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INVESTIGATION EQUIPMENT AND METHODS USED BY POSIVA 

ABSTRACT 

Posiva Oy, a company jointly owned by TVO and Fortum, submitted an application for 
the Decision in Principle to the Finnish Government in May 1999. A positive decision 
was made at the end of 2000 by the Government. The Finnish Parliament ratified the 
Decision in Principle on the final disposal facility for spent nuclear fuel at Olkiluoto, 
Eurajoki in May 2001. The decision makes it possible for Posiva to focus the 
confirming bedrock investigations at Olkiluoto, where in the next few years an 
underground research facility, ONKALO, for rock characterisation for the final disposal 
of spent nuclear fuel will be constructed. The construction of the ONKALO access 
tunnel was started in September 2004. 

This report describes the investigation methods and equipment developed and used by 
Posiva Oy during the confirming site investigations from the surface. The report covers 
the areas of drilling of deep investigation holes, geophysical loggings, geophysical 
ground and tunnel surveys, hydrogeological and hydrogeochemical as well as rock 
mechanical methods. Emphasis is given on those equipment and methods developed by 
Posiva and those that have frequently and recently been used in the Posiva´s 
characterisation programmes including methods applied during excavation of ONKALO 
access tunnel. The database used for the field investigation data is also briefly described 
in this report. 

Keywords: Drillhole investigations, geophysical ground surveys, water sampling, 
characterisation, equipment, methods. 



POSIVAN KÄYTTÄMÄT TUTKIMUSLAITTEET JA -MENETELMÄT

TIIVISTELMÄ

Posiva Oy, TVO:n ja Fortumin yhdessä omistama yhtiö, jätti valtioneuvostolle vuonna 
1999 periaatepäätöshakemuksen, jolla se haki lupaa rakentaa käytetyn ydinpolttoaineen 
loppusijoituslaitos Eurajoen Olkiluotoon. Joulukuussa 2000 valtioneuvosto teki asiasta 
myönteisen päätöksen. Toukokuussa 2001 eduskunta vahvisti valtioneuvoston päätök-
sen. Päätöksen perusteella Posiva on keskittänyt varmentavat kallioperätutkimukset Ol-
kiluotoon, jonne rakennetaan tulevina vuosina maanalainen tutkimustila, ONKALO. 
ONKALOn ajotunnelin louhinta aloitettiin syyskuussa 2004. 

Tässä raportissa kuvataan kallioperän tutkimusmenetelmiä ja laitteita, jotka Posiva Oy 
on kehittänyt tai käyttänyt tutkimusohjelmissaan viime vuosina. Raportti kattaa seuraa-
vat alueet: syvien tutkimusreikien kairaus, geofysikaaliset reikä-, maanpinta- ja luola-
mittaukset, hydrogeologiset ja hydrogeokemian menetelmät sekä kalliomekaaniset me-
netelmät. Pääpaino on laitteissa ja menetelmissä, jotka Posiva on kehittänyt ja joita on 
järjestelmällisesti käytetty Olkiluodon kallioperän karakterisoimiseen viime vuosien ai-
kana. Mukana on myös kuvauksia menetelmistä, joita on käytetty ONKALOn ajotunne-
lin louhinnan yhteydessä kallion karakterisointiin. Myös tutkimustietojen tietokantaso-
vellus on esitetty lyhyesti. 

Avainsanat: Reikämittaukset, geofysikaaliset maanpintamittaukset, vesinäytteenotto, 
karakterisointi, laitteet, menetelmät. 
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1 INTRODUCTION 

After the Government's favourable policy decision in 2001, Posiva focused further 
investigations on Olkiluoto and began preparations for the construction of an 
underground characterisation facility, ONKALO. The municipality of Eurajoki granted 
a building permit for ONKALO in August 2003. The construction of the ONKALO 
access tunnel started in September 2004. 

The scope of this report is to present and describe shortly the equipment and methods 
that have been used by Posiva for site characterisation at Olkiluoto to the present day. 
Main focus is given for those equipment and methods, which have been developed by 
Posiva and for those, which have systematically been used for the drillhole 
measurements in the deep holes drilled from surface since Olkiluoto was selected as the 
final disposal site. Some geophysical ground surveying methods have been included 
into this report since they are used quite extensively in the recent years. Drilling 
equipment and techniques excluding geological logging are also described in this report. 
Data management system to archive field investigation data is described briefly. 

Investigation methods and equipment used at Olkiluoto earlier during the site selection 
phase, 1987-2000, have been summarized e.g. in the following reports: Öhberg (1991), 
TVO (1992), Anttila & Heikkinen (1996), Hinkkanen et al. (1996), Anttila et al. 1999 
and Posiva (2003). Geophysical airborne and ground surveys carried out during the site 
selection phase (Suomen Malmi Oy 1988) are not covered in this report. Equipment 
applied for laboratory studies, biosphere research methodology and monitoring are also 
beyond the coverage of this report. 

The equipment and methods with a special focus in this report are: 

- Drilling of deep holes 
- Posiva Flow Log, which is used to locate water conductive fractures and to 

determine transmissivities of fractures in deep holes 
- Electric conductivity measurements of the drillhole water and fracture-specific 

water
- Posiva´s PAVE groundwater sampling system for pressurized water samples. 
- Hydraulic Testing Unit (HTU) to measure hydraulic conductivity in deep holes. 
- Seismic surveys (VSP, crosshole and walk-away seismic) 
- The TERO logging device to measure rock thermal properties in deep holes. 
- GPS monitoring network to determine the horizontal local and regional crustal 

deformations. 
- The local microseismic network to monitor the rock volume surrounding the 

preliminary location of the underground characterisation facility 
- Rock stress measurements to evaluate the state of in situ stress. 
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2 DRILLING OF INVESTIGATION HOLES 

2.1 Core drilling equipment and techniques 

Drillings from the surface
Posiva Oy has commissioned drillings of about 100 deep holes with depth range 
300…1100 m at six different sites during the site selection phase between 1986…2000 
and during the confirmative investigations at Olkiluoto. At the present time there are 40 
deep holes at the Olkiluoto site, see Figure 2-1. 

Figure 2-1. Location of the deep holes at the Olkiluoto investigation site. 
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The conventional technique with double core barrel using bit sizes 56 mm and 76 mm 
has been used in the early phase of the investigations. Wire-line (WL) method was not 
used earlier due to lack of drilling equipment that was capable of drilling deep holes. 
Another reason was the short lifetime of the drilling bits in hard rock conditions, which 
lead to frequent lifts of the WL drilling pipes. 

Since 2001 (drillhole OL-KR13), triple tube core barrel (WL76/52 i.e. hole diameter 76 
mm and core diameter 52 mm) has been in use. At first triple tube core barrel was used 
together with the conventional drilling with an adapter. At Olkiluoto the drillhole OL-
KR19 was the first hole drilled with WL-technique and with a triple tube core barrel 
(WL76/51). The manufacturer changed the bit dimensions to WL76/51 in summer 2002 
yielding in a slightly smaller sample diameter than previously. Since 2003 (drillhole 
OL-KR24) NQ3 equipment has been used for deep drillings. Hole diameter with NQ3 
triple tube core barrel is 75.7 mm and the drill core diameter is 50.2 mm. 

The new drill machines have properties that make WL-drilling more productive. The 
control panel in the machine makes the drilling easier for the operators. The 
programmable built-in controls prevent the operator to perform actions that would 
damage either the quality of the core sample or the drillhole wall. The automatic control 
features extend also the service time of core bits, a prerequisite to make WL-drilling 
more viable. The new drilling units include measuring of several MWD- (Measurement 
While Drilling) parameters. Some of these parameters like water flow into and from the 
drillhole and pressure of the flushing water were previously measured manually. 

One disadvantage of WL-drilling with the new unit is its considerably higher drilling 
water consumption compared to standard double tube core drilling technique. Water is 
also pumped into the drillhole to speed up the lowering of the core barrel in its drilling 
position. The high amount of water can in turn affect the prevailing groundwater 
conditions.

Drillings from ONKALO
Besides the deep holes drilled from the surface, holes (pilot holes and characterisation 
holes) will also be drilled from ONKALO. The holes are designed, assessed and drilled 
so that the disturbances to the host rock (e.g. undesirable hydraulic connections, 
uncontrolled leakages, etc.) are minimised and the natural integrity of the host rock is 
not jeopardised. 

Five pilot holes, which are holes to be drilled along the access tunnel profile, have 
already been drilled. The pilot holes are drilled inside the tunnel profile to avoid 
disturbances in the surrounding rock mass. The length of the pilot holes typically varies 
from several tens of metres to a couple of hundred metres. The pilot holes are mostly 
aimed to confirm the quality of the rock mass for tunnel construction, and in particular 
to identify water conductive fractured zones and to provide information that could result 
in modifications of the existing construction plans. 

Decisions on the location of the pilot holes are based on the bedrock model and other 
relevant data, possibly assisted by statistical analyses.
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Most of the equipment and the methods used in drillings from ONKALO are the same 
as those used in drillings from the surface. In ONKALO there are only limited space for 
the equipment. Another difference is that drillholes in ONKALO are situated under the 
water table causing the drillhole water to flow into the tunnel. The water pressure 
increases with the depth. A fully hydraulic ONRAM-1000/4 rig, powered by an electric 
motor, has been used to drill the pilot holes from ONKALO. The drill rig and working 
base were mounted on a truck. Hagby-Asahi’s wireline drill rods (wl-76) and a 3-metre 
triple tube core barrel have been used for drilling pilot holes. The diameter of the hole 
with this equipment is 76.3 mm and the diameter of the core sample is 51.0 mm. 

Directional core drilling
A solution to compensate the deviation of a drillhole is to use directional core drilling 
system. In this method deviation survey is carried out several times during drilling and 
direction is corrected if needed. Directional core drilling has been used in drillholes OL-
KR24 (Niinimäki 2003) and OL-KR38 (Rautio 2005) at Olkiluoto. The two drillhole 
sites were located inside the planned shaft profiles. The deviation of the holes were 
followed through out the drilling and deviation measurements and steering operations 
with directional core drilling were carried out in order to keep the hole within a cylinder 
with a diameter of 6 m (OL-KR24) and 3 m (OL-KR38), which are the diameters of the 
planned shafts. 

Two directional drilling equipment have been used. The equipment developed by Liw-
in-stone AB (Sweden) was used in OL-KR24 and the equipment developed by Devico 
A/S (Norway) was used in OL-KR38.  

The directional drilling is based on using a special eccentric core barrel. The eccentric 
directing part is in the midpoint of core barrel´s outer tube. This eccentric part is 
adjusted on the opposite wall of the aimed drilling direction. The direction of the core 
barrel is checked using a deviation survey equipment (EMS, Flexit SmartTool or 
DevitoolTM Peewee). The eccentric part in the outer tube makes the drilling direction turn 
to the desired direction and thus the hole will bend during the drilling. Due to 
adequately high water pressure the outer tube will not rotate but stays in the adjusted 
position during the complete run with the directional equipment. The core barrel moves 
naturally downwards in the hole during the run. The diameter of the core achieved with 
the Devico´s directional equipment is 31.5 mm. 

Besides directional drilling wedging can also be and has been used to deviate drillholes 
(Rautio 1995 and Niinimäki 2005). 
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Figure 2-2. The drilling unit B20 APC.

2.1.1 The structure of a drillhole 

Since the beginning of the drilling programme the applied “telescope” drilling has been 
beneficial. The wider diameter from the top of the drillhole down to the depth of about 
40 metres has enabled many hydraulic activities or at least made them easier to perform 
(for example the use of submersible pumps and installations of hydrogeological 
instruments). The structure of the upper end of a “typical” drillhole is presented in 
Figure 2-3. To provide core sample also from the upper part of the bedrock another hole 
has been core drilled (depth about 45 m) close to the deep hole with the same initial dip 
and azimuth. 

In drillholes, which were intended to confirm certain fractured zones or quality of rock, 
no wider upper end has been used, because only a restricted number of investigation 
methods were included in the characterisation programme for these holes and none of 
these methods required the use of wider upper end. In order to stabilize and to prevent 
leakage of surface waters into the drillhole, a casing tube has been installed through the 
overburden section reaching about one metre below the bedrock surface. The casing 
tubes are made of stainless steel (e.g. 88.9/77.9 mm) to prevent corrosion. 

Down-the-hole (DTH) drilling is used to drill the wider upper end of a drillhole, see 
Figure 2-3. First, it is drilled through the overburden into the bedrock with a bit size of 
194/184 mm and a casing is installed. The hole is continued with a 165 mm hammer 
size to the depth of about 40 m and a stainless steel casing (140/135 mm) is placed into 
the hole and cemented into the bedrock to prevent any surficial water leakages into the 
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drillhole. Since 2006 (drillhole KR41) acid resistant casing tubes have been used. The 
bottom part of the casing tube is supplied with a cone to help lowering of logging 
instruments into the hole. A short tube is attached below the cone (inside the casing). 

Length of the cone (53 mm) and the short tube is 145 mm together. The tube has right 
hand thread inside, which is used to fasten the 84/77 mm temporary casing during the 
drilling. Between the tube and the bedrock there is a section of cement, which is about 
3 cm (lower end of the short tube is 3 cm above the bottom of the casing) thick and it is 
penetrated at the beginning of core drilling. The cone and the attached tube are also 
made of stainless steel. 

After the drilling is finished, a concrete slab is usually cast around the casing. The size 
of the slab is about 3 m x 3 m x 0.3 m. The top of the casing is always locked to protect 
the drillhole against any accidental events. 

Figure 2-3. The structure of the upper part of a drillhole. 
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2.1.2 Drilling water 

Drilling water for the drillholes at Olkiluoto is pumped through a water line from the 
pump station at the Korvensuo reservoir (Figure 2-1). Before water is pumped into the 
mixing tanks (two 3 m3 fibreglass tanks), it is filtered through a 500 µm filter. Usually 
water is pumped first into a larger (5 m3) “storage” tank and from it into the mixing 
tanks. The water tanks have been cleaned carefully before use. No additives except label 
agent are allowed in drilling water. 

It is highly recommended to use drilling water originating from the same formation 
where the hole is drilled to disturb the hydrogeochemical conditions in the rock as little 
as possible. Unless use of water from the same formation is possible, tap water can also 
be used. 

All drilling water is marked with the label agent, sodium fluorescein (uranine). The dril-
ling water is labelled to ensure the determination of the representativity of water 
samples, which are taken after the hole is drilled. Uranine is an organic powdery 
pigment, which is broken down by UV radiation. Therefore the label agent mixing tanks 
have to be covered. The quality of the label agent is tested before use to ensure its 
concentration. 

Before the start of the drilling the label agent is packed in glass vials in ready to use 
doses. At the drilling site, contents of a vial are dissolved in one litre of water, which is 
slowly added into the mixing tank at the beginning of pumping. Turbulence caused by 
pumping ensures a thorough mixing of the label agent. 

From each batch a water sample is taken to check that the concentration of uranine is 
close enough to the planned value, which is 250 µg/l at present. The concentration of 
uranine was changed from 500 µg/l to the present value in 2004 (OL-KR30). 

2.1.3 Stabilizing drillhole sections 

Drillholes penetrate occasionally fractured zones that can be instable. Penetration of 
such a section causes rock fragments of different sizes to drop into the hole. In the worst 
case, they can block the entire drillhole. Fractured zones are flushed intensively after 
penetration in order to remove all loose material from the vicinity of the hole. In several 
cases, loosening of material and dropping of stones from horizontal or subhorizontal 
zones have been successfully stopped. These zones, especially if they are quite short, do 
not usually cause any problems for loggings. 

At Olkiluoto there are only a few drillholes where fractured zones have been stabilized. 
In drillhole OL-KR24 stabilization was used in connection with the rock stress 
measurements (Niinimäki 2003, Sjöberg 2003). Two hole sections: 299…309 m and 
374…384 m were stabilized by means of cementing. Some rock material was leaking 
from these sections impeding rock stress measurements. Installation of Borre probe in 
rock stress measurements involved gluing the strain gauges to the pilot hole wall. The 
gluing failed due to existence of rock debris from the unstable sections. Stabilization 
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resulted better conditions for rock stress measurements by stabilizing the fractured 
sections but also by improving water circulation in the drillhole. 

Cementing as a stabilizing method includes three phases: installation, hardening and re-
drilling. The cement is installed into the hole through drilling rods. 

So far, no stabilizing method has been found, which would leave groundwater chemistry 
undisturbed and prevent possible drillhole blockage at the same time. Unstable sections 
harm standard drillhole loggings, as there is an increased risk of getting an instrument 
stuck in the hole. This can be a real problem especially if hole diameter is increased 
along a longer hole interval (in relation to the length and rigidity of the hole tool). A 
long cavity in a drillhole, particularly in inclined ones, will cause an increased risk of 
getting an instrument stuck in the hole. Methods to remove measuring equipment lost in 
a drillhole are presented in Rautio (2004). 

2.1.4 Control measurements during drilling 

Volume of drilling and returning water
To monitor how much drilling water is leaking into the bedrock, the amounts of 
inflowing and returning water are monitored. The inflow meter is assembled in the 
waterline coming from the water pump and the amount of returning water is measured 
from the overflow of the sedimentation tank. 

The amount of inflow water during drilling can be recorded with the MWD in case the 
drill rig is equipped with the system. 

Concentration of label agent
The concentration of the label agent is used to estimate the representativeness of the 
groundwater samples taken from the hole. The planned label agent concentration of the 
drilling water is 250 µg/l. 

All drilling water batches made in the mixing tanks are sampled. The returning water is 
sampled once a day as long as water is flowing out from the hole (water circulation is 
functioning). High label agent concentrations in the returning water indicate that the wa-
ter is mainly drilling water. Because of the sensitivity of uranine to the UV-light, the 
sample bottles are wrapped into aluminium foil immediately after sampling. Water 
samples are stored in a refrigerator until they are sent to the laboratory for analysis. 

Electric conductivity of water
Conductivity of the drilling water is measured after the label agent is mixed. The 
returning water samples are collected for the conductivity measurements as long as 
water is flowing from the hole i.e. the flushing water circulation is functioning. The 
returning water contains drill cuttings, the composition of which depends on the drilled 
rock type. If the drill cuttings are affecting conductivity, the water samples (2-3 dl) are 
settled and, if needed, filtered through a filter (45 µm) to remove the remaining drill 
cuttings from the water. The conductivity meter is calibrated at the laboratory before the 
measurements. 
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Drilling water pressure
Drilling water pressure is logged at the beginning of every sample run and whenever 
pressure changes occur (in case MWD is not available in the rig). The drilling water 
pressure monitoring is aimed to avoid drilling problems and to recognise anomalously 
permeable fractured zones. The drilling water pressure has direct correlation to the level 
of the water column replaced in the hole. Increased permeability in the fractured zones 
reduces water pressure. Blockages in the sample tube and wearing of the drill bit 
increase the drilling water pressure. In case of automatic drill rigs the drilling water 
pressure in measured continuously as one of the MWD parameters. 

MWD parameters
Continuous MWD-measurements with built-in instruments in the automatic drill rigs 
include the following drilling parameters: 

- Hole depth [m], (calculated value) 
- Drilled time [s] 
- Penetration [cm/min] 
- Bit force [kN], (calculated value) 
- System pressure [bar] 
- Water pressure [bar] 
- Water flow [L/min] 
- RPM (rounds per minute) 

Returning water
The flow of returning water is measured separately. Water pressure and hole depth are 
useful when detecting exact depths of conductive fractures or fractured zones. These 
depths can also be used for depth calibration of different hydrogeological logging 
instruments. 

Groundwater level in the hole
Water level in the hole is measured in the beginning of the morning shift and if there is 
more than two hours´ break in the drilling. The result depends strongly on the 
stabilizing time before measurements. The groundwater table measurement is from the 
ground surface (reference point for all measurements in the drillhole). 

2.1.5 Drill cuttings 

Effect on down-hole measurements
High content of drill cuttings increases the noise level of the flow measurements. 
Increased noise may cover the smallest flows to be measured. This can make especially 
sequential flow logging (presented in Chapter 3.1.1) almost useless because no small 
flow rates can be measured. Therefore it is important to improve methods to clean up 
the hole from drilling debris and gauge material from fractures. Drilling debris and 
gauge material may also harm other methods such as hole imaging. Some drillholes 
have been cleaned with a “brushing” technique to enhance the optical conditions. 

Drill cuttings are collected in a settling pond and the volume is measured. With the used 
bit size 75.7/50.2 mm, 2.52 litres of rock per metre is ground to drill cuttings. Expan-
sion factor 1.7 has been assumed when calculating the volume of rock that has been 
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drilled. The result (the theoretical volume subtracted with the collected volume 
corrected with expansion factor) indicates the amount of drill cuttings residue in the 
drillhole and in the conductive fractures intersected by the hole. 

Techniques to remove drill cuttings from the hole during drilling
The retrieval of drill cuttings is vital not only because they disturb groundwater samp-
lings and hole loggings but also for the sake of drilling techniques. Drill cuttings affect 
the penetration rate, if the flushing is not working properly and drill cuttings are not 
removed from the bottom of the hole. 

The techniques to remove drill cuttings during drilling are dependant on the circums-
tances. In case flushing water circulation is functioning well during drilling, most of 
drill cuttings are retrieved from the drillhole mixed in the returning water. In case 
flushing water circulation is deficient or minimal, drill cuttings can be removed during 
drilling phase only with air-lift pumping. 

Air-lift pumping works by entraining air into a column of water to reduce the density 
and thereby cause the surrounding water of higher density to float the lighter water 
column upwards. In the method compressed air is introduced into the drillhole between 
the auxiliary (temporary) casing and drilling string at about 35 metres depth to ensure 
continuous water flow upwards. 

In addition to the removal of drill cuttings the air-lift pumping removes drilling water 
from the drillhole enhancing the conditions of later water samplings. 

Techniques to remove drill cuttings from the drillhole after drilling
Before the final flushing of the holes, the walls of the holes are washed with the label 
agent water in order to remove and drop all loose rock material to the bottom of the 
holes. The washing device is a double coupler with one end blocked and which has four 
holes with a 5 mm diameter on its rim 90 degrees apart. During flushing operation the 
rods are lowered and simultaneously rotated. 

After flushing the walls, the remaining drill cuttings and drilling water are removed 
from the drillhole by pumping water through drill rods with a slim submersible pump. 
The lowermost part of drill rods is perforated and smaller in diameter size to allow 
better water flow from the hole into the drilling string (diam. e.g. 42 mm). In the upper 
part alu-72 drill rods (in holes with a diam. of 76 mm) can be used. The submersible 
pump is lowered to about 35 m inside the drill rods. Consequently, the drillhole water 
circulates via the bottom of the hole to the surface. 

Another possible method to clean a drillhole is illustrated in Figure 2-4. Instead of 
having submersible pump inside the drilling string, a pump can be placed into the wider 
upper end of the hole. This method requires a waterproof packer to prevent vertical 
water flow directly to the pump, see Figure 2-4. 

Another way to remove any coating from drillhole surfaces is to use a steel “brush”. The 
brush is rotated carefully while moving it up and down in the hole. This method 
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provides a mechanical tool to clean the hole. In order to remove the solid materials 
mixed with drillhole water, water is pumped from the bottom of the hole via drill string. 

Figure 2-4. Removal of drill cuttings by pumping. 
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2.1.6 Core samples 

The core sample has been handled especially carefully during the drilling work. Core 
samples are placed into the boxes avoiding any unnecessary breakage. Broken and clay 
rich core samples were wrapped into aluminium foil to avoid breaking them during 
storage and logging. If loose rock fragments have fallen from the drillhole walls, they 
are placed after the block marking at the end of the previous sample run. Therefore, at 
the beginning of a sample run there might be rock fragments, which do no belong to the 
sample run itself. 

The advantages of the triple tube core barrel regarding the quality of the core sample are 
beyond dispute. Quality of samples is superior compared with double tube coring. With 
triple tube coring the inner tube is emptied in a more careful way by means of a pump-
out device (piston powered by pressurized water). Thus it is not necessary to shake the 
core out of the core barrel and, consequently, the sample will remain unbroken much 
better than in a normal double tube coring process. This is a benefit especially when 
drilling fractured rocks; it is not necessary to fit the ends of the core pieces together. In 
addition, soft fracture fillings are preserved much better enabling evaluation of fracture 
properties. Furthermore, there is much less drill cuttings on the core surface as well as 
in the core cuts and fractures. Previously drill cuttings had to be flushed carefully from 
the surface of rock samples, which is no longer needed, allowing better recovery of 
fracture fillings. 

2.1.7 Deviation of drillhole 

To trace accurately the drillhole deviation (angle and azimuth) of the hole several 
different methods (e.g. Reflex Fotobor, Reflex Maxibor, Reflex EZ-Shot, Reflex EMS 
and FLEXIT SmartTool) have been used in connection with deep drillings from the 
surface or pilot hole drillings underground at ONKALO. Two methods are used to 
confirm the data, the results of the used methods have to be in good agreement. 

Factors that affect drillhole deviation, are: geology, type of drilling equipment and 
technique, drilling parameters used, drilling personnel etc. None of these factors acts as 
a single reason for hole deviation. 

In 1998 a study (Laurila 1998) on differences between Maxibor and Boremac tools was 
carried out. According to Laurila (1998) it was confirmed that uncertainties connected 
to deviation measurements are < 1 % from the drillhole length though manufactures 
present significantly better values. 

From the experience gained in the drillings during site investigations, it can be 
concluded that in general vertical drillholes deviate less than inclined ones. The wider 
the hole diameter the straighter the hole due to more rigid equipment. 

In inclined drillholes Reflex Maxibor (not applicable in vertical holes), Reflex EMS or 
FLEXIT SmartTool survey instruments are used at the present time. The Maxibor, an 
optical instrument, can be operated inside the drill rods. With the EMS instrument it is 
possible to survey omnidirectionally, from horizontal to vertical holes. The EMS 
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instrument measures the inclination angle with an electronic accelerometer and the 
azimuth with a three-component fluxgate magnetometer. The azimuth is given to the 
magnetic north and the declination has to be taken into account. FLEXIT SmartTool is 
similar to the EMS tool. 

In connection with directional core drilling of OL-KR38 DeviTool™ Peewee was used 
to determine the deviation (Rautio 2005). 

Laurila (1998) recommends that while performing Maxibor- measurements, the drilling 
rods should be turned 180 degrees after each measuring point. The accuracy can be 
improved if inclination is measured/checked with an inclinometer and this value is used 
in Maxibor to determine the deviation. It is estimated that with this measuring technique 
the accuracy of any point location in the drillhole compared to its real location is < 1 % 
of the hole depth in the measuring point. 

In addition to the deviation surveys, the inclination is measured separately with PP 
down-hole or Reflex EZ-Dip inclinometers. 

2.2 Percussion drillings 

Percussion drilling can be carried out either by top hammers (rock drills mounted on a 
carrier) or by down-the-hole (DTH) hammers (drill working at the bottom of the hole). 
If the rock is hard and holes are long (more than few tens of metres) top hammers are 
ineffective and DTH-hammers are used. 

In DTH drilling the overburden is penetrated by ODEX drilling, which is based on the 
principle of under-reaming. The eccentric bit makes it possible to insert casing tubes 
into the hole at the same time as the hole is being drilled. When the desired depth has 
been reached, the equipment is rotated in the opposite direction and the reamer is folded 
in and can be lifted from the hole through the casing. DTH holes are drilled commonly 
with a diameter from 115 to 216 mm. The holes with larger diameter are made in two or 
three phases. In normal situation the hole length may be about two hundred metres. 

DTH hammers function with compressed air, which is also used for flushing the hole. 
The air is normally conducted to the hammer through the drill pipes and the cuttings 
come up to the surface through the space between the drill pipes and the drillhole wall. 
The upper ends of most Posiva´s deep holes down to the depth of about 40 metres 
(Figure 2-3) have been drilled with this method as well as vertical multilevel piezome-
ters to the depth of about 100 metres. 
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3 HYDROGEOLOGICAL INVESTIGATION METHODS 

3.1 Flow log/Difference flow logging 

Posiva Flow Log has been designed, built and operated by PRG-Tec Oy commissioned 
by Posiva Oy. The equipment was designed primarily to locate water conductive 
fractures and to determine transmissivities of fractures in deep drillholes. 

Unlike traditional types of drillhole flow meters, the Difference flow meter method 
measures the flow rate into or out of limited sections of the hole instead of measuring 
the total cumulative flow rate along the hole. The advantage of measuring the flow rate 
in isolated sections is a better detection of the incremental changes of flow along the 
hole, which are generally very small and can easily be missed using traditional types of 
flow meters. 

The Posiva Flow Log/Difference flow meter monitors the flow of groundwater into or 
out of a hole by means of a flow guide. Rubber disks at both ends of the flow guide are 
used to isolate the flow rate in the test section from the flow rate in the remaining part of 
the hole, see Figure 3-1. The space between the upper and lower disks, defines the test 
section to be measured without altering the hydraulic head. Groundwater flowing into or 
out of the test section is guided to the flow sensor. The flow is measured using the 
thermal pulse and/or thermal dilution methods. Measured values are transferred in 
digital form to the PC computer. The flow rate along the hole outside the isolated test 
section passes through the test section by means of a bypass pipe and is discharged at 
the upper end of the down-hole tool. 

Posiva Flow Log is applicable in drillholes with a diameter of 56 mm, 66 mm, 76 mm 
or larger and with a depth of 1500 metres at most due to the length of the cable. 
Difference in hydraulic head between the fracture(s) in the test section and the drillhole 
water (outside the test section at the same depth) can be, according to an estimation, 
5…20 kPa at most in order to guarantee the proper functioning of the rubber disks 
(hydraulic isolation). 

The equipment is applicable in ONKALO as long as the drillhole is inclined below the 
horizontal (water-filled). For inclined drillholes above the horizontal a separate 
instrument has been constructed, see Chapter 3.2. 

3.1.1 Principle of difference flow logging 

The Difference flow meter can be used in two modes, in a sequential mode and in an 
overlapping mode. In the sequential mode, the measurement increment is as long as the 
section length. It is used for determining the transmissivity and the hydraulic head 
(Öhberg & Rouhiainen 2000). In the overlapping mode, the measurement increment 
(point interval) is shorter than the length of the test section. It is mostly used to 
determine the location of hydraulically conductive fractures and to classify them with 
regard to their flow rates. 
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The Difference flow meter measures the flow rate into or out of the test section by 
means of thermistors, which track both the dilution (cooling) of a thermal pulse and 
transfer of thermal pulse with moving water. In the sequential mode, both methods are 
used, whereas in the overlapping mode, only the thermal dilution method is used 
because it is faster than thermal pulse method. 

The time needed to measure flow in one section with thermal pulse (sequential mode) is 
about 12 minutes. This comprises the time needed for temperature stabilisation, time for 
actual flow measurement and moving the tool to the next position. In the sequential 
mode measurements, a typical test section length is 2 m, which means that about 10 m 
can be measured per hour. Flow measurement with thermal dilution method lasts 
typically 15…20 seconds. Thus, the logging speed for overlapping mode (typically 
0.1 m step) is about 15 m/hour. 

The principles of difference flow measurements are described in Figures 3-2 and 3-3. 
The flow sensor consists of three thermistors, see Figure 3-2 a. The central thermistor, 
A, is used as a heating element and for thermal pulse method and for registration of 
temperature changes in the thermal dilution method, Figures 3-2 b and c. The side 
thermistors, B1 and B2, serve to detect the moving thermal pulse, Figure 3-2 d, caused 
by the constant power heating in A, Figure 3-2 b. 

Flow rate is measured during constant power heating (Figure 3-2 b). If the flow rate 
exceeds 600 mL/h, the constant power heating is increased, Figure 3-3 a, and the 
thermal dilution method is applied. 

WinchPump
Computer

Flow along the borehole

Rubber
disks

Flow sensor
-Temperature  sensor is located 
 in the flow sensor

Single point  resistance electrode

EC electrode

Measured 
flow

Figure 3-1. The down-hole equipment used in the Difference flow meter (Pöllänen et al. 
2005). 
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If the flow rate during constant power heating (Figure 3-2 b) falls below 600 mL/h, the 
measurement continues with the monitoring of thermal dilution transient and thermal 
pulse response (Figure 3-2 d). When applying the thermal pulse method, thermal 
dilution is also always measured. The same heat pulse is used for both methods. 

Flow is measured when the tool is at rest. After transfer to a new position, there is a 
waiting time (the duration can be adjusted according to the prevailing circumstances) 
before the heat pulse (Figure 3-2 b) is launched. The waiting time after the constant 
power thermal pulse can also be adjusted, but is normally 10 s long for thermal dilution 
and 300 s long for thermal pulse. 

The undisturbed (natural) hydraulic head and transmissivity of the tested hole sections 
can be calculated if flow rate measurements are carried out using two levels of hydraulic 
heads in the drillhole, i.e. natural or pump-induced hydraulic heads. 

More information about the method is given by Pöllänen et al. (2005) and Öhberg & 
Rouhiainen (2000). 

3.1.2 The measured parameters 

Besides incremental changes of flow and depth of test section, the down-hole tool also 
measures the following auxiliary parameters: 

Single point resistance
The single point resistance (SPR) of the drillhole wall (grounding resistance). The 
electrode of the SPR tool is located in between the uppermost rubber disks, see Figure 
3-1. This method is used for high-resolution depth/length determination of fractures and 
geological structures. 

SPR is used to identify fractures in which the inflow or the outflow takes place. SPR 
logging method has been found to serve well this purpose. 

The SPR logging is sensitive to small variation in the electrical properties of the 
drillhole wall. Consequently, also fractures with small apertures are detected. The 
logging is carried out simultaneously with the difference flow method, including both 
modes, while the tool is moving. Point interval is about 0.01 m. The result is used to 
confirm the exact depth of the tool against the core logs and to recognize the same 
fractures in other logging results available from the same drillhole. 

Electric conductivity (EC) of the groundwater
The electrode for the electric conductivity (EC) of the drillhole water and fracture-
specific water is placed on top of the flow sensor, Figure 3-1. 

EC is measured in connection with the flow logging in overlapping mode. It is possible 
to measure the electric conductivity of the water in single fractures, since employing the 
flow guides makes it possible to separate the fracture water from the drillhole water. 
The information on electric conductivity is needed for the determination of the 
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geochemical parameters e.g. TDS (Total Dissolved Solids). EC results are also used in 
selection of sampling sections in the hole. 

Figure 3-2. Flow measurement, flow rate <600 mL/h (Pöllänen et al. 2005). 
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Figure 3-3. Flow measurement, flow rate > 600 mL/h (Pöllänen et al. 2005). 

Temperature of the groundwater
The temperature sensor is placed in the flow sensor, Figure 3-1. Temperature is always 
measured together with EC measurement. The sensor for temperature measurement is 
within the flow sensor while EC-electrode is on the top of the flow sensor. If both upper 
and lower rubber disks are installed, water can remain within flow guides, which affects 
the representativeness of the results of EC and temperature measurements, especially in 
case the test section is long. Therefore EC and temperature are often measured on a 
separate run without the lower rubber disks to get more reliable results. 

EC and temperature of fracture-specific water can also be measured. A short section 
length is chosen to decrease water volume within the section. The tool is stopped at a 
fracture until water within the section is flushed well enough to get representative 
fracture-specific water. 
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Pressure in the drillhole
The prevailing water pressure profile in the drillhole is measured with an absolute 
pressure sensor located inside the electronics tube and connected through a tube to the 
drillhole water, Figure 3-4. The pressure is always measured together with the 
Difference flow logging. 

3.1.3 Equipment specifications 

The lower end limits of the thermal dilution and the thermal pulse methods in Table 3-1 
are theoretical lowest measurable values. Nowadays pulse method is used only without 
pumping. Due to that, the lower limit of the flow rate is 30 mL/h. Depending on the 
conditions in the hole, these limits may not always prevail. Examples of disturbing 
conditions are floating drilling debris/ drill cuttings in the drillhole water, gas bubbles in 
the water and high flow rates (above about 30 L/min i.e. 1800000 mL/h) along the 
drillhole. If the disturbing conditions are significant, a practical measurement limit is 
calculated for each set of data. 

FLOW TO BE MEASURED

FLOW ALONG 
THE BOREHOLE

RUBBER
DISKS

FLOW SENSOR

PRESSURE SENSOR (INSIDE THE ELECTRONICSTUBE)

CABLE

Figure 3-4. The absolute pressure sensor is located inside the electronics tube and 
connected through a tube to the drillhole water (Pöllänen et al. 2005). 
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The cable is moved in a drillhole with a computer-controlled winch, which is mounted 
on a trailer. The depth of the flow meter is measured by reading the depth marks on the 
cable with an optical probe. The maximum length of the cable is 1500 metres. The 
down-hole tool is equipped with a stone collector in the upper part of the tool and with a 
breakpoint for a possible jamming situation. 

The technical specifications for Difference flow meter are given in Tables 3-1, 3-2 and 
3-3.

Table 3-1. Ranges of flow measurement (Pöllänen et al. 2005). 

Method Range of measurement (mL/h)
Thermal dilution P1 30 – 6 000
Thermal dilution P2 600 – 300 000
Thermal pulse 6 – 600

Table 3-2. Posiva Flow Log/Difference Flow meter, equipment specifications (Pöllänen 
et al. 2005). 

Type of instrument: Posiva Flow Log/Difference Flow meter 

Drillhole diameters: 56 mm, 66 mm and 76 mm (or larger) 

Length of test section:   A variable length flow guide is used. 

Method of flow measurement: Thermal pulse and/or thermal dilution. 

Range and accuracy of measurement: Table 3-3. 

Additional measurements: Temperature, Single point resistance,  
Electric conductivity of water, Water 
pressure

Winch:   Mount Sopris Wna 10, 0.55 kW, 
220V/50Hz. Steel wire cable 1500 m, four 
conductors, Gerhard -Owen cable head. 

Depth determination: Based on the digital length counter. 

Logging computer: PC, Windows XP 

Software: Based on MS Visual Basic 

Total power consumption: 1.5 - 2.5 kW depending on the pumps 
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Table 3-3. Range and accuracy of sensors (Pöllänen et al. 2005). 

Sensor Range Accuracy

Flow 6 – 300 000 mL/h +/- 10% curr.value

Temperature (middle thermistor) 0 – 50 C 0.1 C

Temperature difference (between outer 
thermistors) 

-2  -  + 2 C 0.0001 C

Electric conductivity of water (EC) 0.02 – 11 S/m +/- 5% curr.value 

Single point resistance (SPR) 5 – 500 000 +/- 10% curr.value

Groundwater level sensor 0 – 0.1 MPa +/- 1 %  fullscale 

Absolute pressure sensor 0 - 20 MPa +/- 0.01 % 
fullscale

3.1.4 Interpretation  

The interpreted parameters connected to flow logging are: 

- transmissivity of the test section and transmissivity of the fracture 
- hydraulic head in the test section 
- exact depth of fractures (SPR) 
- exact depth of water conductive fractures (flow logging) 
- electric conductivity and temperature of fracture-specific water 
- electric conductivity and temperature of drillhole water 

Transmissivity and head of section and fracture
The interpretation is based on Thiems or Dupuits formula, which describes a steady 
state and two-dimensional radial flow into the drillhole (Marsily 1986). 

If flow rate measurements are carried out using two levels of hydraulic heads in the 
drillhole, i.e. natural or pump-induced hydraulic heads, then the undisturbed (natural) 
hydraulic head and transmissivity of the tested hole sections can be calculated. 

Transmissivity and hydraulic head of individual fractures can be calculated provided 
that the flow rates of individual fractures are known. A discussion of potential 
uncertainties in the calculation of transmissivity and hydraulic head is provided in 
Ludvigson et al. (2002). 

Hydraulic head
The absolute pressure sensor measures the sum of hydrostatic pressure in the drillhole 
and air pressure. The monitored air pressure at the site is subtracted from the measured 
absolute pressure by the pressure sensor. 

More detailed description of the interpretation theory is given by Pöllänen et al. (2005). 
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3.1.5 Example of results 

The measurement results are presented graphically and in tables. The most important 
results are the locations of the water-conductive fractures (Figure 3-5) and the 
transmissivity of these fractures (Figure 3-6). Transmissivity of hole sections are 
calculated, as well as hydraulic head, if the measurements are performed in natural (un-
pumped) conditions. 

The results of the absolute pressure sensor are converted to correspond the fresh water 
tube measurements used earlier. The result of these measurements is fresh water head. 
However, the conversion from absolute pressure to fresh water head entails some 
uncertainties. An error in the Z coordinate is probably the most significant error source 
in fresh water head. 

The EC and temperature of the drillhole water are usually measured both separately and 
in connection with flow measurements. The results measured separately and without the 
lower rubber disks are of better quality, as the flushing of the water in the EC electrode 
is then better. If separate EC measurements without the lower rubber disks were not 
performed, the EC result gained during flow measurement is presented. 

3.2 Simple flow meter for underground measurements 

Simple flow meter is modified from the difference flow meter for logging investigation 
holes (e.g. probe holes) core or percussion drilled from underground investigation 
tunnel. The equipment consists of a flow guide used in difference flow logging and a 
water hose connected to the flow guide, see Figure 3-7. The flow guide collects the 
water, which flows along the hose to the hole mouth in the tunnel and the flow rate is 
measured manually. 

The test section is separated from the rest of the drillhole with the flow guide. The 
equipment is operated in the hole with pushrods. The length of the test section (1.25 m) 
is chosen to be half of pushrod. The measuring interval is usually the same i.e. 1.25 m. 
The flow measuring range is about 30…2000 mL/min and the measuring speed is about 
40 m/h. 

The measurements are usually started from the upper part of the hole downwards. 
Operator fills the results into pre-filled forms with all necessary information (site, 
drillhole identification, the first test section etc.). The measurement of probe hole can be 
started unless the hole is dry. The hole is considered as dry if the flow rate from the hole 
is < 30 mL/min. 

The advantage of this equipment is that no winch or trailer is needed. In addition, the 
measurement is quick to perform with this equipment. The disadvantages of the method 
are lower accuracy and longer measuring intervals compared to difference flow logging. 

An example of test results is presented in Figure 3-8. 
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Figure 3-5. Fracture-specific flow into the drillhole (OL-KR24) and location of a water 
conductive fracture (Pöllänen et al. 2005). 
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Figure 3-7. Simple flow meter for underground measurements consisting of water hose 
and flow guide. 

3.3 Transverse flow 

The transverse flow meter is used to measure in situ groundwater flow across a 
drillhole. The cross flow measurements aim to study the flow of conductive features in 
natural state with no disturbance. The principle of transverse flow meter is presented in 
Figure 3-9. 

A cable on a manually-controlled winch is used to lift and to lower the transverse flow 
meter to the next measuring position in the drillhole. The depth of the flow meter is 
measured by reading the depth marks on the cable with an optical probe. The length of 
the cable is 1500 metres, see Figure 3-10. The data from the measurements are stored in 
the computer. 

In the flow meter the lowermost part, the flow guide with rubber disks on both ends, 
isolates the test section including the conductive fracture from the rest of the drillhole. 
The longitudinal rubber seals divide the tool into two sectors guiding the flow into the 
flow sensor, see Figure 3-9. Measuring electronics is placed above the flow guide. The 
position of the flow meter in the hole is determined with the magnetometer in the tool. 
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The longitudinal seals (Figure 3-11) achieve adequate isolation since pressure gradient 
in the fracture under measurement (gradient across the drillhole) is low. Hydraulic head 
of the fracture and the drillhole water (at the same depth) can deviate considerably and 
therefore additional packers can be mounted on both ends of the flow guide to achieve 
hydraulic isolation. The pressure gradient along the hole is minimized with a short cut 
tube leading through the packers and the flow guide, i.e. water can flow along the 
drillhole through the whole system. 

Flow is measured using the thermal pulse and thermal dilution methods. The measuring 
range is 0.01…100 mL/min. Since the flow guide is directional, it has to be turned to 
determine flow rate to several directions. 

The measurement of one fracture (to several directions) may take several days. The 
location of the fracture to be measured within the test section, which is 0.5 metres long, 
is made by using SPR probe (grounding resistance). The fractures to be tested are 
usually chosen on the basis of the results of Difference flow logging. 

The SPR logs used in both methods enable the identification of the target fracture and 
its exact depth. The SPR probe is placed between the upper rubber packers to prevent 
electric leakage along the drillhole and to improve the detection of less conductive 
fractures or zones. 

The transverse flow meter is applicable at the present time in drillholes with a diameter 
of 76 mm and with a depth of 1500 metres at most due to the length of the cable. With 
modifications to the flow guide the equipment is applicable in drillholes with smaller or 
larger diameters. The equipment is also applicable for underground measurements but 
some modifications to packers are needed to meet the high differences of hydraulic head 
along the hole. 

3.4 Slug device for shallow drillholes 

Slug device has been designed, built and operated by PRG-Tec Oy commissioned by 
Posiva Oy. The equipment was designed to measure hydraulic conductivity in shallow 
drillholes (PP- holes, inner diameter 46 mm or 56 mm) and groundwater observation 
tubes (PVP- holes, inner diameter 56 mm or in a couple of tubes 51 mm). Two different 
techniques to create pressure changes were used in these holes. 

3.4.1 Equipment 

The equipment used in the slug tests of shallow drillholes is presented in Figure 3-12. 
The flow measurement tool consists of inflatable double packer isolating the test section 
and supporting rods. There is a short cut tube, which connects the drillhole sections 
below the lower packer and above the upper packer. In this way the head difference on 
both sides of the double packers is equalized. The hole in the connection rod between 
packers provides the hydraulic connection between the test section and the supporting 
rods. Pressure in the test section can be altered by changing the water level inside the 
rods by adding water or either lowering or lifting the piston hose, where the pressure 
sensor is attached. The equipment is shown in Figure 3-12. 
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Transfer Flow Meter

Tube for electronics

Packer

Hose for packers

Cable

Packer

Rubber discs

Rubber discs

Flow sensor

Longitudinal seals

Longitudinals seals

Figure 3-9. Transverse flow meter with packers in both ends of the flow guide. 
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Figure 3-10. The winch is mounted on a trailer on the ground surface. 

Figure 3-11. Flow guide in a test. There is water on the right side of the longitudinal 
seals.
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Figure 3-12. The equipment used in the slug tests in shallow drillholes (Hellä & 
Heikkinen 2004). 

The position of the tool in the drillhole is controlled with the supporting rods (Figure 
3-13). The rods are screwed together and the joints are sealed with o-rings. The 
measurement electronics consists of a similar card pair (analog and digital) as used in 
the Difference flow meter. Slight changes have been made to measure the direct voltage 
signal of the pressure sensor. 

Two 1.5 bar pressure sensors, which are connected to the electronics, are used in the 
measurement. One of the sensors is connected to the so-called bubble device (Figure 
3-14). The bubble device is used to monitor the water level in the open hole. 
Compressed air is lead to the bubble device from the pressure bottle through a pressure 
reducer. The hose from the bubble device is inserted into the hole below the water table. 
Knowing the pressure inside the hose and the depth of the hose enables calculation of 
the water table in the open hole. 

The groundwater observation tubes (PVP-holes) are installed in the overburden and in 
each tube there is a 2 m long perforated section. These holes are measured without 
packer equipment, using only a piston (pressure sensor). A PVC-tube is installed around 
the pressure sensor in order to increase the diameter of the piston and to generate an 
adequate pressure change (overpressure or underpressure) after moving the piston. The 
piston is pushed or pulled with rods. Only one measurement per each hole is needed 
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with this method as each hole consists of a plastic tube with a perforated section of two 
metres. 

Description and operating instructions of equipment for hydraulic testing in short 
investigation holes are presented in Heikkinen (2003). 

3.4.2 Measuring procedure 

The shallow PP-holes at Olkiluoto, which were drilled 10…25 m below the bedrock 
surface, were measured with a 2-packer system and 1 m long test section. 

The measurement is divided into three stages: 
1. Stabilization during which the water level is stabilized after moving the equipment, 
duration 1-2 minutes. 
2. Inflation during which the pressure level is stabilized in the hole and in the test 
section after inflating the packers, duration 2-5 minutes. 
3. Measurement during which the piston is either pushed or pulled in the test section or 
water is poured into it. In the measurement, the stabilizing of the pressure transient is 
followed up, duration 5-15 minutes. 

Figure 3-13. Double packer, supporting rod and pliers for holding the equipment 
(Hellä & Heikkinen 2004).
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Figure 3-14. Pressure bottle attached to the bubble device and to the hose for inflating 
the packers (Hellä & Heikkinen 2004).

3.4.3 Example of results 

An example of the water levels at different measurement stages is shown in Figure 3-15. 

Figure 3-15. An example of measurement results in a PP-hole (Hellä & Heikkinen 
2004). 
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The interpretation has been done using the Hvorslev´s method, but for the control also 
Thiem´s equation was applied. The measurement section in the shallow drillholes was 
1 m along the hole. In the groundwater observation tubes, the entire hole was measured 
without using packers, but the results represent the 2 m long perforated section. The 
methods of interpretation the slug test results as well as data processing are presented in 
Hellä & Heikkinen (2004). Interpreted hydraulic conductivities of shallow PP-holes are 
presented in Figure 3-16. 

Figure 3-16. Hydraulic conductivity in PP-holes (Hellä & Heikkinen 2004).
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The lower detection limit in shallow drillholes is about 5·10-9 m/s. The upper limit of 
the measurement range is estimated to be of the order of 5·10-5 m/s in shallow drillholes. 
The limit values are discussed in Hellä & Heikkinen (2004). 

3.5 Hydraulic Testing Unit 

Hydraulic Testing Unit, HTU, has been designed, built and operated by Geopros Oy 
commissioned by Posiva Oy. HTU equipment was designed to measure hydraulic 
conductivity in deep drillholes. Some upgrades have been made to the hardware and 
software of the HTU-system since the first version (Hämäläinen 2006). 

3.5.1 Description of the equipment and method 

HTU equipment consists of a pair of inflatable packers, a down-hole tool, a hole cable 
and a trailer, where the surface equipment is installed, see Figure 3-17. Hydraulic 
conductivity is measured with constant head test. Water is injected and flow measured 
under a constant pressure of 200 kPa into a section of the drillhole isolated by two 
inflatable packers. The test consists four phases: inflating the packers, stabilisation, 
injection and fall-off phases. 

The trailer is built on the chassis of a log carriage. The body is of Glass Reinforced 
Plastic (GRP) sandwich construction with polyurethane foam inner acting also as 
thermal insulation. A bulkhead divides the space in control and winch rooms. The 
controller PC, data logger, printers and power supplies are located in the control room, 
while the cable winch, majority of measurement and control appliances and actuators 
together with service facilities are in the winch room. The cable is fed into the drillhole 
through a hatch in the floor. A hydraulic power supply, a compressor and a 500 litres 
pressure vessel are installed below the floor. The trailer is equipped with electric 
heating, which is capable of keeping the system operational also in winter conditions. 

The down-hole tool contains pressure sensors to record the pressures in the test section, 
below the packers and above the packers, and a temperature sensor. Also sensors to 
observe eventual water leakage etc. are installed. An active pressure regulator with 
position indication is fitted to the injection line. The injection line opens to the test 
section and at higher conductivities the constant overpressure is kept by regulating the 
flow. There is also a bypass valve over the upper packer to equalize the pressure 
difference during inflation of the packers. 

All sensors are connected to a microprocessor controlled electronics unit, which has 
also got a sine wave output for the Single Point Resistance (SPR) electrode, which is 
used to detect the exact location of fractures and to confirm the true depth of the tool. 
The digital data transfer between the tool and surface is in serial RS-485 format. The 
upper packer is attached to the tool and the lower packer is connected to it with 
aluminium rods. The hole cable is custom built for this purpose. It contains polyamide 
hoses for injection and packer inflation and the necessary copper wire conductors. The 
stress member is a Kevlar webbing below the outer polyurethane jacket, see Figure 
3-18. The cable head is detachable allowing other types of tools to be connected to the 
system. 
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Figure 3-17. HTU System configuration (Hämäläinen 2004). 

A = Nylonpipe II P40 14/10 
B = Nylonpipe II P40 10/6 with extra jacket 
C = Conductor 0,56 mm2, 14 conductors 
D = Conductor 1,5 mm2, 2 red conductors 
E = Conductor 1,5 mm2, 2 blue conductors 
F = Kevlar braiding (R) 
G = Polyurethane jacket, wall thickness 2,35 mm 
Outer diameter: 34,4 mm 
Weight in air/seawater: 810/-60 kg/km 
Minimum breaking strain: 20 kN 

Figure 3-18. Structure and specifications of the HTU cable (Hämäläinen 2006). 
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3.5.2 Functional description 

The tool and the cable are dimensioned for operation down to the depth of 1020 metres. 
The minimum hole diameter is 56 mm and for wider holes a suitable set of packers is 
needed. Currently there are packers available for drillholes with a diameter of 56 mm 
and from 76 mm to 150 mm. 

The measurement range is from 1.10-5 to 1.10-12 m/s based on Moye interpretation and 
2 m packer separation. The range of flow measurement is from 0.001 to 130 mL/s (from 
3.6 mL/h to 468 L/h) using four auto-ranging transducers. Thermal pulse flow meter 
equal to the one used in Posiva Flow Log is also used in HTU making the results 
between the two methods comparable. 

Interpretation and evaluation of results can be done on site during operation. Data is 
stored on the hard disk of the PC and a removable backup disk. Test reports containing 
the preliminary interpretations are printed on the site. The record interval can be 
selected by the operator to suit both fast transients and long-term observation. 

All components in contact with injection water are either stainless steel or plastics to 
prevent contamination of the groundwater. The pressurized air driving the water is 
filtered mechanically and active coal filters are used to remove the oil contamination 
from the compressor. There is a coarse filter in the filling line of water tank and a finer 
between the tank and the flow transducers. 

The packer separation can be adjusted by the number of aluminium connecting rods 
between the packers. In addition to the rods there is also a safety wire between the 
packers. It is also used together with a manually operated winch in deploying and lifting 
the packer system. Packer connections have breakpoints for the possible jamming 
situations. Both the packers and the tool are equipped with receptacles for a drill rig in 
case retrieving of a jammed tool or packer is necessary. 

3.5.3 Test types 

The system is primarily designed for constant head injection tests, but several other 
types of tests are possible with minor software modifications. The current software 
supports three different test types: constant head test, monitoring test and pumping test. 

Constant head test
Constant head test is used to measure the hydraulic conductivity in a drillhole section 
separated by an inflatable packer or two packers. Normal duration of a test varies from 
tens of minutes to several hours. A constant head test consists of 4 stages, which are: 
inflating the packers, stabilisation, injection and fall-off. 

Standard test section pressure is 200 kPa, but at high hydraulic conductivities a lower 
value has to be used because of the high pressure loss in the cable. 
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Monitoring test
Monitoring test is used to monitor pressure changes in the drillhole section separated by 
one or more inflatable packers. The reason for monitoring may be participating a multi-
hole interference test or some other special purpose test. These tests can take several 
days or weeks. 

Pumping test
This test type uses the Hydraulic Testing System (HTS) as a transmitter in a multi-hole 
interference test. The system feeds water in a drillhole section separated by one or more 
inflatable packers. Pressures and flow are monitored during the test. These tests can last 
several days or weeks. 

3.5.4 Technical specifications 

The dimensions of trailer, tool and cable are given in Table 3-4. 

Table 3-4. The dimensions of the equipment. 

Trailer Length 7.5 m 
Width 2.5 m 
Height 3.6 m 
Weight c. 6 tn 

Tool Diameter 53 mm 
Length 1580 mm 
Weight 10.7 kg 

Cable Length 1060 m 
Diameter 34.4 mm 
Weight in air 980 kg 
Weight in water slightly buoyant 

Power 

requirements 

minimum 8 kW 380 V 3-
phase

3.5.5 Interpretation of hydraulic conductivity 

There are three interpretation methods used in the system, Moye, Horner, and 1/Q. In 
addition to this, there is the Reprocess dialog box, which can be used to convert HTU 
raw data files to a standard text file. In the current release all interpretations can be 
performed anytime as the test is run, provided that the necessary data is available. 

The Moye Interpretation uses data from the "steady state" part of the injection period, 
normally shortly before the end of injection. If no manual Moye interpretation is 
performed during the test, or “Moye” checkbox is not checked, an automatic calculation 
is made using the last five measurements before the fall-off stage, see Figure 3-19. 
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Figure 3-19. An example of Moye interpretation plot (Hämäläinen 2004). 

The Horner method enables the user to analyse the results of a test using data from the 
fall-off stage. The analysis can be performed on any stored test. The procedure has two 
distinct stages, the first is where the user isolates the part of the test to be used for the 
analysis, the second is where a part of the plot is represented by a straight line. The 
slope of the fitted line is used in the determination of the hydraulic conductivity, see 
Figure 3-20. 

The 1/Q method enables the user to analyse the results of a test using data from the 
initial part of the injection stage. The analysis can be performed on any stored test. The 
procedure has two distinct stages, the first is where the user isolates the part of the test 
to be used for the analysis, the second is where a part of the plot is represented by a 
straight line. The slope of the fitted line is used in the determination of the hydraulic 
conductivity (Hämäläinen 2006), see Figure 3-22. 

Figure 3-20. An example of Horner interpretation plot (Hämäläinen 2004). 
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Figure 3-21. An example of 1/Q  interpretation plot (Hämäläinen 2004). 

3.6 Water loss tests (Lugeon tests) 

Water loss tests are used to give background information for the grouting design. The 
tests are carried out in pilot and probe holes in ONKALO. In the water loss tests 
pressurized water is pumped into a test section, and the loss of water is measured. In this 
testing water under pressure flows outwards from a test hole. The test can be performed 
as one- or two-packer test with differing equipment. The results are used for evaluation 
of grouting needs. 

The lugeon unit of permeability is the most popular and relevant unit for grouting 
purposes. One lugeon unit = 1 litre of water taken per metre of test length, per minute, 
at 1 MPa pressure. To give a sense of proportion for the unit (Houlsby 1990): 

- 1 lugeon unit is the type of permeability where grouting is hardly necessary. 
- 10 lugeons warrants grouting for most seepage reduction jobs. 
- 100 lugeons is the type of permeability met in heavily jointed sites with relatively 

open joints or in sparsely cracked foundations where joints are very wide open. 

The approximate relationship between lugeon unit and hydraulic conductivity is given 
in Equation 3-1. 

1 Lug  1.3 x 10-7 m/s (3-1) 

In the test five different pressure runs are done immediately after each other. They can 
be denoted as A-B-C-B-A, where A is a low pressure, B is a moderate pressure and C is 
a peak pressure. The pressures used in the test exceed clearly the prevailing hydrostatic 
pressure. The lugeon value is then calculated for each of the pressure runs. Then the five 
values are inspected to determine the flow regime or testing event. 

Water loss tests have been carried out in pilot holes at ONKALO. The upper and the 
lower packers consisting of three 7 cm wide swelling rubber seals isolated 6.46 metres 
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long intervals. The total length of both upper and lower seal element (packer) was 0.24 
metres before pressing. By pressing the rods against the bottom of the hole the rubber 
seals swell and isolate the test interval from the rest of the hole and fixed water pressure 
for measuring interval can be introduced with the water pump of the drill rig. 

Between the packers two 3 metres long perforated drill rods were used to supply water 
into the test section. Tests were completed with 9, 13, 17, 13 and 9 bar water pressure 
levels (above the prevailing hydrostatic pressure) for each test section. The pressure 
levels are determined separately for each hole. The pressurization time was 10 minutes 
per each pressure level and per each section. For each pressure level the amount of 
water released into bedrock was measured with a water flow gauge. The measured 
section was moved upwards by adding two 3 metres long drill rods below the closed 
lower packer after every measuring session per depth interval (Öhberg et al. 2006a). 

Water loss measurements have also been carried out in the four grouting holes (corner 
holes) and the quality control holes during excavation of the access tunnel at ONKALO. 
The total amount of water supplied in the hole in five minutes time was measured and 
measuring started right after water valve was opened (no waiting for pressure 
stabilising). Also the last minute was measured in order to get the Lugeon values in 
cases when the water pressure was stabilised. The measurements are described by 
Sievänen et al. (2005). The testing procedure in pilot field tests is presented in Figure 
3-22. An example of test results of water loss measurements from ONKALO is 
presented in Figure 3-23. 

Grouting instructions including water loss test procedures are in preparation in the 
Finnish Tunneling Association and will be published later. 

3.7 Groundwater pressure/fresh water head 

3.7.1 Multi-packer system  

Some deep drillholes are equipped with multi-packer systems to measure hydraulic 
heads in packed-off sections. The results have been used to estimate the different kinds 
of disturbances caused by activities in nearby holes and to estimate the range of natural 
fluctuations at selected depths (Posiva 2003). 

The multi-packer equipment consists of inflatable rubber-coated packers connected by 
extension rods (Figure 3-24). The pressure hose (nylon, diameter 8/6 mm) connects all 
the packers together. The pressure hose is filled with fresh water during the installation 
of the system and overpressure is caused by applying water to expand the rubber-coated 
packers against the drillhole wall. A measuring hose (diameter 8/6 mm) from every 
single packed-off section is lead to the ground surface. The slim measuring hose is 
connected to a tube with bigger diameter (28/23 mm) at the bottom of the extended 
upper part of the hole i.e. approximately at the depth of 35 m below the ground surface 
(Alhonmäki-Aalonen 1999). 
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Figure 3-22. The testing procedure in pilot field tests. (Sievänen et al. 2005). 

Totally seven packer intervals can be measured at a time in drillholes with a diameter of 
56 or 76 mm. In addition, the hydraulic head of the section between the casing and the 
uppermost packer is measured (level 8). The main reason for the limited number of the 
measuring sections is the space required for the measuring hoses in a drillhole. The 
number of the packers is usually higher than needed to isolate the measuring intervals. 
The idea of the extra packers is to prevent connections between the measuring sections 
along the hole. In practice this means that there are several “blind” sections in the 
drillhole as illustrated in Figure 3-24. The system is described in Voipio et al. (2004), 
Alhonmäki-Aalonen (1999) and Öhberg (1991). 
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Figure 3-23. Log sheet (above) and interpretation of water loss measurements from 
ONKALO, pilot hole ONK-PH4, Drillhole section 27.48…51.56 m (Öhberg et al. 
2006b). 

Notes

Measuring Time 10 min

[m] [m] [bar] 10 15 20 15 10 [bar]

5 24,8 55,4 44,2 23,1 [l]

0,45 0,60 0,78 1,08 2,08 [Lug]

0,5 9,3 12 3,3 1,8 [l]

0,05 0,23 0,17 0,08 0,17 [Lug]

15,7 18,1 25,4 14,3 7 [l]

1,51 0,45 0,36 0,35 0,67 [Lug]

6,7 15,3 29,6 20,6 13,7 [l]

0,67 0,38 0,42 0,51 1,37 [Lug]

[m]

33.48 30,5

Mid Depth
Mea-
suring 
Length

39.56

45.56

51.56

8,15

8,21

8,27

8,33

36,6

42,6

48,6

Ground-
water 

Pressure

Hole Depth Water Penetration

6,00

6,00

27.48

33.56

39.56

45.56 6,00

6,00

[Lug]

Mean 
Value

Stan-
dard 
dev.

Interpre-
tated 
Value

0,998 0,648 2,00

0,139 0,10

0,670 0,489 0,40

0,074

0,671 0,405 0,40

Measuring Time 10 min

[bar] Pressure 10 15 20 15 10 [bar] [Lug]

Pres. Diff. 1,85 6,85 11,85 6,85 1,85 [bar]

Flow 5 24,8 55,4 44,2 23,1 [l]

Penetration 0,450 0,603 0,779 1,075 2,081 [Lug] 2

Pres. Diff. 1,79 6,79 11,79 6,79 1,79 [bar]

Flow 0,5 9,3 12 3,3 1,8 [l]

Penetration 0,047 0,228 0,170 0,081 0,168 [Lug] 0,1

Pres. Diff. 1,73 6,73 11,73 6,73 1,73 [bar]

Flow 15,7 18,1 25,4 14,3 7 [l]
Penetration 1,513 0,448 0,361 0,354 0,675 [Lug] 0,4

Pres. Diff. 1,67 6,67 11,67 6,67 1,67 [bar]

Flow 6,7 15,3 29,6 20,6 13,7 [l]
Penetration 0,669 0,382 0,423 0,515 1,368 [Lug] 0,4

Groundwater 
Pressure

45.56 8,33

39.56

8,15

8,21

8,27

Inter-

preta-

tion

Water Penetration Test

27.48

33.56

0,000 0,500 1,000 1,500 2,000 2,500

0,000 0,050 0,100 0,150 0,200 0,250

0,000 0,500 1,000 1,500 2,000

0,000 0,500 1,000 1,500
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Measurement section
(level 7)

Measurement section (level 6)

Measurement section
between uppermost
packer and casing
(level 8)

Casing

Measurement section (level 5)

Measurement section (level 4)

Measurement section (level 3)

Measurement section (level 2)

Measurement section (level 1)

Figure 3-24. An example of the hydraulic head monitoring equipment of a deep 
drillhole (Voipio et al. 2004). 
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The reasons for the use of the measuring hoses with rather large diameter in the upper 
part of a drillhole are: 

- standard pressure transducers can be installed into the hose to measure the pressure 
caused by the water column above the transducer 

- slim membrane pump for the groundwater sampling can be installed into the 
measuring hose 

The measuring hoses for the saline water intervals are filled with fresh water before the 
inflation of the packers. After this procedure, the water table in each measuring hose is 
directly the fresh water head. 

3.7.2 Automatic data acquisition system 

Since autumn 2000 an automatic data acquisition system has been used to monitor the 
hydraulic head in deep drillholes equipped with multi-packers. The system consists of 
pressure transducers, which are installed into measuring hoses to the depth of about 15-
20 metres. Transducers are connected to a logging device and data from the logging 
device is transferred to the monitoring unit by a GSM modem as shown in Figure 3-25. 
Techniques and experiences from drillhole OL-KR2, where the system was first tested, 
are reported by Jääskeläinen (2000) and the system is described by Voipio et al. (2004). 
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• Measuring hoses of 

packed-off sections

• Measurement of 

water level  by

pressure probes

• Inquiring measuring results 

by the help of text-messages

GWMS- Control 

Station can receive 

results from hundreds 

of stations.

Resulst are saved in  

.csv form. 

• Basestation 

• Text-message Centre 

GWMS-Measuring Station 

• GWM- Data-Logger

•8 channels

•13- bit Converter 

• Measuring-Starion’s measuring and 

transfer times of can freely be chosen

•GSM-Modem

•Siemens TC 35

Tele-Operator 

GSM- Modem

Figure 3-25. Schematic illustration of an automatic measurement system for water 
levels in measurement hoses of multi-packed drillhole (Voipio et al. 2004). GWM-Data-
Logger is later replaced with Luode-Logger. 
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4 HYDROGEOCHEMICAL METHODS 

Posiva has used three different sampling methods during years for groundwater 
sampling. The selection of the sampling method depends on whether the drillhole is 
open or multi-packered. Also the aim of the investigation has influenced to the selection 
of the method. In multi-packered holes a membrane pump called Vesitin-pump has been 
used. Double packer system and membrane pump were used before the development of 
PAVE (Pressurized water sampling equipment) for the sampling from the open 
drillholes. Development of PAVE-equipment was started in 1994 (Rouhiainen 1994). 
Since the implementation of PAVE 1997 it has replaced the double packer system 
almost totally for water sampling from open holes. Only when gases or microbes are not 
of interest double packer system has been used. 

All groundwater sampling systems can be connected to field monitoring system, which 
is used to control groundwater pumping and to follow groundwater quality during 
pumping. 

Use of the sampling equipment, analytical programmes, handling and preparation of the 
water samples, field measurements and analyses in the field laboratory are instructed in 
the field manual (Paaso et al. 2003). The field manual covers also samplings of rain 
water, environment, shallow drillholes and water wells. 

4.1 Pressurized sampling with PAVE 

4.1.1 Description of the sampling method and down-hole equipment

PAVE-equipment enables sampling of groundwater from deep drillholes with in situ 
pressure and study of dissolved gases, microbes and parameters disturbed by 
atmospheric gases (e.g. S2-

tot and Fe2+). PAVE equipment comprises several parts. The 
wire-line system has one or two inflatable rubber packers, PAVE-unit and membrane 
pump. With field monitoring system, Eh, pH, O2, temperature and electric conductivity 
can be measured on-line from the groundwater pumped to the surface. The system is 
equipped with electrodes suitable for measuring saline water. Field measuring system is 
described by Mäntynen & Tompuri (1999) and by Mäntynen (1999). 

The PAVE equipment is presented in Figure 4-1. The wire-line on a winch is used to 
lower and to lift the down-hole equipment. Two inflatable rubber packers isolate the 
sampling section from the rest of the drillhole (Ø 56-76 mm, maximum length 1500 m). 



50

Figure 4-1. The PAVE down-hole equipment presented schematically. During the pre-
pumping period (left) groundwater flows by the vessels. 

During the pre-pumping period, groundwater is passing by the pressure vessels, see 
Figure 4-1. In this way microbial bio-films, drilling debris and other fine materials will 
not accumulate on the inner walls of the pressure vessels. The pre-pumping period is 
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ended and sampling period started once the monitored on-line parameters (pH, EC, Eh, 
O2) have been stabilized, the water in the sampling section as well as in the hose has 
changed at least three times and the analyzed label (sodiumfluorescein) concentration in 
the water indicate that the chemical quality of groundwater is representative. To be 
representative the concentration of the label must be less than 2 %. The concentration of 
the label agent shows the amount of drilling water left in the sample. 

Water sample is collected to the pressure vessels above the upper packer. The volume of 
a vessel is 250 mL or 150 mL depending on the scope of the investigation. It is possible 
to use a combination of 1-3 vessels of different sizes at the same time. Water is pumped 
to the surface with a membrane pump attached to the other instrumentation and driven 
either by nitrogen gas and water or only by water. 

The pressure vessels of the PAVE sampling system are divided into the sample and the 
pressure compartment by a movable piston sealed with an o-ring, see Figure 4-2. The 
sample compartment is flushed with argon or nitrogen gas before the vessel is 
vacuumed. The pressure compartment is filled with back-pressure gas, which is either 
argon or nitrogen gas and due to the filling the piston moves as high as possible in the 
vessel. If a microbe sample is included in the sampling programme, the vessels, all 
valves with direct contact with the sample and tubes inside the PAVE unit are sterilized 
and vacuumed. The preparation of the pressure vessel is done before lowering the 
PAVE sampler to the desired depth in the drillhole. 

During the sampling period the pressure vessels are filled with the groundwater sample, 
see Figure 4-1. Increase of hydraulic pressure in the pressure hose for the packers opens 
the pressure regulated control valve, which allows water to flow through the pressure 
vessels. Consequently, argon or nitrogen gas in the pressure compartment is compressed 
due to the piston moving downwards and groundwater with in situ pressure fills the 
sample compartment. Groundwater is pumped through the pressure vessels for several 
hours in order to get samples of good quality. Releasing the pressure in the pressure 
hose closes the valve and the PAVE equipment together with the pressurized water 
samples is lifted to the ground surface. The pressure vessels are shut and removed from 
the PAVE unit and sent to the laboratories for analyses. 

In the PAVE equipment no electricity is needed in the part that is in contact with saline 
drillhole water. All appliances requiring electric power, like winch for lifting and 
lowering the PAVE-equipment, are situated on the ground surface. All parts of the 
equipment, packers, PAVE-unit and membrane pump, can be handled separately. The 
different parts can be connected on the site just before the installation of the equipment 
into the hole. 

4.1.2 Operating principle of a membrane pump

Groundwater is pumped strokewise in cycles with a nitrogen gas and water or only with 
water driven rubber membrane pump to the ground surface. The pump consists of two 
pipes of stainless steel, one inside the other, of which the innermost is perforated and 
has a rubber coating. Groundwater flows via the space between the two pipes. As the 
pump is pressurized with nitrogen gas, the rubber membrane swells and pumps 
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groundwater upwards. Figure 4-3 shows the structure of the membrane pump. A one-
way valve hinders any downward flow. In order to prevent direct contact with nitrogen 
gas and the rubber membrane, the inner pipe and the pressure hose have been filled with 
water to a desired depth. In the filling phase pressure is reduced and water flows from 
the fractures to the sampling section. The magnitude of the suction pressure corresponds 
to the difference in water levels between the groundwater table and the pressure hose. 
The maximum permitted suction pressure is 10 bars. The membrane pump is operated 
with solenoid valves, a timer, time relays and a pulse counter on the ground surface 
(electric unit). The length of the filling phase depends on the permeability of the rock 
and the length and diameter of the hose system used. The length of the draining phase 
depends on the length and diameter of the hoses. The phases are typically some minutes 
each. The maximum capacity of the pump is 1 L/cycle. 

The pressure hose for the packers, the pressure hose for the membrane pump and the 
hose for upwards flowing groundwater are all made of polyamide. The sample hose is 
protected from atmospheric contamination by a double wall from the groundwater table 
all the way to the combination of flow-through cells, where continuous field monitoring 
measurements are performed. 

Figure 4-2. Pressure vessel is divided into two parts, the sample and pressure 
compartments.
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Figure 4-3. The structure of a membrane pump. 

4.1.3 Field measuring equipment 

Field measuring equipment on the ground surface consists of two separate units, the 
electric and the measuring units. The electric unit (Figure 4-4) contains transmitters, 
data acquisition equipment, the couplings that are needed and control of pumping. The 
measuring unit (Figure 4-5) contains the flow-through cells with the electrodes and the 
circulating water pump. The dimensions of the electric and measuring units are: 
800 mm * 600 mm * 300 mm and 480 mm * 360 mm * 240 mm, respectively. The two 
units are placed into a weather shelter mounted on the drillhole. 

During the pre-pumping period (see Figure 4-1) groundwater is passing by the pressure 
vessels and it enters the measuring unit, where the chemical quality of groundwater (pH, 
electric conductivity, dissolved oxygen, redox potential and temperature) is monitored 
on-line with electrodes installed in the flow-through cells, see Figure 4-5. The 
measuring unit is continuously flushed with nitrogen gas in order to avoid any 
contamination by atmospheric gases. Nitrogen gas is produced on the site with a gas 
generator or gas cylinders if gas is needed in several drillhole sites at the same time. The 
total volume of the flow-through cells is 250…300 mL. As the membrane pump works 
strokewise, the system needs an intermediate vessel and a small circulating water pump 
for maintaining continuous flow through the cells and to replace the water in the cell 
system by a fresh sample as often as possible. Water is circulated with a flow rate 
400 mL/min in the flow-though cell. The maximum capacity of used circulating pump is 
1.7 L/min. 
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Figure 4-4. The electric unit containing measuring devices, data acquisition equipment, 
the couplings that are needed and control of pumping. 

EC cell is made of stainless steel or polypropylene. The O2 cell is made of transparent 
polycarbonate or PEEK. Larger cell for pH, Eh and T measurements is made of pyrex 
glass to enable monitoring of possible gas bubbles and coating of electrodes during long 
pumping periods, see Figure 4-5. 

The electrodes are commercially available types. The electrodes have varying 
sensitivities and measuring ranges. Dissolved oxygen is monitored with the ppb-level 
meter, since the deep groundwaters are anoxic. EC is measured with 4-electrode cell, 
because it suits both for fresh and saline water and it is not as sensitive to the 
disturbances as the 2-electrode cell. 

All the field measurements are automatically stored in data logger for later evaluation. 
The data is transferred directly to the PC via the RS-232 port. 
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Figure 4-5. Measuring unit containing the flow-through cells. 
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4.2 Sampling from multi-packered sections with Vesitin pump 

A slim Vesitin-pump is also a membrane pump and it is used for water sampling in 
connection with the multi-packer system presented previously in Chapter 3.7.1. The 
Vesitin-pump (diameter 22 mm) is installed into a measuring hose (diameter 28/23 mm) 
connecting the sampling section with the ground surface to the depth of about 40 metres 
i.e. at the bottom of the wider upper part of a drillhole. 

Groundwater is pumped strokewise to the surface with a maximum capacity of about 
110 mL/pumping cycle. Because of the pumping capacity, the time required for the 
groundwater samples to reach the ground surface could be up to hundreds of hours. 
Construction of the Vesitin-pump is shown in the Figure 4-6. The pump is installed into 
the measuring hose of the multi-packer system. Covering hose is half-hard plastic hose 
(diameter 18/15 mm). The two pressure hoses, which are needed for the packers and the 
membrane pump, and the water sampling hose (diameter 6/4 mm) are installed inside 
the covering hose. 

The packers of the Vesitin-pump are made of stainless steel pipe and inflatable rubber 
material. The length of the packers is about 350 mm. The construction of the membrane 
pump is same as the construction of packers, but the length of the pump is about 
700 mm. There are also two kickback valves, which prevent water from flowing 
downwards in the sampling line. 

The rubber membrane of the Vesitin-pump is inflated with the nitrogen gas pressure 
against the walls of the measuring hose made of polyamide. When the membrane swells 
to the walls it pushes water upwards in the water sampling hose. Upper kickback valve 
hinders the flow back to the membrane pump and the lower valve back to the sampling 
section. Gas pressure is then released and the membrane shrinks. Then groundwater 
flows to the pump from the sampling line through the lower packer. After pump is 
filled, membrane is pressurized again and fresh water is pumped to the sampling hose. 
Membrane pump is driven automatically with a timer and a magnetic valve. The 
operation principle of a membrane pump is given previously in Chapter 4.1.2. 

The on-line field measurements are done with the separate field monitoring system 
described in Chapter 4.1.3. 
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Figure 4-6. Construction of the Slim Vesitin-pump. 
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5 GEOPHYSICAL INVESTIGATION METHODS 

Several geophysical surveys have been carried out in the Olkiluoto area from the air, on 
the ground surface and in drillholes during the site selection phase (1987…2000). After 
that during the confirming investigations more ground surveys have been carried out as 
well as drillhole investigations. Drillhole investigations have also been carried out in 
connection with the excavation of the ONKALO access tunnel. In this chapter more 
recently applied methods are described. The methods employed in the early stage of the 
site characterisation are desrcribed by Heikkinen et al. (1992) and Anttila & Heikkinen 
(1996).

Over the last few years more attention has been paid to perform ground-based 
geophysical surveys. A systematic series of refraction seismic surveys has been carried 
out and charged potential and vertical seismic profiling methods have been used more 
intensively to obtain information on the continuation of different structures (i.e. 
fractured zones), both on the surface and between the drillholes (Posiva 2005). 

5.1 Ground Surveys 

5.1.1  Electromagnetic Slingram (HLEM) survey 

In multi-frequency electromagnetic method (HLEM = Horizontal Loop 
Electromagnetic) an electromagnetic field is generated by a portable transmitter coil. 
The transmitted field induces eddy currents in electrically conductive material in the 
bedrock. This gives rise to a new secondary electromagnetic field that can be measured 
in a portable receiver coil placed at a certain distance from the transmitter coil. By 
carrying the coils along a profile and repeating the measurements at different points, 
information is obtained on conductive structures in the rock or in overlying soil layers 
above the rock surface. In HLEM, a large number of different frequencies are utilized to 
obtain information from different depths in soil layers and bedrock (SKB 2001). 

In the HLEM survey carried out in 2004 at Olkiluoto coil separation of 100 metres and 
frequencies 1760 Hz and 14080 Hz were applied (Lahti 2004). 

5.1.2 Seismic refraction survey 

The seismic refraction method is based on the measurement of the travel time of seismic 
waves refracted at the interfaces between subsurface layers of different velocity. 
Seismic energy is provided by a source ('shot') located on the surface. Energy radiates 
out from the shot point, either travelling directly through the upper layer (direct 
arrivals), or travelling down to and then laterally along higher velocity layers (refracted 
arrivals) before returning to the surface. This energy is detected on surface using a 
linear array of geophones. Observation of the travel-times of the refracted signals 
provides information on the depth profile of the refractor (Geo-Services International 
(UK) Ltd). 
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The purpose of refraction seismic surveys at Olkiluoto has been to determine the 
overburden thickness at the site and to study bedrock properties such as possible 
fractured zones. The work included staking, leveling and seismic measurements 
(Ihalainen & Lahti 2002, Ihalainen 2003, Posiva 2003). 

The refraction seismic survey was conducted as a line survey with a geophone 
separation of 5 metres and 2.5 metres. The array of geophones was 90 metres long. 
Seismic energy was provided by explosives in nine shot-holes. A 24-channel 
seismograph (ABEM Instruments AB/Terraloc MK6) was used for recording (Ihalainen 
2003).

5.1.3 Resistivity soundings 

Electrical sounding apply a stationary current feed to subsurface, and measurement of 
related voltage through measurement circuit. For depth penetration, sensitivity and 
resolution of the method, the selection of measurement array is of crucial importance. 

Measurements can be organized in two basic modes. Mapping style measurements are 
performed on lines and areas with a fixed size geometrical array moving with constant 
interval. These can be organized generally as pole-dipole, dipole-dipole, Wenner or 
Schlumberger, and gradient arrays. 

The properties of the different arrays apply best to different purposes, and will have 
their characteristic trade-offs as well. The anticipated depth penetration, visibility of 
anomalies, sensitivity to noise, the geometrical shape and layout of the target; the 
contrast and size of the target, are defining the selection of the array. 

The electrical soundings in Olkiluoto were performed with pole-pole array, which is 
considered to have deepest depth penetration of available measurement arrays. The 
active current station C1 was kept at fixed location while the active potential electrode 
was moved over a range of spread distances, then the C1 station was moved over to the 
next location. This arrangement will produce a continuous sounding profile. The remote 
current and potential electrodes were kept at fixed locations over a same line or line 
section. Measurement will record the electrical potential versus the transmitted electric 
current, and the induced polarization (IP) decay curve at several channels. A normalized 
result, the apparent resistivity, is calculated from the results using the locations of the 
active and remote electrodes (Heikkinen et al. 2004c). 

5.1.4 Electromagnetic soundings (Gefinex 400S) 

Both the electromagnetic and the electrical methods are investigating the electrical 
properties, the electric conductivity or its inverse, resistivity of the subsurface. Typical 
way the measurement array and device provides interpretable results, are so called 
apparent resistivity values that usually are compensated for measurement array 
geometry, but need to be converted in interpretation to a geometrical model with 
associated physical parameters (Heikkinen et al. 2004c). 
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The Gefinex 400S is a wide-band electromagnetic sounding system. The method is used 
for determining inductively the electrical resistivity of the subsurface at different depths. 
Each sounding station applies a fixed transmitter-receiver separation, and the frequency 
is changed to obtain variable penetration. 

The transmitter consists of an electronic unit, a power control unit, transmitter cables 
(either a 20 m diameter circular loop or a 50 m x 50 m square loop) and re-chargeable 
batteries. The receiver consists of an electronics unit and an antenna (three coils 
measuring the vertical and two horizontal components of the EM field). There is no 
connecting cable between the transmitter and the receiver. A total of 81 discrete 
frequencies can be measured between 2.3 Hz and 19840 Hz (20 fq/one decade). 
Usually, the maximum interpretative depth penetration is approximately the same as the 
coil separation used. The configuration of the Gefinex 400S equipment is presented in 
Figure 5-1. The measured station is the middle point between the transmitter and the 
receiver. Depending on the geological structure the most sensitive area to get a good 
response is the area between the middle point and the transmitter (Ahokas 2003). 
Measurements can be performed with in-line or broadside arrays. 

Figure 5-1. Gefinex 400S method. Transmitter generates a vertical magnetic dipole 
(Ahokas 2003). 
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5.1.5 Ground penetrating radar 

Ground-penetrating radar (GPR) surveys have been carried out at Olkiluoto several 
times. The latest was in 2003 when the investigation trenches TK4 and TK7 were 
surveyed (Sutinen 2003). The survey produces information about the fracturing in the 
upper part of the bedrock and occurrence of other reflecting boundaries. In soil-covered 
areas GPR surveys are also used to locate the bedrock surface. 

SIR-2000 ground-penetrating radar equipment with 200 MHz, 150 MHz and 40 MHz 
antennae were used. Data was continuously registered to the radar hard disk. 
Information of geographical positioning was attached to the GPR data file scans. 

The high frequency antennas are used to get better resolution. The measuring time 
depends on the antenna and it varied in this case from 250 ns to 500 ns. The maximum 
penetration depth is usually some tens of metres depending on the minerals beneath the 
radar. The conductive minerals attenuate radar pulse. 

In soil-covered areas the depth scale depends on the water content of the soil. An 
increase in this will raise the value of the relative dielectricity constant, which in turn 
reduces the radar pulse propagation velocity (Sutinen 2003). 

5.1.6 Charged potential (mise-a-la-masse) 

Charged potential measurements have been used extensively at Olkiluoto for studying 
the location, continuity and character of earlier identified fractured zones at Olkiluoto 
site between 2002…2005. (Lahti & Laurila 2003, Lehtonen & Heikkinen 2004, 
Lehtonen 2006). 

Mise-a-la-masse technique is an electrical resistivity method for delineating electrically 
conductive subsurface ore bodies or other conductive geological units e.g. fractured 
zones. In the application, a current electrode is placed in the conductive body in a 
drillhole, with a second current electrode in the ground at electrical infinity, see Figure 
5-2. This causes the body to radiate electrical current. The electrical field (the 
equipotential lines) can be mapped by measuring the voltage through potential 
electrodes in drillholes and on ground surface. The observed potential field will reflect 
the size, shape and orientation of the conducting body. From the mapped potential field, 
continuity between various conducting sections intersected in a number of drillholes 
may also be identified. 

There are two electrode configurations commonly used in mise-a-la-masse surveys: the 
potential array (most widely used) and gradient array. For potential array, one of the 
potential electrodes is fixed on the survey area while the other potential electrode is 
moved from one measuring station to another. 

When the method is used, it is typically and chiefly in a reconnaissance mode, and 
quantitative interpretation of mise-a-la-masse surveys is not often attempted (Lehtonen 
& Heikkinen 2004, Lehtonen 2006). 
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Figure 5-2. Schematic description of mise-a-la-masse method for mapping good 
electric conductors (ore and graphite ores) by putting current directly to the deposits 
and to an electrode far away (”infinity”). The ore then becomes a giant current 
electrode. The method is then used to map the ”potential picture” around the conductor 
(The Norwegian University of Science and Technology 2003). 

5.2 Drillhole surveys 

5.2.1 Standard geophysical logging 

Some of the geophysical methods used in ground surveys have also been used in 
drillholes. Standard geophysical hole logging has been carried out in all deep holes in 
the Olkiluoto site area (e.g. Julkunen et al. 2002). The data have mainly been used to 
help in core logging and to make detailed investigations of the fractured zones in each 
drillhole.

Standard geophysical hole logging include the following methods: Magnetic 
susceptibility, single point resistivity, resistivity (Wenner, long normal and short 
normal), density, natural gamma-gamma radiation, seismic P-wave velocity, caliper 
(hole diameter) and fluid logging (resistivity and temperature of water). 

A B

V
A B

Curent lines 

Equipotential lines
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Description of the loggings

Natural gamma radiation
This probe measures the natural gamma radiation in the drillhole. Gamma radiation in 
the hole is due to decomposition of radioactive isotopes. The most significant 
contribution to the radiation is given by isotopes of K-40, U and Th. Changes in the 
concentrations of these elements usually coincide with lithological changes in the rock. 
Generally, acid rocks correspond to high values of radiation and mafic rocks to low 
values. Gamma radiation is also a good method for locating alteration zones. 

The probe contains a scintillation detector. The active part is a 1.5 inch crystal of NaI, 
which is connected to a photomultiplier tube that transforms the light pulses created in 
the crystal to electrical signals proportional to the incoming gamma rays. The lower cut-
off limit in gamma ray energy is 300 KeV (Nilsson & Gustafsson 2003). 

The measured values are converted into µR/h values using a coefficient, the 
determination of which is presented by Laurila et al. (1999). 

Gamma-gamma density
The density or gamma-gamma probe measures rock density and is used mainly for 
lithology determinations. Further, if the matrix density is known, rock porosity 
variations can be determined. This in turns leads to the possibility of locating fractured 
zones.

The density probe is in principle a gamma probe with a shielded radioactive source, 
which emits gamma rays. The emitted gamma rays enter the formation where they 
gradually lose energy through interaction with nuclei in the rock, until they are either 
entirely absorbed by the rock matrix or reach the detector. Formations with high density 
absorb more gamma rays than formations with low density. 

There are three kinds of interaction between gamma rays and matter that can affect the 
detector response: Compton scattering, photoelectric absorption and pair production. 
However, the probability of a specific gamma ray interaction occurring will depend on 
the energy of the gamma ray. The photoelectric effect is the dominating process for 
gamma ray energies below 100 keV, while pair production occurs if the gamma ray 
energy is above the threshold value of 1022 keV. At the energy level of the radioactive 
source used in the density probe, the dominating process is Compton scattering (Nilsson 
& Gustafsson 2003). 

Magnetic susceptibility
This probe is used to determine the magnetic susceptibility of the bedrock. Magnetic 
susceptibility is defined as the ratio of the intensity of magnetization of a magnetizable 
substance to the intensity of an applied magnetic field. The magnetic susceptibility of a 
rock depends on the concentration of ferromagnetic minerals in the rock, such as 
magnetite, titanomagnetite, ilmenite and pyrrhotite. Changes in the concentrations of 
ferromagnetic minerals usually coincide with lithological changes in the rock. The 
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susceptibility probe can also be used for the location of fractured zones, due to 
oxidation of magnetite to hematite in the fractured zones. 

The magnetic susceptibility sensor consists of a solenoid, wound on a high permeability 
core and connected to an electrical bridge. The presence of ferromagnetic minerals in 
the rock causes a change in the magnetic field that changes the amount of electric 
current in the coil. These changes are measured with the electrical bridge circuit, and 
translated into calibrated magnetic susceptibility units. Calibration is done in calibration 
pads with known magnetic susceptibility (Nilsson & Gustafsson 2003). 

Electrical resistivity
Resistivity measurements from drillholes are carried out with different measurement 
arrays providing an apparent resistivity, which depends on the measurement array and is 
averaging the values over a large volume. Different resistivity measurement arrays are 
presented in (Poikonen 1983, Peltoniemi 1988). Electical resistivity logging is 
performed using direct current or low frequency AC current with alternating polarity to 
avoid electrode polarization effects as a source (Heikkinen et al. 2004b). 

Use of different logging arrays is aimed to provide optimal information on a specific 
target. Short spacing arrays provide data from the flushed zone near drillhole wall in the 
bedrock. The long spacing arrays provide information from undisturbed zone. The 
differences of the short and long arrays provide information on drillhole and host rock 
properties: porosity and formation fluid resistivity, and formation resistivity, as well as 
differences in fluid properties. 

Single point resistance (SPR), Wenner (32 cm) or Short Normal (SN, 16”) and Long 
Normal (LN, 64”) logging arrays have been applied, see Figure 5-3. Two different tool 
constructions have been used: the VTT Technical Research Centre design and the Malå 
Geoscience Wellmac design (Heikkinen et al. 2004b). 

Description of equipment

The Wellmac system consists of surface unit and laptop interface as well as cable 
winch, depth measuring wheel and drillhole probes. The field assembly of the Wellmac 
system is shown in Figure 5-4. Tool configurations are presented in Figure 5-5. The 
technical information of the probes is presented in Lahti & Heikkinen (2004). 
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Figure 5-3. Long normal drillhole resistivity logging array. B and N electrodes are 
remote, several tens to hundreds of meters off from drillhole casing (Palmén at al. 
2004). 

Figure 5-4. The configuration of the Wellmac system (Lahti & Heikkinen 2004).
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Figure 5-5. Technical drawings of the Wellmac probes (Lahti & Heikkinen 2004).

5.2.2 Seismic VSP, crosshole and walk-away surveys 

Seismic surveys (VSP, crosshole and walk-away seismic) have also been carried out 
and combined interpretations using geophysical data from other survey techniques have 
taken place as described in Posiva (2005). 

Vertical seismic profiling (VSP) 

Description of the method
The VSP method has been found particularly suitable for surveys in hard rocks, where 
receiver arrays placed in drillholes and sources spread on the surface at diverse 
azimuths around the hole provide a favorable geometry for mapping both steeply and 
gently dipping features. Receivers located in the bedrock minimize the loss of resolution 
due to near-surface signal absorption. Recent surveys (Juhlin et al. 2002, Cosma et al. 
2002), including the ones at Olkiluoto in 2001 and in 2002, have been carried out with a 
time-distributed swept-impact source, the VIBSIST, instead of explosives (Cosma & 
Enescu 2001). With this source, the seismic signals are produced as rapid series of 
impacts, the impact intervals being monotonically increased to achieve a non-repeatable 
sequence. As the energy is built up from a large number of relatively low-power 
impacts, the high frequency components of the seismic signal are maintained. 

Methods developed over the past 10 years (Cosma et al. 1994a, 1994b; Heikkinen et al., 
1994, 1995) and recently summarized in Cosma & Enescu (2002) were used for the 
processing and interpretation, e.g. the interactive determination of the orientation of the 
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fractured zones (reflecting planes) using simultaneously several VSP drillholes and 3-D 
wavefield migration. 

Faults, fractured zones, dissolution features and lithological contacts may all reflect 
seismic waves. The fractured zones display a relatively weak seismic contrast and 
extensive processing is needed to retrieve the reflected wave field from the seismic 
profiles and the information on the position of the reflectors. The data processing 
focuses first on eliminating tube-waves and direct P and S onsets. Median and band-
pass filters are used for this purpose. The amplitudes are then equalized. 

The second stage of processing consists mainly of Image Point (IP) filtering techniques, 
aimed at enhancing the reflected wavefields and at separating events generated by 
reflectors with different orientations. With the IP transform (Cosma & Heikkinen 1996) 
stacking is performed along hyperbolic paths corresponding to the time-depth functions 
of possible reflectors. Due to this “natural” choice of the stacking paths, the coherency 
can be used effectively to enhance the weak reflections. Polarization analyses of hard 
rock data may be unstable because of criss-crossing reflection events and non-coherent 
scattering noise (Cosma & Enescu 2002). The stability increases in the IP space because 
the energy reflected on interfaces with different orientations accumulates in different 
regions of the IP space. The orientation estimates obtained by polarization analysis are 
improved by concurrent processing of several profiles. Based on ample direct and 
indirect verifications of results, the multi-azimuth, multi-offset VSP can be considered 
an effective method for mapping fractured zones in hard rock. 

When all the profiles have been processed and the reflection events emphasized by IP 
filtering, the positions and 3-D orientations of the reflectors are determined. Automatic 
interpretation procedures are used in order to diminish, whenever possible, the 
subjectivity of the interpretation (Enescu et al. 2003a). 

Another seismic method, which resembles VSP, is Horizontal Seismic Profiling (HSP). 
The methods are quite identical aside from survey arrangement. In VSP the receiver 
array is placed in the deep drillhole whereas in HSP the receiver array is placed on the 
ground surface (e.g. sea bottom). HSP sounding is described in (Heikkinen et al. 1992). 

The field equipment, Seismic Source VIBSIST 1000
An engineered seismic source, the VIBSIST-1000, was used for the VSP surveys. The 
VIBSIST-1000 is based on the Swept Impact Seismic Technique, SIST (Cosma & 
Enescu 2001, Park et al. 1996). The VIBSIST-1000 source uses a tractor-mounted 
hydraulic rock-breaker, powered through a computer controlled flow regulator. The 
Olkiluoto surveys were performed with a breaker model Rammer S-22, mounted on a 
15-ton excavator (Figure 5-6) delivering 600-1000 J/impact at 500-1000 
impacts/minute. The operating pressure has been 80-130 bar. The computer-controlled 
flow regulator, command equipment and software were built by Vibrometric. The 
hydraulic control produced a sweep of about 120 impacts in a period of 18 s. A pilot 
signal was recorded from a geophone placed near each shot point. The source coupling 
was influenced by the variable ground conditions. A larger number of sweeps (up to 10) 
was used to compensate for the poorer ground conditions; with this approach 
interpretable data was acquired at each shot location. To allow the mapping of structures 
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dipping in various directions, the shot points were located at various azimuths around 
the VSP drillholes. 

The field equipment; Seismic Receivers and Sources
A 3-component geophone chain (the R8-XYZ-C) was used for the VSP measurements. 
The Vibrometric R8-XYZ-C is equipped with 24 28-Hz geophones placed in eight 3-
component modules (Figure 5-7). The z-component is directed along the hole and the x 
and y-components are perpendicular to the z-component and to each other. The distance 
between the modules is five metres. The geophone chain contains also a down-hole 
preamplifier for each channel. The gain of the amplifiers is fixed at 34.2 dB. The 
frequency range is from 40 to 1000 Hz. The overall sensitivity of the geophone-
amplifier combination is 133 V/cm/sec. The units are equipped with side arms for 
clamping, activated by DC motors. The clamping control is independent for each unit 
(Enescu et al. 2003a). 

The Vibrometric VIBSIST-SPH54 Drillhole Seismic Source is based on the Swept 
Impact Seismic Technique (SIST), which is a combination of the Vibroseis swept-
frequency and the Mini-Sosie multi-impact ideas. The seismic signals are produced as a 
series of pulses, according to a specific preprogrammed sequence, which makes the 
system similar to a small Vibroseis. The accurate control of the impact rate makes this 
source coherent and repeatable. The drillhole seismic source produces high frequency 
content (up to 3500 Hz) while achieving significant depth penetration (tens to hundreds 
meters). The high frequency content of the signal emitted by a seismic source tends to 
decrease when the power of the source increases, which makes higher resolution and 
wide investigation range difficult to achieve simultaneously. The investigation range 
can, however, be increased with little or no expense of resolution if the signal energy is 
built over time, rather than being emitted as short high-power bursts. The tool consists 
of three modules connected by steel-armored cable: the power supply & controller (out-
of-the-hole), the high voltage generator (down-hole) and the piezoelectric actuator 
(down-hole) equipped with an acoustic impedance converter (water coupled), see Figure 
5-8 (Enescu et al. 2003a). 

The Vibrometric TC-30 Hydrophone chain, the TC30, seen in Figure 5-9a, consists of 
30 water-coupled piezoelectric transducers with a cylindrical sensitivity characteristic. 
The distance between the modules is 2 m. The frequency range is from 10 to 15000 Hz. 
A receiver module is shown in detail in Figure 5-9b. Each module consists of two ring-
shaped piezoceramic elements and a 40 dB preamplifier. A high-density gel is used as 
backfill material and a low-density epoxy compound is injected between the 
piezoceramic elements and the cover. This construction provides a high transverse 
acoustic sensitivity, through the large active area of the crystals, while diminishing the 
disturbing influence of the tubewaves, when the tool is used in a drillhole. The 
construction of a TC-30 module is shown in Figure 5-9c. 
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Figure 5-6. The VIBSIST-1000 used as seismic source at Olkiluoto for the 2002 surveys 
(Enescu et al. 2003a). 

Figure 5-7. Picture of the R8-XYZ-C geophone receiver chain and detail of a triaxial 
module (Enescu et al. 2003a). 
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Figure 5-8. VIBSIST-SPH54 piezoelectric source (Enescu et al. 2003a).

Figure 5-9. a) The TC12-24 receiver chain, b) TC12-12 module, c) assembly detail of a 
TC-30 module (Enescu et al. 2003a).

The field equipment; the recording station
A PC-based acquisition system was used consisting of an ICS 32-channels, 24-bits 
acquisition board, with LabView based acquisition interface. 

The PC-based solution has been chosen instead of a standard 24-bit seismograph 
because of the unusually long records needed (100,000 samples/channel for a 20 s 
sweep at 0.2 ms sampling rate), which is unavailable with standard seismographs. The 
custom-written software allows concurrent signal processing, needed for on-line 
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checking of the signal quality. The decoded seismic record is built by 32-bit stacking of 
approximately 1000 individual pulses. 

Seismic crosshole survey 

Crosshole survey geometry can provide a direct connection to drillhole data in the 
crosshole section area between the two holes involved at a time. Specifically the 
velocity tomogram (and attenuation tomogram when applied) gives a 2-D section result 
and will have a connection to location and physical properties. The tomographic plane 
contains a projection of a high and low velocity regions. The orientation of the feature 
cannot be determined from the trace seen in the projection, because the feature can be 
off-plane.

Also reflectors can be processed from the traces recorded in the crosshole survey. 
Reflectors do support the tomographic reconstruction in resolving the boundaries and 
orientation of the features, these can be provided by the migrated crosshole reflection 
data, and posted over the tomogram. Usually, the reflectors are off-plane, and often they 
do not actually locate in the tomographic plane. 

The high frequency range applied (1-2 kHz) and yet rather high penetration 150-200 m 
will provide more detailed observability than the WVSP and VSP geometries. Also the 
method provides means to resolve the properties of the reflectors, and to connect these 
into drillhole data. A trade-off is rather complicated interpretation of 3-D orientation of 
the crosshole reflections (for hydrophone data, it will require support from external 3-D 
VSP data), and poor resolution of reflectors intersecting the tomographic plane in 
horizontal direction (Heikkinen et al. 2004c). 

Seismic walk-away survey (WVSP) 

Differently to VSP, which is recorded in a specific drillhole over a whole depth section, 
the WVSP does not imply for reflectors a direct connection to any drillhole as such, 
although the receivers are located in drillhole at a single level. Thus WVSP resembles 
more a surface-based seismic reflection profile. Like VSP, also WVSP differs from 
traditional surface seismic reflection with the higher frequency range (30-250 Hz) due 
to down-hole receivers, and capability in defining the 3-D orientation of reflectors, also 
sub-vertical ones. The sub-vertical reflectors can be assigned to a location where these 
intersect the source line on ground surface, which is an analogy to the drillhole 
intersection location in VSP (Heikkinen et al. 2004c). 

The WVSP seismic investigation has been conducted at Olkiluoto in drillholes OL-
KR4, OL-KR8, OL-KR10 and OL-KR14 from the NS (length 1.2 km), EWN (length 
1.0 km) and EWS (length 0.8 km) surface lines. Source interval was 15 metres. A time-
distributed swept-impact source, the VIBSIST-1000, was used to produce the seismic 
signals as rapid series of impacts, the impact intervals being monotonically increased to 
achieve a non-repeatable sequence. Receivers were placed in the drillholes. 
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Two receiver chains and two acquisition stations were used simultaneously in order to 
optimize the production rate. PC-based acquisition system was used consisting of an 
ICS 32 channels, 24-bits acquisition board with LabView based acquisition interface. 

Recordings were performed with a hydrophone chain (30 units, 2 m interval and a 
geophone chain (8 levels, 5 m spacing, 3-components, clamped). The R8-XYZ-C 
geophone chain is equipped with 24 28-Hz geophones (Enescu et al. 2003b). 

5.2.3 Borehole radar 

Borehole radar survey, along with seismic investigations, is one of the few available 
geophysical methods for investigating the bedrock properties at greater distances of the 
drillhole. In the site characterization aiming to disposal of spent nuclear fuel the 
borehole radar measurements have been used mainly to determine the orientation and 
the extent of the fractured zones (Saksa et al. 2001). 

Radar method belongs to the group of geophysical electromagnetic techniques, which 
utilizes the electromagnetic field generated in an active manner. Both ground-
penetrating radar (abbreviated as GPR) and borehole radar are implementations of radar 
method (Saksa et al. 2005).  

Description of the method
Borehole radar is based on the same principles as ground penetrating radar systems for 
surface use, which means that it consists of a radar transmitter and receiver built into 
separate probes. 

The probes (Malå Geoscience manufactured RAMAC/GPR) are connected via an 
optical cable to a control unit used for time signal generation and data acquisition. The 
data storage and display unit is normally a laptop computer, which is either a stand-
alone component or built into the circuitry of the control unit. Borehole radar 
instruments can be used in different modes: reflection, crosshole, surface-to-drillhole 
and directional mode. Today’s available systems use centre frequencies from 20 to 250 
MHz.

Radar waves are affected by soil and rock conductivity. If the conductivity of the 
surrounding media is more than a certain figure reflection radar surveys are impossible. 
In high conductivity media the radar equation is not satisfied and no reflections will 
appear. In crosshole- and surface-to-drillhole radar mode measurements can be carried 
out in much higher conductivity areas because no reflections are needed. Important 
information concerning the local geologic conditions is evaluated from the amplitude of 
the first arrival and the arrival time of the transmitted wave only, not a reflected 
component. 

In reflection mode the radar transmitter and receiver probes are lowered in the same 
drillhole with a fixed distance between them, see Figure 5-10. In this mode an optical 
cable for triggering of the probes and data acquisition is necessary to avoid parasitic 
antenna effects of the cable. The most commonly used antennas are dipole antennas, 
which radiate and receive reflected signals from a 360-degree space (omnidirectionally). 
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Borehole radar interpretation is similar to that of surface GPR data with the exception of 
the space interpretation. In surface GPR surveys all the reflections originate from one 
half space while the hole data receive reflections from a 360-degree radius. It is 
impossible to determine the azimuth to the reflector using data from only one drillhole if 
dipole antennas are used. What can be determined is the distance to the reflector and in 
the case where the reflector is a plane, the angle between the plane and the drillhole. 

Description of measurement
The Ramac tool can be lowered into a drillhole using push rods. Measurements are 
performed both downwards and upwards. Depth records are triggered using a depth 
encoder mounted in a pulley wheel. The depth can be monitored using cable marks. 
Recording parameters 250 ns (downwards) and 340 ns (upwards) time windows, 0.03 m 
(downwards) and 0.02 m (upwards) trace interval, and 0.25-0.3 ns sample interval were 
used at ONKALO. In the partially conductive bedrock environment the range of 
borehole radar was 5-8 m with 250 MHz antennae (Lahti & Heikkinen 2004). 

Interpretation applied Radinter_2 utility. Reflectors were defined by manual picking and 
imported to a text file, and a WellCAD log presentation displaying the location and 
intersection angle. Further interpretation can assign the reflectors the length, and 3-D 
orientation. The data was imported to WellCAD. Results were also filtered to emphasise 
local and weak reflectors, and early time recording. First arrival time and wave 
amplitude were measured, using ReflexW. Then data was matched to core depth with 
WellCAD (Lahti & Heikkinen 2004). 

Figure 5-10. The principal of borehole radar (left) and radargram (right) (Lahti & 
Heikkinen 2004/ Introduction to RAMAC/GPR borehole radar/ Malå Geoscience). 
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5.2.4 Optical televiewer image (OBI40) 

The OBI 40 slimhole optical televiewer tool (Advanced Logic Technology) generates a 
continuous oriented 360° image of the drillhole wall using an optical imaging system 
(down-hole CCD camera, which views a image of the drillhole wall in a prism), see 
Appendix. The tool includes a orientation device consisting of a precision 3 axis 
magnetometer and 3 accelerometers thus allowing accurate hole deviation data to be 
obtained during the same logging run (accurate and precise orientation of the image). 
Optical and acoustic televiewer data are complimentary tools especially when the 
purpose of the survey is structural analysis. A common data display option is the 
projection on a virtual core that can be rotated and viewed from any orientation. 
Actually, an optical televiewer image will complement and even replace coring survey 
and its associated problem of core recovery and orientation. The optical televiewer is 
fully down-hole digital and can be run on any standard wireline (mono, four-conductor, 
seven-conductor). Resolution is user definable (up to 0.5 mm vertical resolution and 720 
pixels azimuthal resolution). 

5.2.5 Full waveform sonic 

Description of the method
Acoustic full waveform sonic (FWS) logging, combined with an interpretation of P- and 
S-wave velocities and attenuations, and the attenuation of Stoneley waves, has been 
carried out in nearly all the deep investigation drillholes. 

The method provides a description of the bedrock over a radius of some tens of 
centimetres from the hole. The same holes have been logged with a gamma-gamma 
density tool (a sensitive Bed Resolution Density tool). The tool was run at intervals of 
5-10 cm, or more recently at intervals of 2 cm, depending on the method used to drill 
the holes. The interval velocities and the gamma-gamma density have been used to 
compute the rock mechanical parameters of the bedrock in the immediate vicinity of the 
hole.

Laboratory tests on 6-10 cm long core samples for P-wave velocity and density have 
been carried out on core from drillholes to provide appropriate levels for the values of 
these parameters in the bedrock (Posiva 2005). 

Description of equipment
The full waveform sonic has been recorded with Advanced Logic Technology’s (ALT) 
FWS50 tool, see Figure 5-11. The tool has one transmitter (Tx) of 15 kHz nominal 
frequency, and three receivers (Rx), with Tx-Rx spacing of 0.6 m (Rx1), 0.8 m (Rx2) 
and 1.0 m (Rx3). At ONKALO the tool was run with push rods, and depth recorded and 
data communication carried out with steel armoured 3/16” Mount Sopris cable. Depth 
encoder was calibrated and the depth value monitored using cable depth marks. 
Measurement was run from bottom to top. Data was recorded at 0.02 m depth intervals, 
and at 2 µs time spacing, over 2 ms interval (Lahti & Heikkinen 2004). 
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Figure 5-11. Acoustic full waveform logging tool FWS50. Piezoceramic transducers of 
15 kHz are used to transmit and receive the acoustic signal. The P- and S-wave 
velocities and attenuations are interpreted from the full waveform. A) Tool, B) Typical 
recorded trace and C) onset of P, S and tubewaves on a single channel recording with 
trace interval of 2 cm (Posiva 2005). 

Data processing
Primary data has been imported to WellCAD and presented as colour Variable Density 
Logs. For presentation, the FWS data depth was adjusted for tool offset (channel R2 
0.1 m upwards, and channel R3 0.2 m upwards, respectively), and depth matched to 
geological data from core sample. 

For velocity definition, first step on site is velocity analysis using semblance processing 
in WellCAD. The process seeks for coherence between all recorded channels, for each 
trace, and produces energy maxima at time values where the wave forms arrive. The 
method is applied for on site processing. It provides reliable level of P, S and Stoneley 
wave velocities (Lahti & Heikkinen 2004). 

a)
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5.2.6 “TERO” tool for measurement of rock thermal properties 

The TERO logging device has been designed, built and operated by GTK (Geological 
Survey of Finland) commissioned by Posiva Oy. The equipment was designed primarily 
to measure rock thermal properties in deep drillholes (Ø 56 mm and Ø 76 mm). 

The TERO logging device comprises the drillhole tool, logging cable and winch 
together with the computer and current source located at the surface. The cable is 700 m 
long steel armoured 4-conductor logging cable. The motorized winch is controlled from 
a separate control panel. In principle the winch system has an option of automated 
operation, but it is not included at the present TERO device. 

A computer collects the depth data from the winch and with the aid of the control unit 
measured resistances from temperature sensors, heating current and voltage as well as 
the resistances of the single point resistance sensor. 

The main components of the TERO device are shown in Figure 5-12. The system at the 
GTK test hole in Espoo is depicted in Figure 5-13 (Kukkonen et al. 2005). 

Figure 5-12. The components of the TERO logging device (Kukkonen et al. 2005).
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Figure 5-13. TERO logging device at the GTK test hole, Espoo (Kukkonen et al. 2005). 

Principle of measuring rock thermal properties in a drillhole
When the probe is heated after being assumably under thermal stationary conditions, its 
temperature as a function of time depends on the applied heating power, heat losses into 
rock, and the thickness of the water layer between the probe and drillhole wall. 
Temperatures are also dependent on the internal structure of the probe and its material 
properties. Presently the probe properties are taken into account as solid parameters of 
the time-dependent heat conduction model. The remaining parameters, which need to be 
estimated, are thermal properties of the surrounding medium. In a drillhole, the probe is 
(mostly) immersed in water, and the thickness of the water layer varies with varying 
hole caliper. In the interpretation the water layer, acting as a heat capacitor and 
resistance, must be taken into account (Kukkonen et al. 2005). 

Procedure of drillhole measurements
The probe is lowered to the measurement depth in the drillhole and it is allowed to 
equilibrate to the temperature for about an hour, when it has reached a steady-state 
condition. The heating time can be chosen freely, and longer heating times involve 
larger volumes into the measurement around the hole. Theoretical considerations 
indicated (Kukkonen & Suppala 1999) that, for instance, a 12-hour heating period 
influences the temperatures, that can be measured in practice, only to a distance of about 
0.5 m from the hole wall. Therefore, the heating time can be pre-set to as long as 6-16 
hours. Temperatures are registered during lowering of probe in the hole, thermal 
equilibration, as well as heating and cooling of the probe. Thus, the measurement of one 
depth station in the hole takes 12-24 hours. Only temperature changes during the 
heating and cooling periods are taken into account in the interpretation of the data. The 
most important temperature readings are obtained from the centre of the probe, where 
the approximation of an infinitely long cylinder is valid for longest times (Kukkonen et 
al. 2005). The length of the heated part of the probe is 1.5 m and the heating power is 
22 W at maximum. 
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The mechanical construction of the probe
The in situ probe is shown in Figure 5-14. Thermistors and heating resistors are placed 
on the inner surface of the aluminium pipe. The white plastic parts have been made of 
“Ertacetal” polyacetate (POM). The electronic circuit boards are located in the plastic 
parts of the upper end of the probe. The probe is pressure resistant up to 700 m of water 
depth. Flow along the drillhole is prevented with one or two pairs of soft packers made 
of silicon rubber, and produced by PRG-Tec Oy (Figure 5-15). 

The outer and inner diameters of the probe for Ø 56 mm drillholes (probe called 
TERO56) are 50 and 40 mm, respectively. A probe for Ø 76 mm drillholes is also 
available. Cross section of the probe is given in Figure 5-16. 

In order to enhance positioning of the probe in depth, a galvanic single-point sensor is 
included in the probe. The current electrode of the measurement is the steel stipule used 
for hanging the extra weights applied at the lower end of the probe. The weight is 
indispensable because the friction of the packers makes the lowering of the probe in the 
hole very slow. 

Figure 5-14. Parts and dimensions of the in situ probe (above), the constructed probe 
with the 1.5 m long heating and thermistor foil. The cable end is connected at the left 
end, and the additional weights are hanged at the right end of the probe (Kukkonen et 
al. 2005). 
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Figure 5-15. Soft silicon rubber packers at the lower end of the probe. The screws made 
of bronze are used for centralizing the probe in the drillhole (Kukkonen et al. 2005). 

Figure 5-16. Cross section of the probe showing the aluminium tube, heating foil and 
thermistor foil (Kukkonen et al. 2005). 

Electronics responsible for measuring the temperatures and the single-point resistance 
has been installed within the probe. In addition, the 2-component acceleration sensor 
and 3-component flux gate magnetometer have been installed inside the probe. The 
recording and controlling PC and the control unit are at the surface containing the 
modem, voltage source for measurements as well as the current source for heating. The 
heating power is continuously monitored at the upper end of the cable. The resistance of 
the cable is 57  (Kukkonen et al. 2005). 
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Heating foils and thermistors
The probe is heated with two heating foils (resistors) on the inner surface of the 
aluminium pipe. The foils provide homogeneous warming of the pipe. Thermistors and 
foils have been installed together. One of the heating foils with the thermistors is shown 
in Figure 5-17. The nominal resistance of the thermistors is 10000  at 25 ºC. The total 
number of thermistors installed along the probe on four axial lines is 28. In addition, the 
electronics is monitored with four thermistors installed on the circuit boards. 

The heating and thermistor foils are compressed against the inner surface of the 
aluminium pipe with a pressurized rubber inner tube of a bicycle. The length of the 
rubber tube is about equal to the length of the heating foils. The foils are not glued on 
the aluminium tube. Therefore, the heating foils and thermistors can be easily replaced 
and maintained (Kukkonen et al. 2005). 

The heating foil is actually a thin electric resistor made of brass and glued between 
resistive foils made of polyester plastic (thickness 0.075 mm), see Figure 5-17. The 
temperature sensor foil has a set of copper conductors joining the thermistors with the 
circuit boards. 

The resistance of the heating foils is about 100 . When heated, the resistance increases 
slightly (0.145 /K). The effect of temperature dependence is smaller than 1 % when 
the foil temperature increases less than 7 K. The effect on interpreted results is small 
and it has been ignored in the modellings. 

Figure 5-17. A close-up of the upper end of the heating foil and the thermistor foils (on 
top) (Kukkonen et al. 2005). 
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TERO Graphical interface
As a part of the system development a graphical interface system has been designed and 
constructed for the TERO device (Figure 5-18). TERO Graphical Interface (TGI) is a 
versatile analysis and interpretation toolbox, which is developed in MatLab 
environment. 

Data analysis of temperature readings of the 28 thermistors in the probe is carried out 
according to the four vertical sensor sequences. Each sequence comprises seven 
thermistors, and in the TGI software there is a window where all the calculations can be 
done for each sequence. Controlling of which registrations are plotted is easily done 
depending on the functioning of thermistors in the sequence. By one pushbutton it is 
possible to remove the average temperature level and the initial time period from the 
registrations to produce simulation-ready data files. 

There are three possible simulation levels in the TGI system. The 1D cylinder 
symmetric simulation is the quickest and most simple level, whereas 2D simulation is 
little bit heavier to use. Nevertheless, the results are output in a reasonable time. The 
third simulation level is a 2D cylinder symmetric configuration, the most demanding in 
terms of model details and computing time. It is possible to decide freely, which 
thermistor results are plotted and applied in modelling. A printing utility makes it 
possible to print all the results using the MatLab print commands. Zooming into finer 
details is possible with respect to each axis separately. 

Figure 5-18. View of the TERO graphical interface (Kukkonen et al. 2005). 
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Data interpretations can be run when the analysis part of software is active because all 
parts of the software are planned to operate independently. Thus, after having started 
with the “Data analysis” it is possible to freely continue to the interpretation and 
modelling section of TGI. Interpretations can be done in three levels, 1D cylinder 
symmetric, 2D and 2D cylinder symmetric case. In the interpretation level all the 
functions in any open window can be controlled.  

1D level is the quickest, however, also the most inaccurate means of modelling due to 
infinite length of model cylinder. It is often useful to start with the 1D simulations and 
then continue to 2D models. Further, it is important to keep the number of parameters to 
be optimised as small as possible in the first calculations and add parameters one by one 
in the next interpretations. 2D and 2Dc (cylinder case) are more time consuming 
methods but also more representative of the real probe response. Anisotropy can be 
included in the models in both 2D models. This, however, is restricted to cylindrical 
anisotropy where the main components of anisotropy is oriented in the axial and radial 
directions from the probe (Kukkonen et al. 2005). 

5.3 Tunnel surveys 

5.3.1 3D laser scanning and control measurements 

CALLIDUS CP 3200 is a system for three-dimensional surveying of room structures 
without any contact. The system allows fast and automatic survey and documentation of 
locations, as well as generation of 3D CAD data from the measured values. By means of 
the system any existing building material (e.g. interiors) can be measured as well as 
cavities with dimensions in the decameter range. At the end of the process, an accurate, 
three-dimensional visualization will be available. Data can then be processed with all 
CAD applications (100 % compatible with AutoCAD®). The system is described in 
http://www.callidus.de/en/cp3200/index.html. 

The access tunnel at ONKALO has been measured with the CALLIDUS -system. The 
access tunnel, i.e. the walls, the ceiling and in some places also the tunnel floor, has 
been scanned with the system before and after shotcreting. End products are a point 
cloud model, profiles 0.5 metres apart, surface models in 20 m sections, different kinds 
of comparisons and calculations (bill of quantities, volumes) between excavated, 
theoretical and shotcreted tunnels. 

Description of the method
The applied measuring approaches are continuous wave, triangulation and pulse time of 
flight. To determine the distance, a laser impulse is emitted into a defined direction by 
the scanner. When it hits an obstacle, it is reflected and then detected by the scanner. 
The transit time from the scanner to the obstacle and back is used to calculate the 
distance of the obstacle. The measuring technology allows working independently from 
illumination. 

The result of a measurement is a point cloud, which can be visualized and processed at 
the computer with an appropriate software (transformation optionally into CAD 
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elements or, by triangular meshing, into a closed 3D surface model that can be 
textured). 

CALLIDUS is a fully panoramic scanning system (360° horizontal and 180° vertical). 
During the measuring process, the laser scanner integrated in the measuring head rotates 
by 360° (step size 0.0625°, 0.125°, 0.25°, 0.5°, 1.0°) along the horizontal plane. With 
every step the laser scans a range of 180° along the vertical plane. The operator can 
select a vertical resolution of 0.25°, 0.5° or 1.0°. The data transmitted by the scanner is 
stored as a l ms file. 

The scanner is dust and splash proof, very rugged and can be used for a great multitude 
of purposes. Scanning is possible in virtually any position and independently from the 
tripod. The minimal scanning distance is only defined by the corpus of the scanner itself 
(diameter of 32 cm). A prism adapter can be mounted on the measuring head, enabling 
to register the system externally over prisms or GPS. External prisms are recognized 
automatically. Scanning processes are very fast (76 scans/second), a fully panoramic 
scan takes between 4 and 8 minutes, depending on selected resolution. The scanner 
utilizes a class I laser (906 nm infrared pulsed laser diode). The measuring head 
contains an integrated inclination sensor, an integrated electronic compass and a heater. 
Furthermore, permanent calibration as well as permanent temperature and remission 
control are integrated.  

By means of the software-controlled CCD camera (variable focal distance) integrated in 
the system, it is possible to record panoramic pictures or close-ups for the 
documentation of the object to be measured. Three different measuring ranges can be 
selected according to the circumstances: mm up to 8 m, mm up to 32 m, cm up to 80 m 
(in radius). During a scanning process, it is possible to switch between the different 
ranges.

The analysis of the data takes place at a separate workstation in the office with the 
analysing software 3D - Extractor®. 3D scanning is equally suitable for surveying tasks 
(http://www.callidus.de/en/cp3200/index.html). 

Control measurements
Attached prisms enable to measure in the scanning center externally. Through the 
automatic recognition of external prisms the adjustment of scans into higher co-ordinate 
systems is achieved. These features enable the use of the laser scanning system in the 
civil engineering sector. Tunnels can be measured with precision. For planned 
refurbishment, the original state is documented and the geometries of the refurbishment 
can be planned and controlled. Deformations can be exactly monitored. 

At ONKALO the given coordinates are compared with the coordinates measured by the 
tunnel contractor. It the deviation is greater than 10 mm, the exact coordinates are 
measured with the system. 
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6 ROCK MECHANICAL INVESTIGATION METHODS 

Posiva Oy has established two networks, GPS and microseismic, at Olkiluoto, which 
aim to monitor rock mechanical phenomena in Olkiluoto bedrock. These two networks 
are described here as well as the methods that have been used to determine the in situ 
state of stress in the Olkiluoto bebrock. 

6.1 High precision GPS network 

Posiva Oy assigned The Finnish Geodetic Institute (FGI) to establish the GPS 
monitoring network in 1994 (Chen & Kakkuri 1995) and to carry out the measurements. 
The measurements were started in 1995. GPS measurements are suited to the 
determination of horizontal local crustal movements. The time series of the GPS 
observations in the local monitoring network provide the change rates for the baselines 
between the GPS pillars, which are then used to determine the local movements. The 
analysis of GPS data is also used to determine regional movements on the long baseline 
between Olkiluoto and the IGS (International Geodynamics Service) station Metsähovi. 
There is GPS network also in Kivetty and Romuvaara. Their function and instruments 
are the same as in Olkiluoto. 

6.1.1 Description of the network in Olkiluoto 

The original GPS network included ten 2-metres high reinforced concrete pillars (OL-
GPS1…OL-GPS10). The stations stand on solid bedrock and according to geological 
studies they are located in different geological blocks. The distances between the pillars 
vary from 0.5 to 3.5 km. The OL-GPS1 (KI-GPS1 in Kivetty and RO-GPS1 in 
Romuvaara) station is part of the permanent Finnish GPS network, FinnRef® 
(Ollikainen et al. 1997), which has been operating since 1994. In 2003 the GPS network 
was extended with two new stations, OL-GPS11 and OL-GPS12. When TVO started to 
build a new nuclear power station at Olkiluoto in 2003, GPS10 was demolished and 
replaced by a new station, OL-GPS13, see Figure 6-1. The construction work and the 
different pillar types are described in Ollikainen et al. 2004. 

Each GPS pillar has two control markers. The distances and the angles between the 
stations and the control markers are measured in order to check the stability of the 
concrete pillars. These benchmarks are founded in solid bedrock near the station. The 
benchmarks are stainless steel bolts with a 2 mm centering hole in the round top part 
(Figure 6-2). Because the benchmarks are used to determine possible horizontal 
displacements of the pillars, their ideal location is where the lines between the concrete 
pillar and the markers intersect at an angle of 90 degrees. The distances between the 
pillars and the control vary from 4.5 m to 12.5 m. More detailed information on control 
markers is available in the GPS measurement report for 2004 (Ahola et al. 2005). 
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Figure 6-1. The local GPS monitoring network at Olkiluoto (Riikonen 2005).

Figures 6-2. The benchmarks were founded in solid bedrock. The markers are stainless 
steel bolts with a 2 mm centering hole in the round top part (Ahola et al. 2005). 
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6.1.2 GPS equipment and measuring procedure 

The permanent OL-GPS1 station continuously collects GPS data at a 30 second 
observing interval. The FGI has observed the local network in Olkiluoto twice a year 
since 1995 (once a year both in Kivetty and in Romuvaara). The GPS observations are 
made in sessions with Ashtech Z-12 GPS receivers equipped with Ashtech Dorne 
Margolin Choke Ring antennae (Table 6-1). The total duration of the sessions is about 
24 hours per station 

Table 6-1. The GPS equipment used in Olkiluoto in 2004 (Riikonen 2005). 

6.1.3 GPS computation 

The GPS computation is carried out using Bernese software version 5.0 using the L1 
and L2 frequencies and the ionosphere models (Hugentobler et al. 2004). The 
computation environment is Windows. In the processing the data is used in 24-hour 
sessions together with the IGS final orbits. The daily solutions are finally combined into 
a weekly solution, and the time series are then investigated. The observations were 
processed applying the following principle: 

- Observations were processed using independent L1 and L2 observations, rather than 
any linear combinations, in order to obtain lower measurement noises and smaller 
effects of multipath errors. 

- Ionospheric refraction was modelled and L1 and L2 observations were corrected 
with the estimated ionospheric models in order to remove the absolute scale errors 
resulting from ionospheric refraction. 
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- A global standard atmospheric model, which is an approximate representation of the 
atmospheric conditions at the observation time, was used to correct tropospheric 
refraction in order to remove scale errors. Local tropospheric parameters were 
solved in the final solution in order to obtain an unbiased estimation of the height 
component. 

The accuracy of the GPS determinations depends on how well factors, which affect the 
scale of the system, have been eliminated. The estimation of an ionosphere model may 
in some cases be difficult, or even impossible. Errors in ionosphere modeling affect the 
resulting baseline lengths, producing e.g. a scale error, which is explained in Ollikainen 
& Kakkuri (1999). Because of a possible scale bias the observations were scaled with a 
scale factor, which is computed comparing the results to the mean of all observations. 
The determination of the scale factor is explained in detail in Ollikainen et al. (2004). 

More detailed information on GPS computation is available in Ahola et al. (2005). 

6.1.4 Electronic distance measurements (EDM) baseline in Olkiluoto 

It has been concluded that GPS solutions may be significantly biased by scale errors 
(Ollikainen & Kakkuri 1999). This systematic scale error is mainly caused by errors in 
ionosphere modeling. The scale error has varied from –0.4 to +0.4 ppm at Olkiluoto. A 
baseline for electronic distance measurements (EDM) was established because of the 
scaling problem experienced in GPS observations. The baseline was established 
between stations GPS7 and GPS8 in 2002. 

The accuracy of high precision EDM is about ±(0.2 mm + 0.2 ppm) (1- ). The 
estimated accuracy of GPS is about ±0.8 mm (1- ), obtained in the micro networks of 
Posiva. According to these figures EDM is much more accurate than GPS when the 
baselines are as short as they are at Olkiluoto. The measurement of the EDM baseline 
takes place simultaneously with the GPS measurement. It is expected that the scale 
factor problem will be solved by deriving the uniform scale for the GPS observations 
using the EDM results (Riikonen 2005). The computation is described in more details 
by Ollikainen et al. (2004). 

6.1.5 Precise levelling network 

GPS measurements are suited to the determination of horizontal local crustal 
movements, but the accuracy of height determinations is not high enough for the 
purpose. This is why FGI started the determination of possible vertical movements at 
Olkiluoto in 2003 with precise levelling. 

To monitor the vertical movements of the Olkiluoto island compared to the mainland 
and to obtain N60-elevations for the local mapping purposes, the levelling was started 
from an old precise levelling benchmark by the railroad at Lapijoki (Lehmuskoski 
2004).

The precise levelling network consists of 21 benchmarks, including 16 reserve marks on 
eight GPS pillars and five new benchmarks, which produce loops with lengths of 12 km 
and 2 km. The network is connected to the precise levelling net of Finland with a 
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levelling line Lapijoki-Olkiluoto. The levellings and the computations were carried out 
in the same way as in the Third Precise Levelling of Finland. The accuracy of the 
levellings was estimated to be ±0.10 mm/ km (Lehmuskoski 2004). 

The vertical crustal movements will be studied by relevelling the established lines every 
second year. 

6.2 Microseismic network 

Posiva Oy established a local microseismic network of six stations (OL-OS1 to OL-
OS6) on the island of Olkiluoto in 2002. The technical features of the micro-earthquake 
monitoring system are described in details by Saari (2003, 2005) and by Riikonen 
(2005). The system was manufactured and installed by ISS International Limited. This 
network was designed for monitoring the rock volume surrounding the preliminary 
location of ONKALO. Later, in June 2004, two new seismic stations (OL-OS7 and OL-
OS8) were added to the network. These stations make the network geometry better 
suited for monitoring the final location of ONKALO (Figure 6-3). The bases behind 
locating the stations at Olkiluoto is presented in Saari (2003). The latest extension of the 
network took place in the beginning of 2006, when 4 new stations were built, see Figure 
6-4. One of the new stations is situated in VLJ-repository, the rest are outside Olkiluoto. 
The newest extension will be described in the annual microseismic report 2006. 

Initially the network monitored tectonic earthquakes in order to characterise the 
undisturbed baseline of seismicity of Olkiluoto bedrock. Since the start of the 
excavation of ONKALO in 2004 the network also monitors excavation-induced 
seismicity. The resolution target of the monitoring system is set to ML = -2 (ML = 
magnitude in local Richter´s scale), within the network and in its vicinity. The main 
target of the monitoring is an area of about 1 km2 down to the depth of 500-1000 m, but 
it can be extended both in horizontal and vertical direction (Saari 2005). 

The purpose of the micro-earthquake measurements in Olkiluoto is to improve the 
understanding of the structure, behaviour and long-term stability of the bedrock. The 
observations provide an opportunity to approximate to what extent and where the 
bedrock is disturbed, the stability of the rock cavern and the adjustment processes 
occurring in the surrounding rock mass. Another task is the mapping of the disturbed 
weakness zones in the rock mass surrounding the excavated construction. The 
identification of active fractured zones is an essential element in a comprehensive study 
of potential hazards related to spent nuclear fuel. The zones of weakness adjust 
releasing stresses and strains of the rock mass and are also the main paths of hydraulic 
flow in the bedrock. The movements occurring in these zones accumulate during the 
lifespan of the repository and can possibly cause changes in the stability, stress field and 
groundwater conditions of the rock mass. When the fractured zone model is presented 
together with the observed seismic events, active or unstable zones can be identified. 
The interpretation can bring out changes in the rock mass that, for example, may result 
in re-evaluation of certain water conducting zones and also cause changes in final 
disposal facility layout (Riikonen 2005). 
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Figure 6-3. The location of the seismic stations OL-OS1…OL-OS8 surrounding 
ONKALO (Saari 2005).

6.2.1 Instrumentation 

The local microseismic network consists of 12 stations OL-OS1…OL-OS12. The 
locations of the statations are shown in Figures 6-3 and 6-4. 

The most important parts of the seismic station are the three component sensors 
installed on the top of the bedrock. In microearthquake studies the sensors are either 
accelerometers or geophones, which record ground velocity. All the seismic stations 
have three component accelerometers (type 3A2300, usable frequencies: 0.2 - 2300 Hz). 
In addition, the seismic stations OL-OS2-OL-OS4 (the natural frequency 30 Hz), OL-
OS7 (the natural frequency 4.5 Hz), and OL-OS8 (the natural frequency 1 Hz), have 
also geophones (Saari 2005). The three-component geophones will serve as elements of 
the future extended network. After the extension the network will be able to monitor 
regional seismic events occurring at distances less than 5-10 km from ONKALO 
(Riikonen 2005). 

The sensors are placed at the bottom of a seismometer vault (Figure 6-4). A concrete 
slab was cast on the bedrock outcrop on the bottom of the vault for the purpose of 
attaching the structural rings and to ensure a level base. The vault does not need 
separate heating, but it must have proper insulation. The diameter of the vault is about 
1.2 m, which accommodates any necessary servicing of the sensors. The thickness of 
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the insulating ground cover is from three to four metres. Covered drains, cable pipes and 
lightning protection cables are mainly inside the ground cover (Saari 2003). 

Figure 6-4. The location of the newest seismic stations OL-OS9…OL-OS12.
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Figure 6-5. Basic structure of a seismometer vault. The objective is to provide stable 
conditions in respect of vibration, moisture, temperature and electrical properties 
(Saari 2003).

The Figure 6-6 shows the structure of the station OL-OS8. In all of the seismic stations 
the cables between the sensors and the SAQS unit were isolated with an armour pipe to 
improve the protection against lightning damages. 

The digital stand-alone data acquisition unit (SAQS) is in a heated glass fibre cabin 10 - 
15 m away from the vault. The cabin is connected to the electrical network and to the 
local telephone network. The hut is fitted with SAQS and its peripheral devices: modem 
for data transfer, AC/DC converter to produce 12 V DC power for SAQS and GPS 
antenna for timing. 

The basic task of SAQS is data acquisition. It has a 24-bit digitizer with a dynamic 
range of over 110 dB. The software selectable sampling rates of the signal are from 50 
to 24 000 Hz. The selected sampling rate is 6000 Hz. Due to the high sampling rate 
needed in microearthquake studies automatic detection of the brief seismic signals from 
the continuous data flow of noise is desirable. The SAQS unit controls the continuous 
data flow and when a pre-set trigger value is exceeded a potential seismic signal is 
recorded to a hard disk drive. 

The central site computer is a link between the Myyrmäki office computer and the 
seismic stations. In relation to the SAQS units, it is a device, which acquires recorded 
seismic events and controls their operation. In relation to the office computer, it is a 
device, which sends the acquired data and offers an opportunity to control SAQS units 
via the ssh-connection (Secure Shell -program used in Internet). 



93

Figure 6-6. Armour pipes isolating sensor cables in OL-OS8 (Saari 2005).

The central site computer supports the run time system (RTS) program, which 
continually acquires, processes, analyses and archives seismic data. In addition, tools 
for automatic alarm, event locations and reporting are available. The peripherals of the 
simple desk PC are GPS antenna for timing, CD-ROM for software installation and a 
modem for data communication between the central site computer and the 12 SAQS 
units.

Monitor displays included in the RTS provide operators with a continuous view of 
system activity and alarms are used to bring exceptional conditions to the operator's 
attention. System status can be displayed in a variety of forms either locally or remotely 
(Saari 2003). 

6.2.2 Data processing 

In the real time operation mode that is used nowadays, the PC in Olkiluoto has an 
option to only accept events that trigger a certain pre-set number of the sensors. An 
event is accepted if at least three sensors have been triggered. As each seismic station 
has one or two sensors, the event should trigger sensors at least in two or three seismic 
stations to be interpreted as a potential seismic event. Real time operation of the 
network started on June 18, 2004, before the excavation of ONKALO access tunnel 
commenced. This was necessary, as otherwise the number of events reported from 
Olkiluoto by e-mail to Vantaa would be enormous. Another reason was the efficiency of 
data processing in real time operation mode. When an event is detected, it is 
immediately e-mailed to the Myyrmäki office PC locating in Vantaa, where it is 
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automatically analysed. The location and magnitude of the event are determined in just 
a few minutes when the e-mail has arrived. In the beginning of the analyses, "false 
detections" (caused by traffic etc.) are rejected. The way the accepted events are 
analysed, depends on the number of recordings related to a certain seismic event. The 
analysis based on one or two recordings is always interactive. If there are more 
recordings associated to the seismic event, the analysis can be done interactive or by 
means of the same procedures used in the automatic analysis. The difficulty is to 
eliminate alarms caused by blasts, and the quality of automatic analysis. The result of an 
automatic analysis is uncertain and always needs to be verified manually by an 
experienced analyst who determines the seismic source (Saari 2003, 2005). 

The current operation chart of the Olkiluoto seismic network is presented in Figure 6-7. 
The server is Compaq Proliant ML370 with dual PIII 1.4 GHz processors, 1280 MB 
RAM, RAID1 with two 36.4 GB hard disks and redundant power supplies. For backup 
purposes an external DLT streamer is attached to the system. Daily and weekly routines 
ensure data and system recovery after a potential system crash or data loss. In addition, 
backup copies are made in the office PC every two months. The Linux operating system 
(SuSE 9.0) is in use. Each station is connected to a fixed local network via a serial port 
expansion unit. ADSL line connection is used for maintenance and control purposes via 
restricted ssh connections. The two-way internet connection between the computers at 
the Olkiluoto site and in the Myyrmäki office offers a flexible way to control the 
operation of the network, i.e. adjustment of the settings of the field computer and 
seismic stations can be done from the office computer. The e-mail facility of the 
connection was configured to send the seismic events via SMTP (Simple Mail Transfer 
Protocol) for monitoring purposes. The system is protected by an internal firewall. The 
Olkiluoto central site computer is located in the control premises next to ONKALO. 

The events are associated on the central site computer in real time. If connection to one 
of the stations fails, the recording of that station will not be combined with the others. 
The unsent event stays in the hard disk drive of the SAQS for several months and can be 
downloaded to the office PC, if necessary. The possibility of data loss due to a failure of 
the site computer is reduced by the new server configuration. In practice, once the data 
has arrived in the Olkiluoto server, it cannot be lost. Data management between the 
central site computer and the Myyrmäki office computer is based on Internet 
technology. The e-mail server retains the seismic data until the office computer has 
received it. The whole data management chain is checked every day by a test signal. 
The signal controls the current status of the seismic sensors and the data flow from each 
single station to the Myyrmäki office computer. If the test signal from any sensor is 
missing or appears unusual, a troubleshooting procedure is started. 

Unwanted detections at any one station are automatically rejected and real time 
information about the behaviour of the bedrock can be transmitted to the underground 
employees and to real time design of excavation. The disadvantages of real time 
analysis are: 

1) It is more prone to data losses than the post association mode (deployed earlier, 
nowadays still available in the Myyrmäki office computer). 
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2) Very small events, only detectable by one seismic station are lost. However, the 
network is very dense and sensitive. Events that would only be detected by a 
single station would have to be very small (ML <-2) and very close to the 
seismic station, i.e. less than 100-200 m from the station. This means that it is 
very unlikely that an earthquake inside the network and below the depth of 200 
m would only be detected by one station. There are always one or more 
additional stations almost as close to the hypocenter. Basically the network has 
operated continuously. 

Figure 6-7. Operation chart of the seismic network on the Olkiluoto site since June 
2004 before the latest net extension. The Olkiluoto central site computer is connected to 
each station via a serial port expansion unit (in the chart the flat box below the PC). 
Internet connection is for communication between the PC on the site and the Myyrmäki 
office PC in Vantaa (Riikonen 2005). 
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Data processing is presented in details by Saari (2003, 2005) and by Riikonen (2005).

6.3 Rock stress measurements 

In situ stresses have been measured at Olkiluoto at depths of 300 - 800 m in five deep 
drillholes by hydraulic fracturing to evaluate horizontal stresses and by overcoring 
methods to evaluate the complete stress tensor. Detailed descriptions of the measuring 
methods and the fieldwork are presented in: Ljunggren & Klasson (1996) and Sjöberg 
(2003).

Kaiser effect based on acoustic emission of core samples, has been used to evaluate the 
in situ stress state at Olkiluoto. The method can be described as a “memory” in rock that 
is indicated by a change in acoustic emission emitted during uniaxial loading test. The 
most tempting feature of this method is the ability to estimate the state of in situ stress 
from core specimens in laboratory conditions. This method is described in Lehtonen 
(2005).

6.3.1 Overcoring 

Principle and Basic Assumptions
Three-dimensional overcoring rock stress measurements are based on measuring strains 
when a sample of rock is released from the rock mass and the stresses acting upon it. 
The in situ stresses can be calculated from the measured strains and with knowledge of 
the elastic properties of the rock. The complete, three-dimensional, stress tensor is 
determined from a single measurement. Evaluation of overcoring data requires 
assumption of ideal rock behaviour (continuous, homogeneous, isotropic, and linear-
elastic behaviour). Under these assumptions, the deformation of the core sample during 
stress relief is identical in magnitude to that produced by the in situ stress field but 
opposite in sign (see e.g., Leeman & Hayes 1966; Leeman 1968). 

Equipment, The Borre Probe
The Borre probe has been used successfully in vertical water-filled drillholes to depths 
over 610 m and is pressure tested to some 1000 m head of water. The development 
history of the probe is described in Sjöberg & Klasson 2003. The equipment has been 
developed for use in hard, competent rocks. The normal installation system has been 
tailored for use in holes with 76 mm diameter (drilled by a Craelius T2-76 core barrel) 
Actual installation of strain gauges is in a 36 mm pilot hole. 

The probe is cylindrical with an outer diameter of approximately 54 mm and a length of 
about 550 mm. An installation tool (adapter) is attached to the measurement probe, thus 
extending the total length of the equipment to around 1.5 m. 

The probe itself is recoverable; only the strain gauges are left glued to the drillhole wall 
after measurement. The Borre probe carries nine electrical resistance strain gauges 
mounted in three rosettes. Each rosette comprises three strain gauges oriented (i) 
parallel (axial or longitudinal gauges), (ii) perpendicular (circumferential or tangential 
gauges), and (iii) at a 45º angle, to the drillhole axis, respectively. Each strain gauge is 
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10 mm long. The strain-gauge rosettes are bonded to three plastic cantilever arms at the 
lower end of the probe, which is the only part of the instrument that enters into the pilot 
hole. The arms are located 120º apart with a known orientation to the main body of the 
instrument. Thus, the nine strain gauges of the Borre probe form an array representing 
seven spatially different directions. As strain measurements in six independent 
directions are required to determine the complete stress tensor, the Borre probe provides 
redundant strain data. All strain gauges are mounted at a depth of 160 mm in the pilot 
hole.

The strain gauges are connected to a data logger inside the probe, permitting continuous 
automatic recording of strains during overcoring with no connection to ground surface. 
The logger records eleven channels of data at pre-set intervals from a pre-set start time. 
It is powered by a battery located also in the main body of the probe. The newest 
version of the logger, which was used in these measurements, is named Borre III. It 
features two recording modes — sparse and dense recording. Sparse recording — every 
15 minutes — is conducted from the time of activation to a selected start time for dense 
recording. The sparse recording provides a quality check of glue hardening and possible 
disturbances prior to overcoring. Dense recording is done in user-specified intervals of 
between 3 and 60 seconds, from the pre-set start time until the core is recovered and 
logging terminated. In both recording modes, strain gauge values are sampled during a 
20 ms period (64 discrete readings) and then averaged to filter low-frequency noise in 
gauges, A/D-converters, etc. The Borre III-logger is capable of storing more than 11 
hours of data recorded at 3-second intervals. 

Before the installation of the probe, the data logger is connected to a portable computer 
and programmed with the measurement start time. No further connection to the ground 
surface is required after this programming. After overcoring, the probe is recovered with 
the overcore sample inside the core barrel. Before removal from the sample and 
disconnection of the strain gauges, the probe is again connected to the portable 
computer and the data recorded is retrieved using communication software, see Figure 
6-8.

Besides the nine strain gauges, the probe also contains a thermistor for measuring the 
temperature in the drillhole for assessing the temperature effects on the readings during 
the overcoring phase. The thermistor is located with the body of the probe, near the 
lower end (when installed in the drillhole). The thermistor readings are recorded with 
the same frequency as strain gauge readings. In the Borre III logger, no dummy gauge is 
used since this proved to give large measurement errors. During the development of the 
Borre III logger, it was found that the use of only one dummy gauge resulted in uneven 
heating (compared to a rosette with three gauges) and exaggerated temperature 
compensation. To avoid this, but still provide some temperature compensation, an extra 
wire is used in Borre III, which is wired directly into the wheatstone measuring bridge. 
This scheme provides automatic temperature compensation for wire resistance during 
actual strain recording. No other temperature compensation is made during 
measurements. 



98

Figure 6-8. The Borre probe with logger connected to a portable computer for 
activation and data retrieval (Sjöberg 2003). 

At the onset of dense recording, the wheatstone measuring bridge is re-balanced and 
strain readings reset to zero, in preparation for the coming overcoring. As strain 
readings are taken more often, a slight heating of the gauges may occur, resulting in 
slightly increasing strain values for a short period of time (typically less than 15 
minutes) after which strains should stabilize at this new level (Sjöberg 2003). 

Installation and drilling equipment
In situ stress measurements using the Borre probe requires a centrally located, 
accurately core-drilled, clean, 36 mm diameter pilot hole. Diametrical accuracy is 
necessary, as the probe has limited operating range during installation. The pilot hole 
also needs to be centrally located in the drillhole base to enable calculation of the 
material properties from subsequent biaxial samples of the recovered overcore sample. 
At the position of the probe, the pilot hole should also be clear of drill cuttings to ensure 
a good bond between the gauges and the pilot hole wall. Drilling of the pilot hole and 
proper release of the Borre probe from the installation tool requires a fairly flat bottom 
of the 76 mm diameter drillhole. 

The overcoring concept furnished by SwedPower comprises equipment needed to drill 
the pilot hole. Atlas Copco CORAC N3/50 wireline drilling system has been used. The 
drilling equipment also includes a specially manufactured planing tool attached to the 
wireline equipment, which is used to grind the base of the drillhole to ensure that it is 
planar (Step 1 in Figure 6-9). Overcoring equipment includes a specially manufactured, 
thinwall, core barrel and coring bit producing a nominal core diameter of 61.7 mm, i.e., 
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equal to that produced by using conventional Craelius T2-76 equipment. This is a 
requirement for being able to fit samples into the biaxial test cell. 

Once the pilot hole has been drilled and the pilot core has been inspected, but prior to 
installation of the Borre probe, a dummy probe is lowered down the drillhole and into 
the pilot hole to check that the hole is clear of obstructions (Step 2 in Figure 6-9). The 
dummy weighs the same as the probe and installation tool together and has the same 
external dimensions. Similar to the probe it is lowered down-hole on the wireline 
attached to the winch. Actual measurement involves installing the Borre probe into a 
Ø 36 mm pilot hole and gluing the strain gauges to the drillhole wall (Steps 3-4 in 
Figure 6-9, see also Figure 6-10). The strain gauges are bonded to the pilot hole wall 
using a special epoxy adhesive. The cell is lowered down the hole on an adapter 
(installation tool), which also contains a compass, to give the installed orientation of the 
probe, and a weight. The purpose of the weight is to provide a pressing force on the 
cone, which helps to glue the strain gauges to the drillhole wall. The installation tool 
and weight have a total length of approximately 1.0 m and a diameter of 62 mm when 
assembled. The tool contains a latch, which is triggered when touching the base of the 
main drillhole, thus releasing the probe, and locking the magnetic compass in the 
adapter. The installation tool containing the probe is lowered into the hole using a 
wireline winch (Sjöberg 2003). The last step in measurement procedure is overcoring 
the Borre probe and recording strain data using the built-in data logger (Step 6 in Figure 
6-9, see also Figure 6-8). 

6.3.2 Hydraulic fracturing 

Description of the method
Hydraulic fracturing (HF) is a drillhole field-test method designed to assess the state of 
in situ stress. This method is also referred to as hydrofracturing. Successful HF tests 
result generally in an estimate of the state of in situ stress (both magnitudes and 
directions) in the plane perpendicular to the axis of the drillhole. When both the hole 
and the induced HF are nearly vertical, the stress component in the direction of the hole 
axis is taken as being principal and equal to the overburden weight. 

For HF method, a section of a drillhole is sealed off by use of two inflatable rubber 
packers sufficiently pressurized so that they adhere to the hole wall. Hydraulic fluid 
(typically water) is pumped under constant flow rate into the section, gradually raising 
the pressure on the hole wall until a fracture is initiated in the rock. Pumping is stopped, 
allowing the interval pressure to decay. Several minutes into the shut-off phase, the 
pressure is released and allowed to return to ambient conditions. The pressure cycle is 
repeated several times maintaining the same flow rate. Key pressure values used in the 
computation of the in situ stresses are picked from the pressure–time record. The 
repeated cycles provide redundant readings of the key pressures, see Figure 6-11. The 
attitude of the induced HF is obtained using an oriented impression packer or one of 
several geophysical logging methods. HF orientation is related to the directions of the 
principal stresses. With HF, data from the pressurization and fracture orientation phases 
of the test are used to obtain the in situ principal stresses in the plane perpendicular to 
the hole axis. Hydraulic fracturing method is described in more details by Haimson & 
Cornet (2003). 
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1 2 3 4 5 6

Figure 6-9. Different steps in overcoring measurement. 

1. Advance 76 mm-diameter main drillhole to measurement depth. Grind the hole bottom 
using the planing tool.  

2. Drill 36 mm-diameter pilot hole and recover core for appraisal. Flush the drillhole to 
remove drill cuttings. 

3. Prepare the Borre probe for measurement and apply glue to strain gauges. Insert the probe 
in installation tool into hole.  

4. Tip of probe with strain gauges enters the pilot hole. Probe releases from installation tool 
through a latch, which also fixes the compass, thus recording the installed probe 
orientation. Gauges bonded to pilot hole wall under pressure from the nose cone. 

5. Allow glue to harden (usually overnight). Pull out installation tool and retrieve to surface. 
The probe is bonded in place. 

6. Overcore the Borre probe and record strain data using the built-in data logger. Break the 
core after completed overcoring and recover in core barrel to surface. 
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Figure 6-10. Overcoring method to measure the complete stress tensor with Borre 
probe developed by SwedPower (Posiva 2005). 

Figure 6-11. An actual record of test-interval pressure and flow rate versus time. The 
precise magnitudes of Pr and Ps are determined using techniques listed in Haimson & 
Cornet (2003).

Assumptions and limitations according to Haimson & Cornet (2003)
- There is no theoretical limit to the depth of measurement, provided a stable drillhole 

can access the zone of interest and the rock is elastic and brittle 
- Classical interpretation of an HF test is possible only if the drillhole axis is parallel 

to one of the principal stresses and is contained in the induced fracture plane. The 
initiation of ‘en echelon’ fractures may indicate that the drillhole axis is not along a 
principal stress. Excessive deviation invalidates the classical method of 
interpretation of test results 

- Principal stress directions are derived from the fracture delineation on the drillhole 
wall under the assumption that fracture attitude persists away from the hole. 

- Evaluation of the maximum principal stress in the plane perpendicular to the 
drillhole axis assumes that the rock mass is linearly elastic, homogeneous, and 
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isotropic. It involves considerations of pore pressure effects, often difficult to 
ascertain, and requires an assessment of the rock tensile strength. 

Equipment
Sealing of the drillhole test interval is accomplished by use of two inflatable rubber 
packers, spaced apart a distance equal to at least six times the hole diameter. The two 
packers are connected mechanically as well as hydraulically to form one unit termed the 
straddle packer, see Figure 6-12. 

Generally, rubber packer inflation and test interval pressurization are carried out 
hydraulically from the surface. 

Pressure gauges are used on the surface to give visual real-time information of the 
hydraulic fluid pressure. Pressure transducers are used to monitor and transmit pressure 
data to a recording device. In some setups, only the test interval pressure is monitored. 
The preferred arrangement is one in which the packers and the interval are pressurized 
and monitored independently. For depths exceeding several hundred metres, down-hole 
pressure transducers (or transmitters) emplaced close to the location of the packers are 
preferred. These provide a more accurate recording of the test interval pressure. A flow 
meter is employed to monitor the flow of fluid into the test interval. Typically this is a 
surface device. 

Figure 6-12. Hydraulic fracturing method to measure horizontal components of the 
stress tensor (Haimson & Cornet 2003, Posiva 2005).



103

Most often, hydraulic fluid pressure is provided by a pump or pumps located on the 
surface. Some pumps are capable of providing pressures up to 100 MPa at a typical flow 
rate range of 1…10 L/min. 

Analog data from the pressure transducers and flow meter are fed into a computer data 
acquisition program via an analog/digital board. Separate analog real-time reading of 
the test interval and packer pressures and of the flow rate are often provided by a multi-
channel strip-chart recorder. 

An image of the drillhole wall within the test interval is commonly obtained using an 
impression packer, an inflatable packer with an outer layer of very soft semi-cured 
rubber. This packer is inflated when it is positioned precisely at the same depth as the 
HF test interval, resulting in an impression of the drillhole wall and any fractures that 
traverse it. 

Attached to the impression packer is an orienting tool, which can be magnetic or 
gyroscopic. The magnetic tool enables a camera to photograph the position of magnetic 
north on the drillhole wall, from which the orientation of any induced fractures can be 
obtained. Geophysical tools, such as drillhole cameras, televiewers (a sonic device) or 
electrical imaging systems are also available for determination of fracture orientation. 

The stress measurements were conducted at Olkiluoto using SwedPower´s mobile unit 
(Ljungren & Klassson 1996). The entire instrumentation is permanently installed on a 
field truck, and hydrofracturing operations are controlled from inside the truck cabin 
(Figure 6-13). Electricity is the only external power source needed. All other functions 
of the system are powered by the truck engine. 

1 2

5

4

6

3

appr. 10 m

1 Guidewheel for multihose on adjustable working platform 
2 Drum for 1000 m multihose 
3 Flow meter manifold and manifold for control of fracturing, flow and packer 
 pressure 
4 Data registration equipment, signal amplifier, chart recorder and portable PC 
5 High pressure water pump 
6 400 l diesel fuel tanks, hydraulic pump and -tank 

Figure 6-13. The truck-mounted hydraulic fracturing unit (Ljungren & Klassson 1996)
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7 DATA MANAGEMENT 

TUTKA database is an archive of the field investigation data collected during the site 
investigation programme carried out for the disposal of the nuclear fuel waste by Posiva 
Oy. Data from investigations done by Posiva or by the contractors is systematically 
gathered and quality controlled before entering it into the database. For the further 
interpretation and modeling work data can be retrieved from the TUTKA database. The 
TUTKA database is a Microsoft Access based meta database containing information on 
and reference to the actual data, which is stored separately. The abstracts of the 
Working reports and the POSIVA reports are also stored in the database. Backup 
procedures are defined. A project group is managing the operation and development of 
the TUTKA database and a number of Posiva´s working instructions have been 
published to inform the parties producing, archiving and using data on their 
responsibilities and duties. 

TUTKA software is used to store the results of the investigations either on the field or 
any interpretations, modeling and analysis work done within the characterization 
project. The TUTKA system is an MSAccess based application consisting of three 
databases and the data folders linked to the database. The databases are 

- the actual database TutkaDat.mdb 
- the program database Tutka2000_1.2.mdb 
- the parameter database Tutka_Param.mdb 

The major functions of the database are 

- Storing data 
- Version management of the data 
- Browsing and retrieving data 
- Storing abstracts 
- Browsing report abstracts 

Figure 7-1 shows the main functions of the TUTKA data management system and the 
data flow through the system. 

The TUTKA software used for the management of the investigation data and also the 
related working procedures are described by Hellä & Lallo (2004). 

Due to development of the data management system TUTKA will be replaced in the 
close future with the POTTI Data Management System. 
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Figure 7-1. Data flow in the TUTKA data management system (Hellä & Lallo 2004). 
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APPENDIX  

AN EXAMPLE OF A CONTINUOUS ORIENTED ORIENTED 360° IMAGE OF 
THE DRILLHOLE WALL GENERATED BY OBI 40 SLIMHOLE OPTICAL 
TELEVIEWER TOOL (ADVANCED LOGIC TECHNOLOGY).




