge on how the 
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additives are incorporated into the grout, their release rate and whether the products are 
degraded e.g. due to microbial activity should be much improved. In the absence of 
experimental results, it was suggested that the organic cement additives should be 
assumed to behave like NOM (Natural Organic Materials) with respect to complexation 
behaviour. Especially trivalent elements may be bound to NOM at low organics 
concentration, and thus organic cement additives may enhance especially mobility of Ln 
and Ac(III). The review performed on the eventual harmful effects of the SPLs has also 
formed the basis for the selection of preferential superplasticizers, naphthalene 
sulphonates, to be used in ONKALO (see Table 3-3)

Other potential harmful components present in cement are small amounts of organic 
compounds originating from the grinding aid used in order to reduce the drying time 
and protect against freezing and thawing like a mix of different amines, e.g. triethylene-
tetramine, diethanolamine and their hydroxyl derivates. Ultrafin-16, the PC cement used 
in the ONKALO construction, contains about 0.005-0.01% grinding aid according to the 
manufacturer (Sievänen et al. 2005). Silica fume contains some phosphorous oxides, 
which need to be considered with respect to the potential effects on radionuclide 
complexation and transport. In addition, although bentonite as such is largely composed 
of silicates, the potential effect of introducing an outer source (grout) with large 
amounts of silica on the basic properties of bentonite is not known.  

Also it has been stressed that the long-term durability of the low-pH cementitious 
material and the long-term phase changes/degradation and leaching of the grout are not 
known yet and need to be evaluated. All the potential harmful components for the long-
term safety, in addition to organics, phosphates and nitrogen compounds present, need 
to be evaluated. 

5.2.2 Development and testing of non-cementitious grout for fractures
with small apertures (< 50 m)

Within the project “Low pH injection grout for deep repositories”, colloidal silica and 
periclase (MgO) were studied for the sealing of fractures with small hydraulic aperture, 
< 100 µm. Periclase was not regarded suitable for permanent, large-scale production 
grouting and it was ruled out based on a literature study and expert assessment. 
Uncertainties with periclase are related to bad practical experiences, difficulties in 
adjusting setting time, and the need of an additional grouting agent as periclase is 
intended as a temporary water blocker. Studies thus concentrated on colloidal silica, 
silica sol. Two academic master’s theses concerning colloidal silica were carried out 
(Axelsson 2004, Funehag 2004).

Colloidal silica is a new grouting material that has a great potential to penetrate narrow 
fractures. The main experiences of colloidal silica are from grouting of soil in 
geotechnical applications. Colloidal silica is a stable dispersion of discrete nonporous 
particles of amorphous silicon dioxide (SiO2). The product is slightly alkaline (pH 9.5-
10). The particles with a diameter of 3-500 nm have hydroxylated surfaces, which are 
insoluble in water. Colloidal silica is developed from raw glass with high silica content. 
Colloidal silica can be seen as a base material and the product used for grouting 
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purposes is colloidal silica (particle size narrowed to 5-100 nm). In order to use 
colloidal silica as grout, it has to be mixed with a salt solution or accelerator (e.g. NaCl 
or CaCl2). Together they form a strong solid gel. The silicon particles aggregate and 
form a network inside which water is trapped. Eventually the water escapes.  

The colloidal silica tested within the project “Injection grout for deep repositories” 
consisted of 35 wt.% SiO2 and the accelerator used was CaCl2 (2.9 wt.%); pH was 
around 10. The colloidal silica was stabilised with Al2O3 (0.8% by weight of SiO2).

The key questions related to the performance of the colloidal silica are related to the 
following:

- Development of basic mechanical properties of colloidal silica with time, such as 
drying shrinkage, flexural strength, compressive strength, and shear strength 

- Penetration ability  
- Eventual release of colloids from colloidal silica 

Laboratory testing 

Axelsson (2004) performed mechanical laboratory tests on colloidal silica (Table 5-3). 
Drying shrinkage tests were performed with a slide-calliper. The tests showed that 
colloidal silica shrinks at low humidities. The shrinkage could possibly be linked to the 
diffusion of water. Measuring of the flexural strength was difficult and problematic. 
Uniaxial compressive strength showed increasing values over time. After weeks, 
differences could be seen between specimens stored at different humidities. Shear 
strength increased over time. In the beginning, the failure of colloidal silica was ductile, 
but as the strength increased the failure behaviour changed into a more brittle behaviour. 
Also the Young’s Modulus changed.

Table 5-3. Summary of the mechanical tests of colloidal silica versus time, at 8 C, and 

100, 95 and 75% relative humidity (RH). The values of the drying shrinkage, flexural 

strength, compressive strength, Young’s modulus and the shear strength is noted after 1 

day, 7 days, 28 days and after six months. When there was no measuring conducted at 

the exact time, extrapolation was made between near-by measurements (Axelsson 

2004). 

T( C)/RH(%) Shrinkage (%) Flexural strength (kPa) Compressive strength 
(kPa)

 1d 7d 28d 6m 1d 7d 28d 6m 1d 7d 28d 6m 
8/100 - 0 0.8 2.5 - - 45 16 0.6 6 40 70 
8/95 - 0.

3
1.2 18 - - 50 190 - 6 50 2000 

8/75 - 3 6 25 - - 60 470 - 4 140 12000 
 Young’s modulus (MPa) Shear strength (kPa) 
 1d 7d 28d 6m 1d 7d 28d 6m 
8/100 - - 1.6 2 10 15 22 45 
8/95 - - 2 210 10 20 27 >50 
8/75 - - 5 1700 10 27 32 >1000 
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Table 5-4. Shear strength and compressive strength for colloidal silica vs. low-pH 

cementitious grout. 

 Shear strength (kPa) Compressive strength (MPa) 
 6 h 24 h 24 h 28 d 
Colloidal silica 8/100 ~5 10 0.0006 0.04 
Colloidal silica 8/75 ~5 10 - 0.14 
Low pH cement P307B 2.14 > 200 1.0 21.3 
Low pH cement P308 1.94 157 0.6 15.2 
Low pH cement P308B 1.07 157 0.7 17.0 

The development of the compressive strength, flexural and shear strength seems to be 
rather attuned for each storage environment. The strength of colloidal silica increases 
over a long time. Less humidity will give a faster strength increase although colloidal 
silica tends to shrink at low humidity values (75% relative humidity).  

A comparison between the low-pH cementitious grout and colloidal silica with respect 
to the development of shear strength and compressive strength (Table 5-4) shows that 
colloidal silica is much slower, especially with respect to the development of longer-
term (28 d) compressive strength.  

Field-testing

Funehag (2004) performed a small field test for colloidal silica in Äspö HRL. The test 
site was located at a pillar (depth ~ 100 m), and the sealing of one fracture was of 
interest. The hydraulic aperture of the fracture was about 40-50 µm, and it had been 
earlier grouted with cement with a penetration of about 0.1 m around the grouted 
borehole. The colloidal silica grout was mixed with an optical brightener to make the 
grout easier to see in the six cores drilled. After grouting of the fracture, the penetration 
length and sealing efficiency were studied via 6 boreholes using UV light, analysing 
part of the grouted fracture under a microscope and using hydraulic tests. The results 
showed that five of totally six cores had traces of colloidal silica, which would indicate 
a penetration length of at least 1 m in the fracture. The microscopic analyses verified 
that colloidal silica was apparent in the fracture but did not completely fill it. The 
achieved penetration length of 1 m was compared with a 2-D mathematical model. The 
results showed that the model underestimated the penetration length. The sealing 
efficiency was approximately 70%. 

In addition to these field tests a number of reference field applications are available in 
1999-2005 (Appendix 4). Field applications include injection/sealing of tunnels or 
shafts in Sweden, Singapore and Switzerland, and stabilisation of sand in Portugal, 
Singapore, Ireland, Netherlands and UK.
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Environmental acceptance and long-term safety aspects 

There seem to be no reasons to judge colloidal silica unacceptable from an 
environmental acceptance point of view (Bodén & Sievänen 2005). Though, 
consideration has to be given to the slightly alkaline product because of leaching of salts 
due to the accelerator present, or leaching of aluminium from the product. 

The long-term safety aspects on the use of colloidal silica are, beside the required pH 
level (pH<11), related to the possible release of colloids and subsequent effects on the 
transport of radionuclides, the potential effects of salts leached from the product and the 
general long-term stability/durability of the grout. 

In laboratory tests, colloid formation of less than 1 ppm has been found to be low, and it 
is likely to be suppressed by the high content of ions (Ca, Na) in groundwater. The salt 
leaching from colloidal silica could have an adverse effect on bentonite. With the use of 
CaCl2 as an accelerator, colloidal silica will contribute to the transformation of sodium 
bentonite into calcium bentonite. The release of Ca will proceed at a rate depending on 
the concentration gradient and the surrounding water flow. At the expected salinity at 
the repository level at Olkiluoto (TDS 10-25 g/l, Ca 1-3 g/l), the accelerator will not 
affect the TDS levels. 

It is not expected that variations in groundwater salinity will significantly influence the 
stability of the gel. Possible variations in groundwater salinity would, however, affect 
the gelling time, and therefore tests need to be performed with groundwaters of 
composition relevant to the site. If a gel dries, the material will become brittle and have 
low resistance to mechanical movement. Therefore, if for some reason the gel dries after 
being applied in the rock, then rock movements would seriously degrade the gel. 

Summary of the status of colloidal silica and planned further testing 

Based on the studies performed (Bodén & Sievänen 2005), colloidal silica seems to be a 
feasible material for sealing fractures with very small apertures (<50 m). The gel is 
sufficiently stable to prevent water flow through the sealed fractures. However, the 
drying out of colloidal silica in a fracture is not fully understood. The long-term stability 
of colloidal silica gel has not been clearly demonstrated and it will be advantageous to 
gain a better understanding of its durability and mechanical properties before 
recommending it for repository grouting. 

Within the new SKB-Posiva-NUMO co-operation project “Premises for optimisation of 
low-pH grouts” SKB/Chalmers will study the identified critical issues during the earlier 
project phase, such as the effect of variable environmental conditions (drying shrinkage, 
effect of humidity, strength development). The plan is also to include detailed studies on 
the molecular development of hardening colloidal silica. Also the setting time and 
gelling time need to be evaluated. 
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5.2.3 Ongoing development work on low-pH cementitious grout within the  
LPHTEK project

The focus in the LPHTEK project is on field-testing and optimisation of the grouting 
material to a feasible alternative, which fulfils the technical properties for grouting in 
ONKALO by early 2006. The importance of the ONKALO access ramp for testing and 
learning more about the use of low-pH cement is emphasized. 

The work emphasizes the optimisation of grouting-related properties of the PC+SF 
system, with varying amount of superplasticizers (SPLs) and water content, by tests in 
laboratory (technical properties and leach testing) and in the field (Sievänen et al. 
2006b; ongoing work). In addition, different types and doses of SPLs are preliminarily 
tested.

New modifications developed in laboratory were tested also in a batch-mixing test, 
which showed that all the desired properties could be reached at the same time.  Further 
testing was done in the PFT-3 in ONKALO. The most watery mix was used when 
starting the grouting of holes. When the grout-take was high, the W/DM was lowered 
(see Appendix 3, Table A3-1). The sealing efficiency was good and the tunnel section 
was mostly dry. Later some moisture and drops were observed around bolts. All 
technical properties were not satisfying, but the mixes showed improved results in the 
additional mixing test (Appendix 3, Table A3-2). The only property that is and has been 
quite far from the target is the yield stress value (also effects on Marsh values). In 
practical grouting the high yield stress value could be solved/compensated with higher 
grouting pressure.

With respect to laboratory leaching tests, only pH and alkalinity data from the 
equilibrium tests are available (Appendix 5, Figure A5-1, mix P308B). The pH values 
found in the fresh leachate up to 8 weeks of testing are already at around 11 and clearly 
below the pH values measured for the earlier developed product (mix f63), for the same 
time period. For the saline solution, the pH is already from the start clearly below 11 for 
both masses. The alkalinity of the developed product earlier showed a decreasing trend 
with experimental time whereas the alkalinity of the new product shows a somehow 
irregular behaviour. The reason is not yet known and needs to be evaluated 
(inhomogeneous product, SPL, etc.).  

5.2.4 Status of the development of low-pH injection grout  

So far, testing of low-pH cementitious grout in laboratory and very limited testing in 
ONKALO has given satisfying results. However, the relatively high yield stress value is 
not within the target limits. Also it has to be kept in mind that the penetration ability 
into fractures with small apertures (< 50-100 m) is poor for any cementitious grout 
materials.  

There are a number of basic properties, which are quite similar for the current grout 
used and the low-pH grout (Table 5-5). Both grouts are based on the same binder 
microfine cement, of which microsilicaslurry has replaced about 50% of the cement in 
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the low-pH cementitious grout. The high amount of silica in the low-pH grout makes 
the grout a little stiffer and special grouting measures may be needed. Higher amounts 
of SPLs are used so far in the final low-pH grout mixes. The type of SPL to be used 
will, however, depend on the overall composition of the product, and needs to be tested 
and optimised for the grout mass to be used. Both grouts have the ability to penetrate 
into fractures with apertures > 50-100 m.  

With increasing depth the fracture properties will change. Both grout mixes include 
microfine grains, which set limitations to the grouting of fractures with very small 
apertures. It is probable that none of the cementitious grouts would be suitable for the 
required sealing of the smallest fractures of apertures less than 50 m in order to reach 
the target water inflow into ONKALO. Thus, alternative materials, e.g. colloidal silica, 
need to be introduced (Table 5-5). For colloidal silica the experiences are so far based 
on laboratory testing of shrinkage and strength properties and field-testing in two 
tunnels and at Äspö HRL in Sweden. The penetration ability of the material is expected 
to be into fractures with apertures less than 50 m. A clear benefit as compared to the 
other cement-based grouts is that there is no need for any superplasticizer. Strength is a 
material property needing more effort. Strength is very much dependent on the humidity 
of the environment, e.g. the development of longer-term compressive strength is much 
slower when compared to that of the low-pH cementitious grout. 

For all grouts, either the current grout or the proposed low-pH grouts, technical 
development work is needed in order to optimise the grouting for the rock properties at 
different depths, by the testing and combination of the test results and theoretical 
estimations based on the properties of bedrock. Especially, the grouting techniques to be 
used at depths below 100 m in the rock for fractures of low hydraulic aperture and high 
hydrostatic pressure need to be evaluated. Also specific questions related to the current 
grout, such as strength development, which has occasionally been quite slow in grouted 
bedrock, need to be tackled by selecting the right materials between the large amounts 
of materials in markets. Also the final strength of the currently used grout needs to be 
evaluated. There is also a need for complementary analysis of penetrability with 
different methods (e.g. NES, sand column to compare the cementitious grouts and 
colloidal silica). 

For the different grout options, the targets set for sealing acceptance are given in 
Chapter 3.3. The target for the transmissivity of the fractures and fracture zones 
intersected by ONKALO after grouting is about T = 10-8 and T = 10-7 m2/s. These would 
set the water inflow to the target limit of 1-2 l/min/100 tunnel-m. 
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Table 5-5. Grout options: Comparison of the basic properties of ordinary and low-pH 

cementitious and non-cementitious grouts (For requirements see Appendices 1 and 2). 

Properties Ordinary Cementitious 

grout used in ONKALO 

Low-pH cementitious 

grout

Non-cementitious

grout  – Colloidal 

silica

Binder: Microfine cement 80-100% Microfine cement; about 
50% less cement (dry 
weight) in the grout mix. 

Colloidal silica (of 
particle size 5-100 nm),  
typically 35 wt.% SiO2

Admixture:  
Microsilicaslurry
or
accelerator

Microsilicaslurry: 0-20% of 
final grout dry weight

Not enough to lower pH <11. 

Improves the stability of the 
grout. Yield stress suffers 
from silica addition 
grout. Other technical 
properties are not remarkably 
weakened.

Microsilicaslurry: 50-55%
of low-pH cement dry 
weight

Decreases pH < 11. 

The mix has higher yield 
stress value, and may need 
special grouting measures 

A salt accelerator, NaCl 
or CaCl2, (2.9 wt.% has 
been used) is needed for 
particles to form a strong 
solid gel. 

To prevent uncontrollable 
aggregation of the 
particles, the colloidal 
silica is stabilised with 
ions (e.g. Al2O3, 0.8 
wt.%) and pH, pH 9.5-10. 

Admixture: 
superplasticizers
(SPL)

Naphthalene and melamine 
sulphonate based SPLs have 
been used, at dosages 1-3% of 
dry materials.  

Naphthalene sulphonate 
based SPL has been used 
with a dosage of 4% of dry 
material weight.  

The SPL to be used is 
influenced a.o. by the 
microsilicaslurry used.   

No SPL is needed.

Example of 
material takes in 
real grouting (for 
similar volumes) 

ONKALO TC 357 m 
Volume of grout; 15 016 l 
UF16 cement; 12 922 kg 
GroutAid; 0 kg 
SPL SP40; 389,1 kg (156 kg 
dry weight)) 

ONKALO TC 502 m 
Volume of grout; 15 050 l 
UF16 cement; 5 319 kg 
GroutAid; 7 429 kg 
SPL Mighty 150; 377,7 kg 
(151 kg dry weight) 

Penetrability Penetration ability into 
fractures > 50-100 µm, based 
on grain size distribution 

Penetration into fractures 
> 50-100 µm, based on grain 
size distribution

(for the current mix bmin 40 
µm and bcrit 88 µm 
measured).  

Penetration into fractures 
< 50 µm.  

Rheology For the micro fine cement 
being used in ONKALO, 
viscosity and yield stress 
values are lower than for low-
pH cementitious grout. 

Yield stress value suffers 
from high silica content. The 
deficiencies can be partly 
compensated with grouting 
pressure.

Rheology should be 
acceptable and it can be 
adjusted with gelling 
time. 

Setting Occasionally setting has been 
quite slow in grouted 
bedrock, at depths greater 
than -55 m bsl

Very limited field 
experience. Laboratory tests 
indicate that there should not 
be any significant problems. 
High yield stress value 
should guarantee fewer 
problems in grouted bedrock. 

Testing is needed in order 
to achieve balance with 
setting and strength 
development. 
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Final strength Typically several MPa for 
normal grout mixes 

Several MPa  Colloidal silica shrinks at 
low humidity (75%). If a 
gel is dried the material 
will be brittle. The 
development of strength 
is strongly dependent on 
the humidity of the 
environment. Especially 
the development of 
longer-term compressive 
strength is much slower 
compared to low-pH 
cementitious grout. 

Durability No technical evaluation done: 
experience on grouting with 
these products since 2000 in 
the Nordic countries

Cement has been used in 
grouting for decades 

No experience from long 
term use 

Better understanding of 
durability and mechanical 
properties is needed. 

Experiences Widely used in ordinary civil 
engineering purposes, lacking 
experiences in deep bedrock 
in Finland. 

One fan grouted in 
ONKALO

Since 1999 promising 
tests in the Swedish 
railway tunnel 
Hallandsåsen, at Äspö 
HRL and 
Törnskogstunnel in 
Stockholm. References 
also available for other 
field applications, e.g. 
Switzerland and 
Singapore.

Sealing
efficiency

Experience from ONKALO 
so far down to 80-90 m bsl

indicates quite good grouting 
results (within targets for flow 
limit); no experiences from 
deeper parts of the rock.

Grouting of one fan showed 
satisfying results. 

The results at 
Hallandsåsen showed that 
colloidal silica is a 
feasible material for 
grouting fractures with 
apertures smaller than 
0.1 mm 

There might be a need for double grouting fans for different fracture apertures, thus 
influencing the construction time schedule. Also the amount and spread of cement could 
be controlled (planned to be tested within the low-pH cement field test). Unnecessary 
grouting should be avoided, but in places where grout penetration into the bedrock has 
been small, the rock boltholes are often leaking. Good practice for optimal use of grout 
can be developed in the ONKALO access tunnel. 

For any cement types, the added organics (SPL) to improve the workability properties 
are potential risks for the long-term safety. The SPLs are likely to be the largest single 
source of organics introduced as compared to other potential organic stray materials. 
The amounts of SPLs used in the current grout and in the testing of low-pH grouts are 
in the order of a few percent of SPL of the weight of dry materials. The amount of SPLs 
used so far in low-pH cementitious grout (4% of dry weight) is somewhat higher than in 
the ordinary cementitious grout (1-3% of dry weight). Based on the first review 
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performed, naphthalene sulphonates based SPLs were considered less harmful than the 
other (Bodén & Sievänen 2005).  More precise information on the harmful effects of 
different SPLs is foreseen as a result of the initiated study on the long-term safety 
aspects of organic cement admixtures. The recently initiated SKB-NUMO-Posiva joint 
project will deal inter alia with the long-term safety aspects of different SPLs already in 
or planned to be used within ONKALO. The project aims to develop a methodology for 
the analyses of the SPLs and their eventual harmful effects on radionuclide transport.  

In addition to the already studied grouts, alternative grouts will be developed in parallel 
to see if there is/are a combination/s, which is/are suitable without organic admixtures. 
Major concerns are the new materials, which do not have a background in the fields of 
grouting or in concrete.

Although the current low-pH grouts seem to be satisfying and serious alternatives for 
the grouting presently used in ONKALO, the main uncertainties with the use of low-pH 
cementitious grouts for the moment are related to the following: 

The limited amount of data obtained from laboratory and field – differences in the 
laboratory and field tests have appeared and it would be good to verify the 
repeatability of the results. 
Throughout the development work the results of the technical tests obtained in 
laboratory and mixing tests have been better than those obtained during actual 
grouting test. The testing conditions are very difficult to control in actual grouting 
tests and there are many possible factors affecting the results (temperature, 
variations in grout mix components, different mixers, problems with field testing 
equipment, possibility of mistakes in field work like e.g. wrong dosing). The whole 
development chain in laboratory depends on the equipment used. The mixing 
procedure and age of the tested raw materials seems to influence the result. It is very 
important to continue the field-testing parallel to laboratory testing to get more data 
for the selection of materials. Explanations for the differences between the 
laboratory and field tests have been discussed a lot (the reasons should be examined 
in more detail in order to be able to discriminate between them). 
The readiness for sealing of high inflows from fractures with small apertures should 
be the key issue for further development. The penetration ability of the grout and of 
the proposed mixes is within targets, but the fracture apertures have been larger than 
the latest fracture apertures observed in the ONK-PH3. It seems that either high 
pressures have to be used or there should be a complementary grout for very small 
fracture apertures. Colloidal silica based material is the main alternative, but a lot of 
testing should be done before qualifying it for regular use in ONKALO. 
The long-term durability and degradation of the low-pH cement is not a well-known 
phenomenon and this risk should be considered. When using normal cement, the 
reaction may precipitate CaCO3, which increases the tightness of the fractures. This 
reaction might be less pronounced for the low-pH cement. 
As the low-pH grout developed within the project is a new product, there is 
generally a lack of industrial application and experience over long period of time 
with the material. Hence additional lab and field-testing as well as PA calculations 
are needed to qualify these materials for a regular use in the repository. 
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A field-test is planned to be arranged in ONKALO during spring 2006 and the intention 
is to grout several grouting fans with the mixes P308B and P307B (Appendix 3, Tables 
A3-1 and A3-2). It is desired that the above-mentioned uncertainties or at least some of 
them could be solved after the field test.  

Colloidal silica (Silica sol) could be seriously considered as a complementary or as an 
alternative material to be used in ONKALO. As noted above from the sealing point of 
view, there is a high risk that cementitious materials (ordinary or low-pH grout) alone 
cannot solve the problem, because it is not penetrable into fractures with very small 
apertures. The eventual use of colloidal silica is hampered by the fact that the 
knowledge and tunnelling experiences about colloidal silica are very limited for the 
moment. Also, the long-term stability of the colloidal silica gel is uncertain and there is 
clearly need for a better understanding of its durability and mechanical properties before 
it can be recommended for the ONKALO or repository grouting. 

5.3 Control of groundwater inflow – numerical analysis  

The numerical flow modelling, carried out for this report, analyses the impact of various 
grouting alternatives for the ONKALO (see Figure 4-17).  The primary objective of the 
analysis is to identify the most important consequences of the various grouting 
measures. These various cases of grouting defined the first vertical 50 m of ONKALO 
to be completely grouted and thereafter a grouting procedure continued including each 
intersection with a major fracture zone one by one. In the numerical model, the effect of 
grouting was realized by lowering the hydraulic conductivity or transmissivity of the 
spots assumed to have sealed with injecting grouting cement. The selected parameters 
for the grouting were based on estimations.  The value K=10–8 m/s of grouting's 
hydraulic conductivity was used for the spots associated with the sparsely fractured rock 
(SFR) and two values (T = 10–7 m2/s and T = 10–8 m2/s) for the transmissivity of the 
spots associated with fracture zones intersecting ONKALO. The calculated results 
consisted of the i) inflow rate in ONKALO, ii) water table drawdown, iii) the movement 
of deep saline groundwater, and iv) flow paths.

The analysis covered two structural or geohydrological models. One is that developed 
by Posiva (2005). This model is based on the bedrock model 2003/1 (Vaittinen et al. 
2003), thereby it could not make use of the recent data from the boreholes and 
ONKALO. To incorporate some recent structural data in the model – both from 
ONKALO and geophysical soundings – an alternative model was devised. Essential 
changes were included in the RH19 system (depth interval 70 – 170 m), which was 
replaced with a set of three fracture zones (SGP1, SGP2 and SHGP1, depth interval 4 – 
97 m), having a clearly weaker combined transmissivity.  Furthermore, this alternative 
model also included two vertical fracture zones – as a sensitivity and uncertainty case – 
to offer a flow route for surface waters to access the depths.

Two extreme cases for the top boundary conditions were applied. One of the cases 
assumed a fixed water table. This corresponds to a situation where the water table is 
maintained with ample surface water reservoir. The other case assumed transiently 
sinking water table (the free surface) and no infiltration through the top surface. The 
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non-filtration area, or depression area, comprised the whole area of the island. These 
two choices for the top boundary conditions correspond to a maximum and minimum 
inflow rate, respectively, for the grouting measure in question.   

For saline upconing calculations, the initial salinity distribution was assumed to take a 
simple profile, roughly approximating the observed values and exhibiting a wide 
transition zone from freshwater domain to plutonic brines.  

In the transient calculations, the modelling of the open tunnels was greatly simplified. 
The time and progress of the excavations was not considered, but the entire tunnel 
system was instantly made hydraulically active at the beginning of the simulation. The 
tunnels were assumed to be open for 100 years (the approximate duration of the disposal 
operations), which is such a long time period that the first six years of ONKALO are 
negligible in comparison. 

The most striking and obvious impact of grouting is the decrease in the inflow rate. The 
variability indicated by comparing different cases is great: The calculated total inflow 
rate decreased from the highest value of 710 l/min corresponding to the ungrouted 
ONKALO with an unaffected water table to a minimum value of 17 l/min 
corresponding to a tight grouting under no-infiltration through the top surface for the 
flow model 2005 (Posiva 2005).  Essentially a similar range for the various grouting 
measures is also obtained for the alternative flow model 2005alt (Appendix 2). While 
the calculated inflow rates per intersecting fracture zone in ONKALO are quite high, 
they are clearly overestimates, as feeding such flow rates with the actual rainfall (or 
infiltrated portion thereof) does not appear realistic.  Allowing for a subsiding water 
table, the case without grouting naturally yielded a deep drawdown, down to the 
fracture zone RH20AB, which intersects ONKALO at a depth of about 300 m. If 
RH20AB remains ungrouted, eventually a similar large depression area develops in all 
of the simulation cases due to the good hydraulic connection between the surface and 
the deep intersections between RH20AB and ONKALO. Application of a tight and 
extensive grouting puts the water table drawdown to less than 20 m.  Even this mild 
drawdown should be seen as an overestimate for this case as in reality some surface 
infiltration would take place.

Detailed numerical simulations indicated that a strong increase in the salinity (TDS 
about 70 g/l at the depth of the repository) is swiftest for fracture zones reaching depths 
and exposed to the impact of ONKALO, in particular RH24, which is connected to 
ONKALO by RH19A and RH19B. Thus, the grouting of RH19A weakens the 
connection, whereas the grouting of both zones disconnects RH24 from the tunnels and 
the maximum salinity remains lower. Quite interestingly, the alternative model showed 
somewhat weaker salinities. This is because of the lower transmissivity of the three 
fracture zones, SHGP1, SGP1, and SGP2, which replaced RH19 in the other structural 
model.  The “new” S zones conducted the impact of ONKALO less effectively to 
fracture zone RH24. 

After the closure of the repository, the salinity field starts to recover – quickly at the 
beginning and much slower later on. However, it is remarked that the numerical 
calculations for this report did not consider the impact of the heat generation of 
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decaying radioactive waste. The decay heat induces an increasing upward groundwater 
flow, which for hundreds of years delays the recovery of flow conditions towards the 
natural state and leads to increases in the salinity of groundwater in the vicinity of the 
repository (Löfman 2005).  

The calculation of streamlines or flow paths ignored the residence time during which 
the Olkiluoto flow system might have evolved due to natural gradual changes in the 
external conditions – of which the most inevitable is the land uplift due to postglacial 
rebound. Taking this into account, the discharge locations of the streamlines would 
somehow have changed after the closure of the repository (see Löfman 1999) but they 
did not affect the main conclusions drawn based upon them. Two sets of streamlines 
were calculated. One set is associated with the water flowing into the tunnels during the 
operative phase and the other represents the flow conditions after the closure of the 
repository when the strongest transients have ceased. During the period of open tunnels, 
the calculated streamlines indicate connection between the tunnels and the ground 
surface to be formed by a directly connecting fracture zone or through intersecting 
fracture zones with high transmissivities. The fracture zone RH20AB seems to act as a 
“barrier” dividing the region above the repository depth into two practically separate 
flow systems. The water entering the tunnels above the fracture zone would stay above 
it, whereas the water entering the tunnel below RH20AB would take long routes after 
departing from the ground surface. The calculated streamlines after the closure of the 
repository are shown in Figures 4-27 and 4-29. Based on these streamlines, it can be 
argued that the leachates originating from postulated groutings of ONKALO get to the 
sea or to the ground surface with low elevation of the water table. The possibility of 
finding in the repository block the water that got in contact with grouting cement is not 
corroborated upon the basis of the numerical flow modelling in this report.  

5.4 Potential effects of the shaft/s

The construction of one or two shafts may originate major disturbances to the long-term 
safety of the repository due to the following: 

 Inflow of surface water modifying the geohydrological and geochemical system 
(i.e., drawdown of water table, intrusion of surface and seawater to repository 
depths, reduction of the redox and pH buffering capacity of fracture fillings), 
upconing of deep saline waters, flow path changes, etc. For these reasons, the total 
water inflow to ONKALO should be minimized as much as possible. The upper 
limit for the inflow from a shaft is 1-2 l/min/100m. Local inflows should be 
avoided to prevent the consumption of the redox and pH buffering capacity of 
fracture fillings. 
The formation of flow paths from the shaft/s to the repository and vice versa and 
to and in between fracture zones (like RH19AB and RH20AB) and the surface 
should be prevented.

The successful sealing of the shaft/s is the key issue to avoid inflows of surface water 
and its consequences and the formation of flow paths that could threaten the long-term 
safety of the repository. 
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Technical aspects of the shafts, inflows and inflow control methodologies

If two shafts were constructed, the interval distance between them would be of 30 to 40 
m. One shaft is planned with a diameter of 6 m and the second one 3 m. The shaft/s 
is/are to be drilled first with a raise boring technique and will be slashed to the final 
dimensions by drill and blast method. The excavation of two shafts, instead of one, may 
result in an increased risk with respect to the inflow disturbances, the amount of cement 
remaining in the rock mass and the formation of flow paths. Nevertheless, the increased 
risk can be minimized and controlled in a way that the long-term safety of the repository 
is not threatened. The methods envisaged to prevent and control inflows are pre-
grouting, postgrouting and the construction of hydraulic liners. The construction of 
hydraulic liners would be used in case pre- and postgrouting were not successful. 

Pre-grouting of the bedrock in and around the shafts will start from the surface through 
long (tens of metres) grouting holes. As excavation advances with depth, the exit of pre-
grouting will be seen as controlled inflow. If inflow rate exceeds the upper limit, then 
postgrouting will be performed from suitable levels from the inside of the shaft, from 
the tunnel or from both. The aim, whatever the grouting method used, is roughly to take 
off about 50 wt.% of the grout during the excavation of the shafts. For an estimation of 
the grouting need for the shafts, see Table 5-2. The construction and sealing of the 
shafts is technically a challenge that should be carefully designed and carried out 
following the strictest quality control to avoid the formation of new flow paths, inflows 
and harmful effects of cementitious or other grout. 
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6 RECOMMENDATIONS AND SUMMARY OF JUSTIFICATIONS 

Since the first assessment of the disturbances caused by construction of ONKALO 
(Vieno et al. 2003), extensive progress in the understanding of Olkiluoto site has been 
made based on surface-based investigations as well as from underground due to 
knowledge and experience gained from the construction of ONKALO. The first 
integrated interpretation of the different disciplines has been presented in the Olkiluoto 
site report 2004 (Posiva 2005). Along with the progress of work, the knowledge on the 
position and characteristics of hydrogeological features has been increased. Since the 
first disturbance assessment, the flow model has been updated and also the plans for 
ONKALO have undergone some changes. The anticipated hydrogeological impact has 
been updated, and the data have been considered in the evaluation of the 
hydrogeochemical impact of ONKALO. Along with these, an intensive R&D work 
focusing on the development of new alternative low-pH grouting materials has been 
going on.

The aim of this study was to update the estimates on the geohydrological and 
geochemical disturbances based on the new site data and the results from monitoring. 
The key issues considered are the practices to be adapted after penetration of RH19B 
from the long-term safety point of view in order to minimize the hydrogeological and 
hydrochemical disturbances: 

Limiting the possible increase of salinity to acceptable levels  
Limiting the intrusion of surface waters to acceptable limits  
Ensuring that countermeasures to limit inflow do not have an unacceptable effect on 
system performance 

Recommendations on the practises to be adapted after the penetration of RH19B has 
been summarised based on the observations and experiences from the construction work 
and monitoring, numerical flow modelling, implications for hydrogeochemical 
disturbance, and technical development of grouts.  

Observations and experiences from ONKALO 

Based on the observations from the ONKALO construction for the first 670 metres, the 
hydrogeological disturbance has so far been very small. Recent observations show a few 
decimetres of drawdown in some of the monitoring points but this can also be due to 
other activities in the area. The intersection of ONKALO with some hydraulically 
conductive zones has been seen as short-term pressure drawdown in some packed-off 
boreholes. Grouting has been used as a measure to keep the inflow at a low level. As 
anticipated prior to construction, pre-grouting has been done regularly for the first 650 
metres, except for a few tunnel sections. Thereafter, the need for grouting has been 
smaller than expected. The inflow 1.7 l/min/100 m has so far remained within the target 
set for inflow (  1 – 2 l/min/100 m of tunnel). After 550 metres, grouting has become 
more difficult, because the leaking fractures seem to be tighter. 
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So far 370 tons of cement has been used for grouting of the first 670 metres including 
the open cut area. 270 tons of cement is estimated to remain in the rock. Of this about 
220 tons is remaining in fractures and fracture zones and about 50 tons in grouting 
holes. Different superplasticizers have been used in a total amount (dry weight) of about 
3 tons of which 2.2 tons is estimated to remain in the rock. Post-grouting has been done 
occasionally in a few places; the grout-take in post-grouting has been < 1% of the grout- 
take in pre-grouting. The target thickness of the grouted zone around the tunnel is about 
3-5 m. The use of cement has been about the same as the amount estimated prior to 
construction.

In accordance with the minor hydrogeological disturbance of ONKALO, so far no 
significant changes in hydrogeochemistry are observed in the monitoring results, except 
for the influence of cement. Elevated pH-values are observed in some of the boreholes 
installed for monitoring the influence of normal grout and low-pH cementitious grout. 
High pH values were observed in two of the cement monitoring boreholes very soon 
after starting the monitoring in August 2005. The drill cores of these boreholes also 
contained some grout. Already after a short monitoring period of about two months, the 
pH decrease was significantly higher in the monitoring point that represents the low-pH 
cementitious grout environment than in the one with normal cement grout. In this case 
the decrease in pH cannot be explained by variable flow conditions; therefore it is likely 
to be caused by the limited availability of hydroxide sources (Ca(OH)2 etc.). The whole 
hydrochemical data from ONKALO representing grouted bedrock sections seem, 
however, to represent divergent chemical evolutionary paths, partly showing clear 
influence of cement and partly normal hydrogeochemical evolution. The main reasons 
for this may be variable flow paths (passing or in contact with cement) and the time 
frame for cement-water interaction. Buffering processes, such as alteration of silicates 
or neutralising carbonic acid in groundwater, may also influence the chemical results. 
These issues also complicate the interpretations.  

The groundwater samples taken from ONKALO represent mainly HCO3-rich fresh or 
brackish groundwater types generally found at shallow depth at Olkiluoto. Neither does 
the surface-based monitoring of deep or shallow boreholes until February 2005 show 
any changes in hydrogeochemistry that could be associated with the disturbance caused 
by the construction of ONKALO. The long-term pumping test performed in borehole 
KR6 near the sea at a rate of 20 l/min since 2001 may simulate the influence of 
ONKALO on the hydrogeological system during a longer period. The increasing 
dominance of a marine water component causes an increase in salinity and sulphate. 
The results do not support increasing meteoric water intrusion in the system at least in 
the near future. However, the potential sulphide production in deeper levels would call 
for effective grouting to keep water inflow to ONKALO as low as possible.

Other stray materials used in the ONKALO that contain nitrogen and organic 
compounds might also influence the hydrochemical conditions, but no clear signs of 
these are found. Shallow groundwaters are usually rich in organics and seawater present 
in the bedrock contains ammonia. 
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Numerical flow modelling results

The numerical flow modelling was carried out for this study to analyse the impact of 
various grouting alternatives for ONKALO5 (Fig. 4-17). The analysis has been done:

Based on the recent flow model update in the Site 2004 report (flow model 2005),
and additionally 
On a slightly modified version (flow model 2005alt) with an alternative geometry 
and transmissivity values of certain geohydrological features based on the 
integration of recent observations of hydraulic connections and geophysical mise-à-
la-masse interpretations (The fracture zone R19A&B was replaced in the flow 
model by SHGP1, SGP1 and SGP2, see Chapters 4.2 and 4.3 for more information). 
A hypothetical vertical fracture and the vertical fracture R16 (bedrock model 
2001/2) have also been introduced into the model for sensitivity studies as there are 
hints of the possible existence of vertical features at the site.

The various cases of grouting assumed the entire length of ONKALO to be grouted until 
the depth of 50 m and thereafter grouting each intersection with a major fracture zone 
one by one. The hydraulic conductivity of the first vertical 50 m after grouting was set 
to K<10–8 m/s. For fracture zones, the basic transmissivity value after grouting was set 
to T = 10–7 m2/s and correspondingly T = 10–8 m2/s for a tighter case. The disturbance 
effect caused by the construction of the ONKALO can be, if not quantified then at least 
qualified, in terms of calculated inflow rate in ONKALO, drawdown of water table, 
movement/upconing of deep saline groundwater, and eventual flow paths or streamlines 
down to the repository level. For reference, the inflow has been estimated also on the 
basis of the analytical formulas described in Section 4.3.5.  

Based on the flow modelling it can be said that, independent of the hydrogeological 
model used, the water inflow rates into ONKALO would be far too high if no grouting 
were used. If no grouting is applied, the inflow to ONKALO is estimated to be several 
hundreds of litres per minute. In the case of grouting in the major deformation zones 
and uppermost part of the rock the inflows are reduced down to some tens of litres per 
minute. Taking the drawdown into account reduces the inflow especially in the shallow 
depth, thereby resulting in somewhat lower total inflow (see cases 2005/4 and 2005/4f 
in Figure 6-1). The inflow into the shafts is estimated to be roughly 5 to 20 l/min per 
shaft in the grouted case compared to hundred to several hundreds of litres per minute in 
the ungrouted case. Figure 6-1 presents the estimates of inflow to ONKALO obtained 
using different flow model versions when grouting has been used. For reference the 
observed inflow after grouting for the first 650 metres (depth about  –65 m bsl) is also 
shown. It should be kept in mind that the results of the flow modelling describe the 
inflow from various depths when the whole ONKALO is open, whereas the observed 
inflow corresponds to the situation of ONKALO that is only partly open.

5 Case 1: No grouting measures taken anywhere in ONKALO 
Case 2: Grouting of the topmost 50 m of sparsely fractured rock (SFR) and RH19A 
Case 3: Grouting of the topmost 50m of SFR and fracture zones RH19A and RH19B 
Case 4: as Case 3 but now also fracture zone RH20AB is grouted 
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Figure 6-1. Water inflow rates into ONKALO (tunnel and research loop) of 

representative variants of case 4 (ONKALO grouted until the depth of 50 m and 

thereafter grouting each intersection with major fracture zones) as a function of depth 

(definition of the case 4 variants in Table 4-6). For comparison the corresponding 

calculated water inflow with the flow model 2003 is included, as well as the measured 

inflow after grouting based on the first 650 m of ONKALO (depth 65 m bsl). 

The variation in the inflow rates obtained with different flow model versions can be 
attributed to the differences in the geometry of the fracture zone and the hydraulic 
conductivity of the sparsely fractured rock (SFR). For the ungrouted case, the modelled 
inflow rates to ONKALO for flow model 2005 and model 2005alt are lower than for the 
flow model 2003. The 2005alt model results in the lowest total inflows, although it 
contains two additional vertical fracture zones. This follows from the replacement of the 
fracture zones RH19A and RH19B with fracture zones of a lower combined 
transmissivity. For the grouted case the differences between the flow model versions are 
minor.  

The results of flow simulations based on either of the used models (flow model 2005 or 
flow model 2005alt), suggest high inflow rates, about 100 l/min into ONKALO along 
the fracture zone RH20 from surface if the zone is not grouted. According to the 
geochemical evaluation, the zone can represent a large number of conductive fractures 
forming flow paths of 10 l/h, which exceeds the limit set for the flux on the basis of 
calcite buffer consumption in fractures. In addition, RH20 with high inflow would form 
a potential mixing zone for marine-derived groundwater and deeper CH4-rich saline 
groundwater. These both implications urge careful grouting of the zone RH20. 

The drawdown is estimated to be even a few hundreds of metres without grouting over 
large areas, whereas in applying grouting the maximum drawdown is of the order of 
some tens of metres. The maximum drawdown occurs close to zones connected to 
ONKALO, but the water table is depressed over the whole island. The drawdown 
estimates for the different flow models differ due to varying description of surface 
connections of some zones. Without grouting the flow model 2005 resulted in a higher 
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drawdown (330 m) of the groundwater table. In both flow models 2005, the zone 
RH20AB not only extends directly to the ground surface (Figure 4-16) but also its 
connection to the surface is further strengthened by the structure RH11_alt (with a 
higher transmissivity than before). These connections from ONKALO to the surface 
dominated the drawdown simulations and the water table would move down to a depth 
of about 330 m, in cases RH20AB remains ungrouted. For the alternative flow model 
2005alt (not calculated), it is obvious that the impact of the tunnels would have been 
stronger than with the baseline model 2005, because of the two additional vertical 
fracture zones. As for the inflow case, the more efficient the grouting, the more did the 
drawdowns computed with different flow models approach each other. 

Figure 6-2 presents the modelled maximum salinity at the 420 and 520 m horizons in 
fracture zones with a radius of 1 km distance from the shafts. The analysis is based on a 
simple approximation of the salinity profile and an observed maximum salinity (TDS) 
of 70 g/l as used also in Vieno et al. (2003) and Löfman & Mészáros (2005). The 
present observed maximum salinity (TDS) is 84 g/l, which would likely have resulted in 
a somewhat higher modelled maximum salinity level. Based on the results (Fig. 6-2), 
without grouting the salinity may locally reach up to 60-70 g/l during the period (ca. 
100 a) of the operative time of the repository (the initial values were 8 and 22 g/l at the 
depth of 420 and 520 m, respectively). The calculated salinity levels at the depth of 
520 m bsl with the flow models 2005 are clearly higher than the present (baseline) 
salinity levels at the depth ( 10-25 g/l), and above the recommended salinity limit 35 g/l 
at the repository level (Vieno 2000). The salinity increase is swiftest for fracture zones 
reaching great depths and exposed to the impact from ONKALO, in particular, RH24, 
which is connected to ONKALO by RH19A and RH19B. As a result of grouting these 
zones, the maximum salinity remains lower. This observation is in favour of grouting 
intersecting zones, as possibly the zone can have a connection to other zones reaching 
greater depths and providing a route for upconing. Due to higher inflow rates and higher 
hydraulic conductivity, the upconing was more pronounced with the flow model 2003 
than the flow model 2005 and flow model 2005 alt.  

Grouting has no great effect on the maximum salinity after closure of the repository, 
although it clearly lowers the salinity during the operational period. After the closure of 
the repository, the salinity field starts to recover quickly at the beginning and much 
slower later on. The calculated salinity level at closure at the depth of –520 m bsl is 
almost similar in the grouted and ungrouted case, about 15-35 g/l and 15-40 g/l, 
respectively. These are slightly lower than the corresponding values calculated with 
flow model 2003. 

The omission of the water table drawdown from the salinity evolution model is likely to 
underestimate the upconing (cf. the Ghyben-Herzberg principle, e.g. Fetter (1988)). In 
Löfman & Mészáros (2005), the impact of the drawdown on the upconing was 
estimated with a sensitivity case similar to the most tightly grouted case, except for the 
use of the calculated drawdown (the lowermost point of the water table was about 10 m) 
instead of the fixed water table as a boundary condition on the flat top of the model for 
100 years. Including the drawdown slightly enhanced the upconing by extending the 
high salinities to a wider area and
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Figure 6-2.  Maximum salinity (TDS) in the fracture zones in the vicinity of ONKALO at a 

depth of 420 m (top) and 520 m (bottom) from the initial state on to 500 years forward. The 

dashed lines denote the cases computed with the alternative structural model (Figure 4-

15). See Table 4-6 for the definition of the cases. The recommended salinity limit TDS 35 

g/l at the repository level is indicated.

increasing the maximum values less than 10% at repository depths of 420 and 520 m. 
This is understandable as the open tunnel system reaching the depth of 500 m forms 
such a high “pumping drawdown” with respect to the depth of the freshwater–saltwater 
interface that water inevitably gets drawn to the sink. Thereby this is different from the 
cases in the literature on upconing, in which the interface’s stability or evolution 
underneath the sink is usually studied.  In the case where the interface rises up to the 
sink, the drawdown of the water table may impact the form of the upconing “dome” – to 

Limit of 35 g/l

Limit of 35 g/l
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make it somewhat flatter – but would not affect the eventual salinities found in the sink. 
Naturally, the less efficient the grouting, the more pronounced the drawdown and its 
impact on the upconing. 

As a part of the flow modelling, streamlines or flow paths were calculated both during 
the operational phase when water flows into the open tunnels and after the closure of the 
repository when the strongest transients have ceased. The latter results can be used to 
estimate whether the water being in contact with grout and cement can flow towards the 
repository level. According to the current results, the fracture zone RH20AB seems to 
act as a “barrier”, so that the water originating above or from the zone would not flow to 
greater depths below it. In the flow models 2003 and 2005, the flow paths from the 
grouted spots are all upwards along the structures towards the surface. Still, the flow 
model 2005_alt showed flow paths going from the sparsely fractured rock (SFR) in the 
depth range 0 – 50 m to and along the zone SHGP1 deeper to approx 100 m bsl before 
discharging to ground surface through zone R27. Also the streamlines from the 
repository level along the vertical hypothetical structure do flow first downwards even 
below structure R72 before discharging to the surface along other structures. A similar 
flow route from structure RH20 would also be possible, if the discharge route were not 
directly along the structure itself but through other structures. Therefore, considering the 
uncertainties related to structure geometries, their connections and head, it is not 
possible to totally rule out the possibility of flow paths from the upper parts of the rock 
to the repository level. 

Naturally, the estimates of the inflow rate, drawdown and salinity levels do depend on 
the assumptions on the geohydrological structures and their assigned transmissivity and 
connections as well as the conductivity of the rock between the structures in the flow 
model. Therefore, uncertainties related to these factors cause uncertainty in the 
presented estimates, as well. Especially, also other geohydrological structures than those 
in the immediate vicinity of ONKALO are of importance in flow modelling. These 
structures and their connections with those intersecting ONKALO are not well known. 
Also, the assumed criteria for grouting and the result of grouting are reflected in the 
estimated inflows, drawdowns, and salinity levels. However, the numerical flow 
modelling results suggest that in particular when no grouting is applied there would be a 
great likelihood to find high salinities in the open tunnels. These concentrations would 
represent a large fraction of the highest values observed at the site. 

Current and proposed injection materials

There are a number of basic properties, which are quite similar to the currently used 
cementitious grout and the low-pH cementitious grout (Table 5-5). Both grouts are 
based on the same binder microfine cement.  In the low-pH cementitious grout, 
microsilicaslurry has replaced about 50% of the cement, resulting in a pH < 11. The 
high amount of silica in the low-pH grout makes the grout slightly stiffer and special 
grouting measures may be needed. Similar amounts of SPLs are used in the final grout 
mixes. The type of SPL to be used will, however, depend on the overall composition of 
the product, and need to be tested and optimised for the grout mix to be used. Both 
cementitious grouts have the ability to penetrate into fractures with apertures more than 
50-100 m.  
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With increasing depth the fracture properties will change. Both grout mixes include 
microfine grains, which set limitations to the grouting of fractures with very small 
aperture (less than 50 m). It is probable that none of the cementitious grouts would be 
suitable for the required sealing of the smallest fractures of apertures less than 50 m in 
order to reach the target water inflow into ONKALO. Thus, alternative materials, e.g. 
colloidal silica, probably need to be introduced. Experiences from colloidal silica are so 
far based on laboratory testing of shrinkage and strength properties and field-testing in 
two tunnels in Sweden. The penetration ability of the material is expected to be into 
fractures with apertures less than 50 m. A clear benefit as compared to the other 
cement-based grouts is that there is no need for a superplasticizer. Strength is a material 
property needing more effort. Strength is very much dependent on the environment, e.g. 
the development of longer-term compressive strength is much slower when compared to 
that of the low-pH cementitious grout. 

For all the grouts, either the current grout or the proposed low-pH grouts, development 
work is needed in order to optimise the grouting for the rock properties at different 
depths. The testing and combination of the test results and theoretical estimations 
should be based on the properties of the bedrock. Especially the grouting techniques to 
be used at depths below 100 m in the rock for fractures of low hydraulic aperture and 
high hydrostatic pressure need to be evaluated. Also specific questions related to the 
current grout, such as setting, which has occasionally been quite slow in grouted 
bedrock, need to be improved selecting the right materials between the large amounts of 
materials available. Also the final strength of the currently used grout needs to be 
evaluated. There is also a need for complementary analysis of penetrability with 
different methods. So far, the testing of low-pH cementitious grout in laboratory and 
very limited testing in ONKALO has given satisfying results. The most concerning 
property of the low-pH cementitious grout mixes is the relatively high yield stress value, 
which may require higher grouting pressures. The penetration ability into fractures with 
aperture less than 50-100 m is poor for any cementitious grouts. 

The estimated need for grouting of ONKALO and the need of cement and SPLs in 
grouts are given in Section 5.1. The estimation is based on the grouting of about 4100 m 
of the total 9200 m length including the tunnel, research loop and two shafts. The 
estimation considered cases of continuing use of normal cement-based grout, and use of 
low-pH cementitious grouts either alone or with colloidal silica. The total amount of 
cement to be used for grouting is assumed to be 1 500 tons in the case of using the 
normal cement-based grout and assuming the grout-take to remain similar to the one so 
far. This estimate is half of the estimated amount of grouting cement by Vieno et al. 
2003. The difference is due to a smaller estimate of the tunnel length needed to be 
grouted and smaller grout-take per grouting hole length. Using low pH cementitious 
grout below the depth of -100 m bsl would reduce the total amount of cement by 
approximately 30% and introducing colloidal silica below -200 m bsl by approx. 50%. 
Roughly 20% of the total amount of cement would be used for the shafts. The already 
used cement (370 tons) is 25% to 50% of the estimated total amount, depending on the 
grout to be used later and the estimated grout-take. About two thirds of the cement 
would be used above approx. 300 m bsl i.e., before intersecting the structures RH20. 
The total amount of SPLs (dry weight) is assumed to vary from 9 tons to 21 tons. One 
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has to bear in mind that the estimates are very rough for the low-pH cementitious grout 
and colloidal silica as there is so far very limited information on the use of these 
materials in the field and especially in ONKALO. These estimates need to be updated 
after gaining more experience with the use of these grouts. 

Summary and Recommendations

The results from the numerical flow modelling, and the potential hydrochemical 
disturbances strongly call for a careful grouting of the major fracture zones intersecting 
ONKALO. However, due to the uncertainties identified, careful considerations on the 
materials to be used below the fracture zone R19 need to be taken. Mass transfer 
modelling and a more sophisticated modelling of the flow paths from the upper part of 
the rock to the repository level are recommended. This should include the use of the 
increasing knowledge about the bedrock properties and of the monitoring results of the 
effect of ONKALO on the surrounding bedrock. In addition to continued monitoring of 
the hydrochemical influences of the cement, in the future efforts should also be taken on 
the study of mineralogical changes in rock and fracture surfaces. This would give 
information on the potential buffering processes against pH plumes in the rock. 
Consideration should be given to the known and foreseen use of grouting materials in 
ONKALO.

With regard to the management of the groundwater inflow into ONKALO, the 
following options were considered:

1. Use of the current ordinary cementitious grouts during the next 1000 m of tunnel length (i.e. 

1000-2000 m).

The total amount of cement-based material in the rock will be increased. 
The development and testing of alternative grouts as well as studies on the long-
term effects of the cementitious grouts (both the low pH and the currently used) 
should be continued. Before the 2000 m tunnel length, a re-evaluation of risk and 
options similar to this study should be carried out maybe complemented with 
performance analysis prior to taking them in use. Anyhow, it seems that the non-
cementitious grout, colloidal silica, will be already needed for fractures of very 
small apertures (< 50 m). 
There is a risk that one year is not enough to get enough information on the long-
term risks of the low-pH cementitious grout or of any other alternative grouts. 

2. Alternative grout taken into use during the next 1000 m of tunnel length (i.e. 1000-2000 m) 

The total amount of cement and cement-based material in the rock can be decreased. 
The risks related to the alternative grouts are higher if it is taken into use already 
now without waiting for the results of the R&D work. It is questionable whether 
significant new information can be gained within a year, i.e. before starting the 
construction of the following 1000 m tunnel length (i.e. 2000-3000 m). 

3. Smart grouting 

All grouts, cementitious or not, are to be used, but in smaller amounts. Colloidal 
silica will be especially used for fractures with very small apertures. Later, if other 
materials become available, they might be used as well. 
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Because of the development and increased resources needs and the changes in the 
currently applied working procedures, it is not possible to use the method right 
away. In any case it seems beneficial to develop the grouting design in order to 
reduce the grout materials even if the aim is not to design fan by fan. 

Recommendations

1) The use of the current grouts should be continued until sufficient knowledge and 
experience has been obtained about the new low-pH grouts. However, also a number 
of technical studies are needed to improve the knowledge of the properties and the 
behaviour of the current grout materials.  

2) Development and testing of the low-pH cementitious grout should be continued both 
in the laboratory and especially in the field. Main uncertainties with the new grouts 
are related to the limited experience in laboratory and especially in the field – and 
differences in the results for laboratory and field tests on grout characteristics. 
The work should aim at having a real alternative grout for use in the deeper parts of 
the bedrock. For that purpose testing of the grout in hydraulic conductive structures 
in the upper part of ONKALO is needed. The basic functional requirement is to hold 
the pH of the groundwater in contact with the buffer bentonite below 11.

3) Development and testing of complementary grouting materials, such as colloidal 
silica, for smaller fractures should also be continued. Better understanding of its 
durability and mechanical properties is needed before it can be recommended for 
ONKALO or repository grouting. It is likely that a combination of low-pH 
cementitious grout and colloidal silica will be needed in the future.  

4) Before decision to replace the present grouts with the new alternative grouts, an 
updated risk comparison between present grouts and the proposed new grouts 
should be carried out. The next risk comparison can be done after an intensive field-
testing period and also requires complementary laboratory testing for the present 
grouts. Clear acceptance criteria and peer review of the new materials need to be 
adopted before taking any new materials into use.  

5) A consideration should also be given to other means to prevent and control inflows, 
such as hydraulic liners, which are planned for the shafts, but could also be 
alternatives for the ONKALO tunnel. 

6) Application of smart grouting. Although advanced grouting is in use in ONKALO 
and the grouting fans are being focused on leaking tunnel sections, more effort could 
be put on optimising the grouting in ONKALO. Optimising is a compromise 
between getting the maximum results in sealing with the minimum amount of grout, 
also minimizing the amount of grouting holes outside the tunnel profile 

Practically the smart grouting can be carried out using: 
Grouting fans with optimised hole spacing, e.g. an assortment of different fans to be 
used in specified rock conditions 
Short grouting fans whenever possible (narrow leaking tunnel sections 
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a set of different grout types for different rock conditions and for places of different 
importance with regard to the long-term safety 
and even possibly designing every grouting fan individually 

This fully optimised grouting is called smart grouting, which refers to active design 
throughout the construction. The main challenges in order to introduce the smart 
grouting system are the following: 

The need for very accurate and detailed information from probe-holes. 
The need for time, human resources and economical resources to determine/design 
the final grouting acts after the investigations in probe holes (see also above). 

The reliable measuring and systematic follow-up of inflows to ONKALO is a key issue 
when making the future evaluation of hydrogeological and hydrochemical disturbances. 
Regular monitoring is required in order to analyse the successful use of different types 
of grouts and for developing the materials for deeper conditions. Following the amount 
of leakages to ONKALO would give information on the durability of the different type 
of grouts. 
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APPENDIX 1/1 

APPENDIX 1: Intersection of hydrogeological structures and brittle deformation zones 
with ONKALO 

Table A1 -1. The intersection of hydrogeological structures (S model, see Section 

4.2.2), hydrogeological structures in flow model (see Sections 4.2.2 and 4.3.1) and the 

brittle deformation zones according to the Geological model of the Olkiluoto study area 

version 0 (GeoMTF 2006) are presented below. Note that the structures in the flow 

model are presented as 2D elements. Note: in column Geological model following 

abbreviations are used BFZ = brittle fault zone, BJI = brittle joint zone. 

TC (m) 
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APPENDIX 1/2 

Figure A1-1. Hydrogeological structures (S model, in blue) and brittle deformation 

zones (Geological model version 0, in red) intersecting ONKALO. ONKALO is shown 

in yellow, shaft in orange and boreholes in grey, view towards northeast. 

References:
GeoMTF 2006. Geological Model of the Olkiluoto study area version 0. Working 
Report 2006-xx (in preparation). 
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Ref: JP-FT-14.11.2005 – Posiva/SAFCA - R19  

Issue:  The update of geohydrological model for R19 project 

1 BACKGROUND

In connection of R19 project, the update of geohydrological model aiming at 
calculations of hydrological disturbances caused by ONKALO was assumed to be 
essential to see if the new data gathered in new boreholes and in ONKALO would 
reveal any changes compared to earlier simulations (Löfman & Mészáros 2005). Such 
disturbances are e.g. drawdown of groundwater table, upconing and flow of saline water 
and transport of cement used in grouting of hydraulically conductive fractures. 

It was decided in the meeting of the R19 project (memorandum JP-FT-25.8.2005 – 
Posiva/SAFCA - R19) to integrate some geophysical and hydrological data and 
construct an update for the flow model to be used in numerical calculations for this 
special purpose. 

Main conclusions concerning the integration of geophysical “mise-à-la-masse” 
anomalies and geohydrological data, like transmissivities, pumping test results etc., 
were summed up in a one-day meeting on 29 August 2005 by Turo Ahokas and Henry 
Ahokas. Conclusions of this meeting and some later information have been used and 
will be reported in this memorandum. 

2       INTERGRATION OF HYDROLOGICAL DATA AND GEOPHYSICAL
"MISE-À-LA-MASSE¨ ANOMALIES

New structures at the location of RH19A and RH19B and above

Several “mise-à-la-masse” anomalies have been found at shallow depths around 
structures RH19A and RH19B (bedrock model 2003/1) and near ONKALO. Anomalies 
called MAMKR4_80m_S and MAMKR4_116_S together with the hydrological 
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interpretation on the location of lowest edge of hydraulically highly transmissive 
borehole sections supported by results of long-term pumping test in OL-KR24 
(Vaittinen & Ahokas 2005, Rouhiainen et al. 2005) are illustrated in Figure 2-1. The 
new structure is called SHGP1 (S=structure, H=hydrological, GP=geophysical). As can 
be seen in Figure 2-1, the dip and dip directions of these zones are rather similar and 
based on the anomalies found in geophysics. A similar parallel structure SHGP2 was 
compiled approx. 30 m above it (see Figure 2-2). Based on high transmissivities in 
some boreholes, it is possible that the southeast part of the upper structure SHGP2 is 
located a bit more up than shown in Figure 2-2. This could indicate that this structure 
will be met a bit earlier in ONKALO than based on illustration in Figure 2-2. The 
extension of these structures is highly unknown but e.g. drawdowns during long-term 
pumping test in OL-KR24 support the connection up to borehole OL-KR11, which is 
located over 700 m north-east of borehole OL-KR24. A high transmissivity and flow 
responses in OL-KR27 during long-term pumping test of OL-KR24 support the 
extension towards east. Moderately high transmissivities found in OL-KR29 also 
support the extension towards southwest. On the other hand, the extension of these 
structures to borehole OL-KR8 is not supported by high transmissivities or flow 
responses. The lack of “mise-à-la-masse” anomalies in OL-KR8 supports this 
interpretation. However, this detail has not been taken into account in compilation of the 
model of structures. Borehole intersections and borehole specific properties of 
structures SHGP1 and SHGP2 are listed in Table 2-1. It should also be noted that these 
intersections might deviate a little from illustrations shown in Figures 2-1 and 2-2. For 
the flow modelling purposes, structure SHGP1 was used only. Based on expert 
judgement it was assumed that structure SHGP2 can be neglected in the flow model. 
Technically, the flow conditions at this depth can be described well enough by one 
subhorizontal geohydrological structure alone. 

Figure 2-1. Structures SHGP1 and original geophysical “mise-à-la-masse” anomalies 

MAMKR4_80m_S and MAMKR4_116_S. Discs in boreholes illustrate transmissive
sections and flow responses of long-term pumping test in OL-KR24 (red=T>10

-5

m2/s, purple=10-5>T>10-6 m2/s, green=10-6>T>10-7 m2/s, blue=flow response). 
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Figure 2-2. Structures SHGP1 and SHGP2 with geophysical “mise-à-la-masse”  
anomalies MAMKR4_80m_S and MAMKR4_116_S. Discs in boreholes illustrate transmissive
sections and flow responses of long-term pumping test in KR24 (red=T>10-5 m2/s,
purple=10-5>T>10-6 m2/s, green=10-6>T>10-7 m2/s, blue=flow response). 

Table 2-1. Borehole intersections and borehole specific transmissivities of structures
SHGP1 and SHGP2. 

Borehole bh depth, m z Structure T, m2/s
OL-KR4 115.5 -104 SHGP1 4.2·10-5

OL-KR7 47.8 -35 SHGP1 5.2·10-7

OL-KR8 202.0 -170 SHGP1 10-10

OL-KR9 186.5 -167 SHGP1 1.3·10-8

OL-KR11 122.8 -100 SHGP1 4.5·10-6

OL-KR12 42.7 -31 SHGP1 1.8·10-6

OL-KR13 13.0 -5 SHGP1 2·10-6

OL-KR14 50.0 -39 SHGP1 1.2·10-5

OL-KR15B 22.1 -14 SHGP1 1.5·10-5

OL-KR16B 14.9 -6 SHGP1 1.4·10-6

OL-KR17B 22.5 -14 SHGP1 1.4·10-6

OL-KR18B 30.0 -21 SHGP1 2·10-5

OL-KR22 147.0 -117 SHGP1+SGP1 3.4·10-5

OL-KR23 194.7 -157 SHGP1 2.1·10-5

OL-KR24 114.0 -104 SHGP1 3.9·10-5

OL-KR25 122.6 -108 SHGP1 1.4·10-6

OL-KR27 257.0 -201 SHGP1 2.7·10-6

OL-KR28 154.3 -112 SHGP1 2.2·10-5

OL-KR29 96.0 -83 SHGP1 2.3·10-7

OL-KR30 82.7 -71 SHGP1 3.8·10-6

OL-KR31 173.4 -149 SHGP1+SGP1 2.0·10-5

OL-KR36 154.0 -140 SHGP1 1.7·10-5

OL-KR37 172.0 -155 SHGP1 1.2·10-5

OL-KR38 120.0 -102 SHGP1 3.9·10-5

OL-KR4 81.6 -71 SHGP2 6.1·10-6
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OL-KR8 152.0 -125 SHGP2 3.9·10-9

OL-KR9 146.4 -130 SHGP2 1.8·10-5

OL-KR14 12.0 -3 SHGP2 3.5·10-6

OL-KR22 111.0 -86 SHGP2 4.2·10-5

OL-KR23 150.6 -120 SHGP2 1.3·10-7

OL-KR24 94.0 -84 SHGP2 1.9·10-5

OL-KR25 94.6 -81 SHGP2 2.5·10-5

OL-KR27 207.0 -162 SHGP2 3.4·10-7

OL-KR28 134.3 -96 SHGP2 3.8·10-7

OL-KR29 62.0 -51 SHGP2 1.6·10-7

OL-KR30 52.7 -42 SHGP2 4.2·10-5

OL-KR31 143.4 -122 SHGP2 6.4·10-6

OL-KR34 74.0 -55 SHGP2 3.9·10-5

OL-KR35 94.0 -80 SHGP2 2.3·10-5

OL-KR36 114.0 -100 SHGP2 2.0·10-7

OL-KR37 144.0 -130 SHGP2 10-10

OL-KR38 88.0 -70 SHGP2 5.1·10-5

In connection of the compilation of new flow model, hydraulic connections between 
ground surface and ONKALO as well as their connections downwards to structures 
SHGP1 and SHGP2 were assumed to be important, e.g. to describe the possible flow of 
superficial groundwater downwards. Two new local structures based mainly on 
geophysical ”mise-à-la-masse” anomalies were assumed to describe such phenomena in 
a sufficient manner. The origin of the western structure and simplified illustration of it 
are shown in Figure 2-3. The new structure is called SGP2, and it intersects probably 
borehole OL-KR30 at very shallow depth (19 m) where the transmissivity is 1.3·10-6

m2/s. The other intersection of this structure is met in borehole OL-KR4 at depth of 142 
m where T=4·10-7 m2/s. The structure intersects also borehole OL-KR25 approx. at the 
same depth as structure SHGP1 where the transmissivity is 1.3·10-6 m2/s. The extension 
of structure SGP2 deeper would intersect e.g. borehole OL-KR24 at depth of 179 m 
where the transmissivity is 2·10-7 m2/s. However, the extension is not supported e.g. in 
the new borehole OL-KR38 where transmissivities at relevant depths are minor. The 
transmissivity proposed to be used in the flow modelling was assumed to be in the order 
of 10-6 m2/s.
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Figure 2-3. Illustration of ”mise-à-la-masse” anomalies LatpotKR25maad122_yläosa  

and Latpot_KR4_maad_136m_maanpinta (transparent) and simplified structure SGP2  

(blue plate).

The corresponding structure intersecting at several locations ONKALO is called SGP1 
and is illustrated together with geophysical “mise-à-la-masse” anomaly 
MAMhalliruhje_99S and structure SHGP1 in Figure 2-4 where also the modelled 
surficial part called Hallinpohja_malli1 is illustrated. As can be seen in Figure 2-4, the 
eastern part of mise-à-la-masse anomaly coincides rather well with the modelled new 
structure SHGP1. The intersections of structure SGP1 with boreholes are listed in 
Table 2-2.
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Figure 2-4. Structure SGP1(combination of blue plates) together with geophysical
anomaly MAMhalliruhje_99S and modelled surficial part called Hallinpohja_malli1  
(transparent). In addition, structure SHGP1(brown) is shown.

Table 2-2. Borehole intersections and borehole specific properties of structure SGP1.
In addition, similarities with the structures of bedrock model 2003/1 are shown. 

Borehole Depth interval, m Transmissivity, 
m2/s

Remarks 

OL-KR28 80-90 10-7 Same intersection as RH19A 
OL-KR26 70-80 3·10-8 Uncertain geophysical anomaly 
OL-KR25 60 4·10-5 Same intersection as RH19A 
OL-KR27 260 3·10-6

OL-KR23 175 4·10-6  Same intersection as RH19B 
OL-KR34 50 2·10-6   
OL-KR35 70 6·10-6  At depth of 77 m T=2·10-5

OL-KR36 120-130 4·10-8   

Borehole specific transmissivities of structure SGP1 vary a lot (see Table 2-2) but in the 
flow model only one value of 1E-6 m2/s is estimated to represent well the average of 
this structure. The latest measured value is from PH3 where the transmissivity at the 
depth of intersection is appr. 10-6 m2/s.

Penetration of these zones by ONKALO has been seen as short-term pressure 
drawdowns in packed-off boreholes. Results of monitoring of heads in packed-off 
borehole OL-KR23 during 2005 are shown in Figure 2-5 and clear drawdowns caused 
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by drilling of grouting boreholes and recovery caused by injection (grouting) can be 
seen e.g. at TC (m) 274, 307, 371, 388, 466, 520. Other similar effects can also be seen 
but are not analyzed in detail and are at least partly masked by other activities, like 
several kinds of pumpings in adjacent boreholes. Structure SGP2 intersects ONKALO 
between TC 300-400 m and SGP1 between TC 480-540 m. 
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Figure 2-5. Monitoring results from packed-off borehole OL-OL-KR23 (T1-T7 and  
open borehole). Other information in figure are e.g. sea level at Rauma, monitoring  
results from reference boreholes and selected activities from field investigations and 
ONKALO which may have disturbed monitoring results in OL-KR23. 

Other structures assumed to be important for flow modelling

For the flow modelling purposes (transport of cement along vertical structures), 
structure R16 from bedrock model version 2001/1 (Vaittinen et al. 2001) was added to 
the model. The location of R16 is shown in Figure 2-6. Support to the existence of R16 
can be found e.g. from borehole OL-KR31 at depth interval of 90-120 m where 
fractured section with several vertical fractures and rather high transmissivities (Tsum is 
approx. 10-6 m2/s) exists (see Figure 2-7). Another indirect indication has been found in 
borehole OL-KR12 where saline water has been raised along fractures up to depths of 
367 m during pumping in connection of flow loggings. Transmissivity of structure R16 
in the flow model was set to 10-6 m2/s.
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Figure 2-6. Structure R16 and ONKALO (view from top) 
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Figure 2-7. Geological and hydrological data from borehole OL-KR31.

Other possible subvertical structures or flow routes

Comparison of oriented and transmissive fractures detected in PH1 and flow responses 
detected at shallow depths in OL-KR26 and OL-KR28 in connection of long-term 
pumping test in OL-KR24 (Rouhiainen et al. 2005) and BFI faults found in geological 
mapping in ONKALO indicate the possibility of existence of sub-vertical structures or 
fractures with south-north strike (see Figure 2-8). One possible route for flow responses 
from borehole OL-KR24 would be along SHGP1 and SHGP2 to SGP1 and futher along 
vertical fractures/faults up to ground surface as shown in Figure 2-9. These sub-vertical 
faults may also be part of structure RH24, which intersects ONKALO and PH1 as 
shown in Figure 2-10. Several flow responses at shallow depths in OL-KR22 and OL-
KR28 support this assessment. The dip of structure RH24 varies. Minor modifications 
of the dip could explain e.g. moderate transmissivities and flow responses at depths of 
250 and 350 m in borehole OL-KR8 as well as pressure responses e.g. at the bottom of 
multi-level piezometer EP2 (Vaittinen & Ahokas 2005). 
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Figure 2-8. Upper figure: Oriented fractures in PH1-3 with T > 10-7 m2/s (purple=
10-5>T>10-6 m2/s, green=10-6>T>10-7 m2/s) and flow responses (blue discs) of OL-KR24
pumping tests. Lower figure: Mapping of ONKALO tunnel walls; observation of the
deformation zone intersection in ONKALO together with single shear fractures. BFI =
brittle fault intersection and DSI = ductile shear intersection. Mapping covers tunnel
chainage 0 -570 m together with single shear fractures. BFI = brittle fault intersection
and DSI = ductile shear intersection. Mapping covers tunnel chainage 0 - 570 m.
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Figure 2-9. Flow routes from borehole OL-KR24 along structures SHGP1, SHGP2, SGP1
and sub-vertical faults up to ground surface. Explanation data: Oriented fractures in 
PH1-PH3 with T>10-7 m2/s (purple = 10-5>T>10-6 m2/s, green=10-6>T>10-7 m2/s) and flow 
responses (blue discs) of OL-KR24 pumping test. 
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Figure 2-10. Structure RH24 and transmissivities higher than 10-7 m2/s (purple=10-5>T>10-6

m2/s, green = 10-6>T>10-7 m2/s) and flow responses (blue discs) of OL-KR24 pumping test. 
View from top (upper figure) and from south-west (lower figure). 
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New structures at the location of RH20A and RH20B

“Mise-à-la-masse” anomaly KR4_368_S and an alternative description for structure 
R20B called R20B_alt are shown in Figure 2-11. Structure R20B_alt is based originally 
mainly on flow responses found in connection of long-term pumping test in OL-KR24. 
In addition, fractured section in borehole OL-KR8 at depth interval of 550-560 m fits 
well with the new structure. As can be seen, the south-eastern part of the geophysical 
anomaly coincides with the new structure. Towards north-east, differences seem to 
grow. Hydrological support for the assumption that the dip of extensions of RH20B_alt 
or RH20A is a bit steeper than in the bedrock model of 2003/1 can be found and is 
illustrated in Figure 2-12. 

“Mise-à-la-masse” anomaly KR4_314_S coincides at south with the anomaly of 
KR4_368_S, but has clearly different dip direction compared also to structures of 
RH20A and RH20B_alt in northeast. Support to the existence of this kind of structure 
cannot be directly found in hydrology. Structure RH20A and anomaly of KR4_314_S 
are shown in Figure 2-12. 

For flow modelling purposes, structures RH20A, RH20B and RH20B_alt were 
simplified to one structure, which has extension towards northeast up to ground surface. 

Figure 2-11. ”Mise-à-la-masse” anomaly KR4_368_S (red) and structure R20B_alt. In 

addition, transmissivities (T>10-7 m2/s) and flow responses (blue discs) of long-term  

pumping in OL-KR24 are shown. 
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Figure 2-12. Structures RH20A, RH20B_alt and ”mise-à-la-masse” anomaly KR4_368_S  
(red) and possible extension of structures towards north-west (dotted lines). 
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Figure 2-13. ”Mise-à-la-masse” anomaly KR4_314_S and structure RH20A. View towards 
north.

Alternatives for structure RH21

“Mise-à-la-masse” anomalies MAMKR4_759_s and MAMKR4_759_s2 has been 
shown in Figure 2-14 together with structure RH21 (model 2003/1) and new 
interpretation called R21B. The dip direction of the new structure R21B is based on 
geophysical anomalies and other geophysical indications (ref ANDRA project) that 
there may be similar set of two parallel structures like the case of RH20 and SHGP 
structures. Based on geophysical studies, anomaly MAMKR4_759_s may intersect 
ground surface at the location of VLJ repository. According to the direct extension of 
structure RH21 (model 2003/1), it intersects borehole YD1 at depth of 180-190 m. This 
borehole section has not been connected to any known structure earlier (Ahokas & 
Äikäs 1991, YJT 91-05). The new structure R21B intersects highly and moderately 
transmissive sections deep in boreholes OL-KR4 (T= 8.5·10-6 m2/s at depth of 863 m) 
and OL-KR12 (T=2·10-7 m2/s at depth of 745 m). These borehole sections have been 
earlier classified as local structures. Structure RH21 intersects also borehole OL-KR6 at 
depth of 397 m where the transmissivity is 5·10-6 m2/s. Borehole intersections for 
structures RH21 and R21B are the same in boreholes OL-KR1 and OL-KR2. “Mise-à-
la-masse” anomalies MAMKR4_759_s and MAMKR4_759_s2 do not intersect highly 
transmissive sections elsewhere than in borehole OL-KR1 at the depth interval of 525-
536 m where the transmissivity is 2·10-6 m2/s. These anomalies would intersect 
moderately transmissive borehole sections in several boreholes if the local “valley” 
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found in OL-KR19 at depth of 460 m were omitted. After this modification, the shape 
of the anomaly would be more planar than shown in Figure 2-14. 

Figure 2-14. “Mise-à-la-masse” anomalies MAMKR4_759_s ja MAMKR4_759_s2 (red) and
structures RH21 (transparent) (bedrock model 2003/1) and new structure R21B (purple)

Compilation of the flow model

The summary of new interpretations (structures) used in the flow model together with 
old structure RH20A is presented in Figure 2-15. Other structures in the flow model 
were the same as in the earlier flow model (Löfman 1999). As a whole, there was the 
following main modification for the new flow model compared to the earlier model: 

Structures RH19A and RH19B were replaced by structures SHGP1, SGP1 and 
SGP2

As mentioned earlier, structure SHGP2 was for technical reasons not taken into account 
in the new flow model. It was assumed that one subhorizontal structure at this depth 
could describe the flow conditions well enough for this special purpose in R19 project. 
Based on similar reasoning, RH20 structures were modelled as one large structure in the 
flow model. 

To simulate possible effects of sub-vertical structures, structure R16 from bedrock 
model 2001/2 was also added to the flow model. In addition, hypotethical vertical 
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structure intersecting repository area was added to the flow model. The location and 
properties of this structure are described in the coming memorandum of R19 project. 

Measured borehole specific transmissivities of new structures are shown in Figure 2-16. 
Geometric means of measured transmissivities and transmissivities used for the flow 
model are shown in Table 2-3. 

Figure 2-15. New structures SHGP1, SHGP2, SGP1, SGP2 and R20B_alt. In addition, 
structure RH20A from old bedrock model has been shown. Other information: T>10-7 m2/s
(red=T>10-5 m2/s, purple=10-5>T>10-6 m2/s, green=10-6>T>10-7 m2/s).

Table 2-3. Geometric means of measured transmissivities and transmissivities used for the 
flow model.

Structure T geom. mean Log T in the flow model 

SGP1 -5.25 -6 

SGP2 -6.63 -6 

SHGP1 -5.50 -5 

SHGP2 -5.76 Not in the model 

R16 -6

SHGP1

SHGP2

RH20A

RH20B_alt

SGP2

SGP1
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Figure 2-16. Measured borehole specific transmissivities of new structures.
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APPENDIX 3/1

Table A3-1. Chemical composition of the low-pH cementitious mixes f63, P3, P308B, 

P307B and P307C (Kronlöf 2005a, 2005b, Sievänen et al. 2006).  

Mix System PC-
type

SF-
type SPL-type

Gypsum
/PC

Al.
Cem
/PC

SF
/PC

SP
/DM
(%)

Ca/Si molar 
ratio

SiO2 wt. % 

W/
DM

f63 PC+SF

+ETTA

UF16 Grout 
Aid -

0.027 0.075 0.69 0 0.83  
49.3

2.48

P3 PC+SF

+SP

UF16 Grout 
Aid SP-40

0.000 0.000 
0.69 2 0.79 

52.2
1.61

P308B PC+SF

+SP

UF16 Grout 
Aid Mighty 150 

0.000 0.000 0.69 4 0.8 

52.8

1.4

P307B PC+SF

+SP

UF16 Grout 
Aid Mighty 150 

0.000 0.000 0.69 4 0.8 

52.8

1.2

P307C PC+SF

+SP

UF16 Grout 
Aid Mighty 150 

0.000 0.000 0.69  0.8 

52.8

0.9
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APPENDIX 5/1 

Figure A5-1. The pH and alkalinity results from tests with the low-pH cementitious mix 

f63 in fresh simulated water (ALL-MR, left side) and for saline simulated water (OL-SR, 

right side). 
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APPENDIX 5/2 

Figure A5-2. The pH and alkalinity results from tests with the low-pH cementitious mix 

P308B in fresh simulated water (ALL-MR, left side) and for saline simulated water (OL-

SR, right side). 
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