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ABSTRACT 

 

The Olkiluoto surface hydrological model was used to compute the influence of various 

ONKALO leakage scenarios on changes in groundwater level in overburden soils and 

hydraulic heads in the bedrock.  Moreover, the model effect of ONKALO leakages on 

water balance components of the Olkiluoto Island (runoff, evapotranspiration, discharge 

to the sea area through the bedrock and discharge from the Korvensuo reservoir) and on 

the thickness and area of unsaturated bedrock layer were computed.  

 

Leakages into ONKALO lower the groundwater level in overburden soils especially 

during those years when precipitation is smaller than the long-term average value 550 

mm a
-1

. According to model results groundwater level can be below sea level if leakage 

rate into ONKALO is 180 l/min or more.  If leakage rate is smaller than 180 l/min 

groundwater level is above sea level all the time also during dry years. The modelling 

results show that there are local water divides inside the island both on the southern and 

northern side of ONKALO at all time points and for all leakage rates. The local water 

divides ensure that sea water cannot intrude to ONKALO via surface waters.   

 

A more detailed version of the Olkiluoto surface hydrological model was developed for 

the area around the infiltration experiment.  Site scale data were available for the 

location of the most transmissive hydrogeological zones.  The analysis of hydraulic 

responses has shown that there are local connections between different areas around the 

pumping drillhole OL-KR14.  The importance of the local responses was verified by an 

additional small hydrogeological zone HZInf connecting HZ19A, HZ19C, OL-KR14, 

OL-PP66, OL-PP68 and OL-PP69 that was added to the model. In future studies it is 

necessary to describe the local zones explicitly in the model to allow more realistic flow 

simulations. 

 

Discharge has been measured manually in four measuring weirs since March 2003. The 

old V-shaped measuring weirs were replaced by new automatic weirs in April 2008. 

The four criteria used to evaluate the reliability of new automatic measurement stations 

indicate that the weirs provide reliable runoff rates during most of the time.  Olkiluoto 

surface hydrological model was used to compute runoff for the catchment areas 

measured by weirs OL-MP1–OL-MP4.  Cumulative computed runoff values were in 

good agreement with the measured cumulative rates but some timing errors were 

observed: the model predicts slightly too low cumulative runoff during snow-free 

periods and overestimates runoff during winter months. The peak values of runoff were 

slightly underestimated and one explanation for this is that the stream network is not yet 

dense enough to include all the small ditches which convey runoff rapidly to the 

measuring weirs. Another possible reason for underestimation of the highest runoff 

rates is that the preferential flow paths (fast bypass routes like root channels, worm 

holes) are not yet properly described in the model.   

 

Keywords: Hydrology, water balance, infiltration, recharge, groundwater, fracture 

zone, runoff, discharge 



ONKALOn ja Korvensuon altaan pitkän aikavälin vaikutukset Olkiluodon 
saaren pohjavedenpinnan korkeuksiin ja vesitaseen komponentteihin  

 

TIIVISTELMÄ 

 

Olkiluodon pintahydrologian mallilla tehtyjen laskelmien päätavoitteena oli arvioida 

ONKALOn vuotovesimäärien vaikutus maakerrosten pohjavedenpinnan korkeuteen, 

painekorkeuksiin erityisesti matalissa kalliorei’issä sekä arvioida se miten ONKALOon 

vuotavavat vedet vaikuttavat koko saaren vesitaseeseen ja mistä vuotovedet ovat 

peräisin. Lasketut vesitaseen komponentit olivat valunta, evapotranspiraatio, virtaus 

mereen kallioperän kautta ja suotauma Korvensuon altaasta. 

 

ONKALOn vuotovedet alentavat pohjavedenpinnan korkeuksia erityisesti vähäsateisina 

vuosina, jolloin sadanta on pienempi kuin pitkän ajan keskiarvo 550 mm a
-1

. 

Mallitulosten mukaan pohjavedenpinta voi olla ONKALOn ympäristössä lyhyt-

aikaisesti merenpinnan tason alapuolella jos vuotovesien määrä on 180 l/min tai 

suurempi. Tätä pienemmillä kokonaisvuotomäärillä pohjavedenpinta pysyy merenpin-

nan yläpuolella. Laskelmien mukaan saaren sisäosiin muodostuu sisäiset vedenjakajat, 

jotka estävät sen että merivesi ei pääse tunkeutumaan ONKALOon pintavesien kautta.  

 

Olkiluodon pintahydrologian mallista laadittiin yksityiskohtainen versio suotaumako-

keen tulosten analysointia varten. Mallia laadittaessa käytettävissä oli tiedot vain 

tärkeimpien hyvin vettä johtavien HZ-vyöhykkeiden sijainnista ja ominaisuuksista. 

Painekorkeushavaintojen ja tulkittujen painevasteiden analyysin mukaan suotauma-

kokeen alueella on merkittäviä paikallisia hydraulisia yhteyksiä pumppausreiän OL-

KR14 ympäristössä.  Paikallisten yhteyksien tärkeys osoitettiin lisäämällä malliin pieni 

vyöhyke HZInf, joka yhdistää vyöhykkeet HZ19A, HZ19C, kairanreiän OL-KR14 ja 

putket OL-PP66, OL-PP68 ja OL-PP69. Jatkomallinnuksissa on tarpeen kuvata 

paikalliset hydrauliset yhteydet tarkemmin.  

 

Olkiluodon saarella on mitattu virtaamaa manuaalisesti neljän mittapadon avulla 

vuodesta 2003 lähtien. Vanhat V-aukkoiset padot korvattiin huhtikuussa 2008 tallen-

tavilla mittausasemilla OL-MP1–OL-MP4. Mittausasemien luotettavuuden arviointiin 

käytettyjen neljän kriteerin perusteella kaikki asemat antavat hyviä tuloksia suurimman 

osan ajasta. Olkiluodon pintahydrologian mallilla laskettiin valunta niille neljälle 

pienelle valuma-alueelle, joiden virtaamaa mitataan. Tulosten mukaan mallin laskemat 

kumulatiiviset valunnat olivat hyvin lähellä vastaavia mitattuja arvoja. Malli kuitenkin 

aliarvioi valunnan määrän lumettomana aikana ja yliarvioi talvikausien valunnan.  

Mallin laskemat valuntahuiput olivat jonkin verran mitattuja pienemmät. Tämä johtuu 

todennäköisesti siitä, että lähtötietona annettava uomaverkosto ei kata kaikkia pieniä 

ojia ja puroja, jotka kuljettavat veden nopeasti valuma-alueelta mittapadoille. Toinen 

mahdollinen selitys on se, että malli ei kuvaa erityyppisten oikovirtausten (juurikanavat, 

madonreiät ym.) vaikutusta riittävän hyvin.  

 

Avainsanat: Hydrologia, vesitase,  infiltraatio, suotauma, pohjavesi,  ruhjevyöhyke, 

valunta, virtaama. 
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1  INTRODUCTION 

1.1  Background 
  

Posiva Oy (Posiva) is responsible for implementing a final disposal program for spent 

nuclear fuel from the five Finnish nuclear power reactors. The spent nuclear fuel is 

planned to be disposed of in a KBS-3 type of repository to be constructed at a depth of 

about 400 meters in the crystalline bedrock at the Olkiluoto site. The Finnish Parliament 

ratified in 2001 the Government’s favorable Decision in Principle on Posiva’s 

application to locate a repository at Olkiluoto. The suitability of the Olkiluoto site for a 

spent fuel repository has been investigated for about twenty years by means of ground 

and air-based methods and shallow and deep drillholes. Moreover, several type of 

simulations have been developed to generalize the results obtained from the research  

programme.   

 

In July 2004 Posiva began to construct an underground rock characterization facility 

called ONKALO, which will reach the repository level in summer 2010. The 

construction of ONKALO and the subsequent construction of the repository will affect 

the surrounding rock mass and the groundwater flow system. It will also affect the 

chemical environment, not only on the surface but also, and to a greater extent, at depth. 

While many of these changes may be reversible, some may be only partially reversible 

and some irreversible. In order to determine the magnitude and extent of such effects, a 

monitoring system has been set up to measure the resulting changes in hydrology 

(Vaittinen at al. 2008, 2009a), in hydrogeochemistry (Pitkänen et al. 2008a, 2009) and 

in environment (Haapanen 2008, 2009). Moreover, a summary of the observations and 

measurements is reported annually for rock mechanics and foreign materials.   

 

A three-year infiltration experiment to investigate potential changes in pH and redox 

conditions, and in buffering capacity as well as the hydrogeochemical processes related 

to groundwater infiltration was designed for implementation in the vicinity of 

ONKALO  (Pitkänen et al. 2008b). The idea is to monitor the major infiltration flow 

path from the ground surface into the upper part of ONKALO at about 50 to 100 m 

depth depending on the observations made during the experiment.  In addition to the 

geochemical targets, the experiment can be used in hydrological modelling to 

investigate the process of infiltration. The experiment makes it possible to extend the 

understanding of hydrogeology in the upper part of the bedrock, which will also help in 

future predictions.   

 

Olkiluoto surface hydrological model (Karvonen 2008 and 2009a, 2009b) is a tool that 

can be used to study the water balance components at the Olkiluoto site, compute 

vertical and horizontal water fluxes in the overburden soil and in shallow bedrock and 

to evaluate the effect of ONKALO and pumping on groundwater level in overburden 

soils and in shallow bedrock drillholes.  The model links unsaturated and saturated soil 

water in the overburden and groundwater in bedrock into one continuous pressure 

system. Flux at the interface between overburden and bedrock can be calculated since 

the location of the first bedrock node in the vertical direction can be obtained from 

bedrock elevation data.   
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1.2  Scope of the present study 
 

The evaluation programme for ONKALO leakage waters – WARVI-group – was 

established during 2008. During year 2009 the specific goal of the WARVI-group was 

to update the limits for the allowed leakage into ONKALO.  The criteria used to define 

the limits for leakage were changes in groundwater level in overburden soils and 

hydraulic heads in the bedrock and influence of leakage to ONKALO tunnels on 

upconing of saline water (Rämä 2010).  The first specific goal of the present study is 

related to estimation of the effects of leakages into ONKALO on groundwater level and 

hydraulic head in the shallow bedrock.  Results are given in Chapter 3. 

 

The surface hydrological model described by Karvonen (2008 and 2009a) is a site scale 

model which computes water fluxes for the whole Olkiluoto Island. The second aim of 

this study is to develop a more detailed version of the model for the area around the 

infiltration experiment (see Chapter 4).  The analysis of hydraulic responses has shown 

that there are local hydraulic connections between different areas around the pumping 

hole (OL-KR14) of the infiltration experiment (Ahokas et al. 2010a, b).  The inclusion 

of these local connections can be done by treating the hydrogeological zones as thin 

plates located in 3D space.  In this method zones are included in the model as explicit 

structures and water exchange between rock matrix and fracture zones is calculated. 

This method was earlier presented by Karvonen (2009a) and the third specific goal of 

this study is to improve the model in such a way that no additional parameters are 

needed in solving the water exchange between bedrock system and fracture zones.    

 

The code verification of the algorithm that calculates infiltration and water flow in 

unsaturated-saturated media has not been shown in the previous reports related to the 

Olkiluoto surface hydrological model (Karvonen 2008 and 2009a).  The fourth goal of 

this study is to compare the numerical solution of the Richards’s equation and suitable 

analytical solutions. The results are shown in Appendix B. The code verification of the 

new method for treating the hydrogeological zones is also given in Appendix B.  

 

Runoff has been measured manually in four measuring weirs OL-MP1–OL-MP4 since 

March 2003.  The old V-shaped measuring weirs were replaced by new automatic weirs 

in April 2008 (Haapanen 2009). The fifth goal of this study is to analyze the results 

obtained from the new weirs and compare them with the previous manual data.   

Moreover, the reliability of the new automatic weirs will be discussed in Chapter 5.    
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2  MATERIAL AND METHODS 

2.1  Influence of ONKALO 
 

The hydrological monitoring programme consists of the following parameters: 

groundwater level, hydraulic head, flow conditions in open drillholes, cross drillhole 

flow, hydraulic conductivity, groundwater salinity (in situ EC), precipitation (including 

snow), sea water level, surface flow (runoff), infiltration, ground frost, leakages in 

tunnels, water balance in the tunnel system and in the Korvensuo reservoir (Vaittinen et 

al. 2009a). 

 

According to observations from observation tubes in the overburden and shallow holes 

in the bedrock, the construction of ONKALO has not caused any identifiable changes to 

groundwater level. However, observation tubes and shallow bedrock holes indicating 

possible long-term decrease of groundwater level will in particular be followed. Such 

observation tubes are OL-PVP17 and OL-PVP18 located close to ONKALO, shallow 

holes OL-PR2 and OL-L1 possibly having a local connection to hydrogeological zone 

HZ20A, and OL-L8 (Vaittinen at al. 2008, 2009a).  

 

The effects on head deeper in the bedrock have been both short-term and long-term and 

in 2008 these were mostly connected to excavation of the tunnel through the HZ20 

zones. In most cases, short-term changes have been caused by temporary leakages due 

to the probe holes and grouting holes drilled from ONKALO. In other drillholes except 

packed-off sections connected to the HZ20 system, long-term changes i.e. decrease in 

pressure heads near ONKALO have remained on the same order of magnitude, around 1 

m, as a year ago. Head decrease in the HZ20 system varies up to 9 m (at al. 2008, 

2009a).  

 

Measured cumulative leakages of permanent measuring weirs and total leakage (total 

inflow) are shown in Vaittinen et al. (2008, 2009a and 2010b). Cumulative flows in 

measuring weirs down to ONK-MPL3003 have been rather stabile since the measuring 

was started, except a period from autumn 2006 to autumn 2007 when different kinds of 

leakages from shaft grouting holes caused extra leakage to all measuring weirs and total 

leakage. Excavation of the access tunnel through the hydro-geological HZ20 zones and 

grouting of the shafts ONK-KU2 and ONK-KU1 through the same zones have 

increased the total inflow into the ONKALO from 20–23 l/min up to 30–35 l/min since 

autumn 2008. Cumulative flows above the HZ20 zones have maintained approximately 

the same level till the end of 2009. 

  

Leakages between permanent weirs in 2009 are shown in Figure 3-11 in Vaittinen et al. 

(2010b). Leakage between access tunnel chainages 0–208 m has stabilised to c 2 l/min. 

Between chainages 208–580 m leakage increased from c 8 l/min up to c 10 l/min for the 

period of Feb–Jul 2009. Since Aug 2009 leakage has been back again c 8 l/min. 

Leakage between chainages 580–1255 m represents mostly hydrogeological zones 

HZ19A and HZ19C. Leakage has increased from c 6 l/min in 2008 up to 7–9 l/min in 

2009 possibly due to raise boring of the topmost part of shaft ONK-KU3 during spring 

2009. Leakages between zones HZ19C and HZ20A is c 1 l/min between chainages 
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1255–1970 m and c 2 l/min between chainages 1970-3003 m. Leakage between 

chainages 3003–3125 m has had large variation due to inflow through grouting holes 

drilled within shafts ONK-KU2 and ONK-KU1 from the level of -290 m through the 

HZ20 zones. The HZ20 zones are located between access tunnel chainages 3125–3356 

m where leakage seems to be stabilised to the inflow of 6–7 l/min. Leakage from shaft 

KU2 between +10 to -90 m has been c 2 l/min since the monitoring started in 2008 

(Vaittinen et al. 2010b). 

 

The results from ground surface based monitoring campaign in 2008 show first time 

indications of changes in groundwater compositions, which are caused either by 

ONKALO and/or investigation activities close to ONKALO (Pitkänen et al. 2009). 

These changes are observed in the upper part of the hydrogeological zone HZ19, 

actually in its A-part. It seems that water from Korvensuo reservoir has infiltrated and 

diluted groundwater in this zone between ONKALO and Korvensuo reservoir, but 

dilution is also observed on the south of ONKALO in drillhole OL-KR29.  

 

2.2  Infiltration experiment  
 

The primary goals of the infiltration experiment started in the beginning of December 

2008 are to investigate potential changes in pH and redox conditions, and in buffering 

capacity as well as the hydrogeochemical processes related to groundwater infiltration. 

The idea is to monitor the major infiltration flow path from the ground surface into the 

upper part of ONKALO at about 50 to 100 m depth depending on the observations 

made during the experiment. The geochemical evolution of the groundwater is strongly 

affected by infiltration from the surface. In natural conditions in Olkiluoto most of the 

geochemical reactions occur along the first few tens of metres of the flow path, in an 

interface between anaerobic and aerobic conditions. The dissolved aggressive agents, 

CO2 and O2, of the infiltrating water are consumed and the hydrogeochemistry stabilises 

on neutral and anaerobic conditions due to weathering processes. As a consequence of 

this evolution, reaction fronts are formed in the flow channels between acid-neutral and 

aerobic-anaerobic interfaces. The construction of ONKALO may, however, increase the 

hydraulic gradient and flow into bedrock, which can move these fronts to deeper depths 

and decrease the buffering capacity of the rock fractures against surficial water 

infiltration (Pitkänen et al. 2008b).  The results of the infiltration experiment will also 

help in verifying the parameterization of the infiltration process of the Olkiluoto surface 

hydrological model.  

 

Infiltration experiment was set up in the area of deep drillholes OL-KR14–OL-KR18. 

The pumping started in OL-KR14 from packed-off section at depth 13-18.2 m in 

December 9, 2008. Pumping depth was chosen so that it is at least in connection with 

HZ19C system. The pumping rate was set to 2.8 l/min. A map of infiltration experiment 

area with intersections of HZ19A and C is given in Figure 2-1 (Ahokas et al. 2010a).  

 

The surface monitoring network of the experiment was enlarged with nine new 

groundwater observation tubes (OL-PVP21-29), four shallow drillholes (OL-PP66-69) 

and nine plate type lysimeters (LP01-09).  Lysimeters were located at different depths 

both close to soil surface and at deeper depths. The hydrogeological (groundwater table 
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level and flow conditions with Posiva Flow log and crosshole mesurements), 

hydrogeocemical and microbiological baseline of groundwater from groundwater 

observation tubes and shallow drillholes were measured before test started and results 

are reported in Ahokas et al. (2010a).   

 

Measured data from the infiltration experiment were available from the start of the 

experiment in December 2008 to the end of August in 2009.  The measurement period 

is still very short and only preliminary modelling results can be given in this report.  

Moreover, the detailed data from the local hydrogeological connections between the 

major zones HZ19A and HZ19C was not yet available and the Olkiluoto surface 

hydrological model needs to be updated during 2010 with the information of local 

hydraulic connections. 

 

 
 

Figure 2-1. A map of infiltration experiment area with intersections of HZ19A and C 

(adapted from Ahokas et al. 2010a). 

 

2.3  Discharge measurements  
 

Discharge has been measured manually in four measuring weirs since March 2003. The 

locations of the measuring weirs are shown in Fig. 2-2a. The old V-shaped measuring 

weirs were replaced by new automatic weirs in early 2008. The new measuring weirs 

have produced data since the following dates: OL-MP1–OL-MP3 April 26, and OL-

MP4 April 28, 2008 (Haapanen 2009). 

 

The automatic weirs measure discharge in unit volume over time (l s
-1

) and amount of 

water flowing through the measurement station is also dependent on the catchment area 

above the weir.  Therefore, it is necessary to convert measured discharge into runoff 
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(mm d
-1

) so that it is in the same unit as precipitation.  The presentation of the weir 

measurement results in mm d
-1

 makes it possible to evaluate the estimate of the runoff 

component of the total water balance of the Olkiluoto Island and to evaluate the 

reliability of the weir measurements.  The catchment areas (drainage basins) of the 

Olkiluoto Island shown in Figure 2-2b are used to convert discharge into runoff.   

 

 

 

Figure 2-2. a ) Locations of measuring weirs OL-MP1–OL-MP4 (upper graph). b) 

Drainage basins and ditches at Olkiluoto (Karvonen 2008).  Map layouts by Jani 

Helin/Posiva Oy (adapted from Haapanen 2009). 
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2.4  Treatment of the hydrogeological zones  
 

Olkiluoto surface hydrological model includes three different options for estimating the 

influence of hydrogeological zones on water flow in the bedrock system. The three 

methods – options – will be briefly described in this section.  The selection of the 

method used depends on the temporal and spatial scale of the problem under 

consideration.   

 

Method 1 

 

In the first option hydraulic head in the rock matrix and in the fracture zones is the same 

at certain grid cell which simplifies the solution: there is only one head variable to be 

solved for each grid cell.  Transmissivities of the fracture zones have been measured 

(e.g. Posiva 2009) and in this option T-values have to be converted into equivalent 

hydraulic conductivity values in the cells which are intersected by the hydrogeological 

zones. This is carried out by dividing T-values with the thickness of the zones and 

taking into account the length of the intersection line of grid cell and HZ-zone in x-, y- 

and z-direction, respectively. 

 

This approach works well in steady-state and in near steady-state situations when 

calculating long term average recharge rates and influence of continuous leakage to 

ONKALO (Karvonen 2008 and 2009a). However, method 1 cannot handle properly 

local influence of pumping from wells as shown be the modelling results of the 

infiltration experiment (Ahokas et al. 2010a). Moreover, measured hydrogeological 

responses to various field activities strongly suggested that HZ-zones can transmit the 

pressure effect very fast even to 1 km distance from the location of the pumping well 

(Vaittinen et al. 2010a).  It is uncertain if this type of fast response can be handled with 

the option 1 of the surface hydrological model and therefore two other approaches are 

available. 

 

Method 2 

 

In method 2 it is assumed that pressure heads in the rock matrix and fracture zones are 

not the same, i.e. there is a small difference between these pressure heads inside each 

grid cell.  If hydraulic head in the matrix, Hm, is higher than hydraulic head in the 

fractures, Hf, there will be a small flow from matrix to the fractures. If Hf is greater than 

Hm water will flow from HZ-zones to the matrix.  In method 2 there are two pressure 

head values that need to be computed at the same time in each grid cell. The equations 

to be solved are given in Appendix B in Eq. (B-1).  So far option 2 has been tested only 

in the overburden soils to model the influence of macro pores on subsurface flow but it 

has not yet been used in the bedrock system.  It is likely that also in future applications 

method 2 will be used in modelling of the effect of bypass flows on water and 

radionuclide movement in overburden soils and influence of fracture zones will be 

modelled using either option 1 or option 3.  
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Method 3 

 

Hydrogeological zones are thin plates located in 3-D space (see Figure 2-3) and a more 

realistic way to treat them in the model is to include them as explicit structures and 

calculate water flow in these zones using finite element method. Moreover, water 

exchange between rock matrix and fracture zones needs to be calculated. This option 

was  

earlier presented by Karvonen (2009) and in this study the method has been improved in 

such a way that no additional parameters are needed in solving the water exchange 

between bedrock system and fracture zones. The basic principle of the interaction of 

fracture zone and rock matrix is given in Fig. 2-4.  

 

Flow in fracture zones can be computed by solving the groundwater flow equation for 

confined leaky aquifer (see Equation (B-11) in Appendix B).  The partial differential 

equation is solved with a finite element method using triangular elements.  The code 

verification of the finite element model for solving the flow in confined leaky aquifer is 

also given in Appendix B.  

 

Each triangle of the fracture flow model is in contact with the rock matrix.  Water 

exchange between rock matrix and fracture zone depends on the hydraulic head 

difference between matrix and fracture zone and on hydraulic conductivities and 

distances between computational nodes of the bedrock matrix and fracture zone. Flux 

QEXCH (m
3
 s

-1
) between matrix and hydrogeological zone is computed for each element 

from (see also Fig. 2-5): 

 

21 LL

HH
AKQ

mf

fEXCHEXCH       (2-1) 

 

where Hm is hydraulic head in the bedrock (m), Hf is hydraulic head in the fracture zone 

(m), KEXCH is weighted hydraulic conductivity when computing exchange of water 

between bedrock matrix and hydrogeological zone (m/s), Af is surface area of finite 

element (m
2
), L1 is half of the thickness of the hydrogeological zone (=Df), 2Df is the 

thickness of the hydrogeological zone (m), L2 is distance from 3-D matrix node to 

interface point of the matrix and fracture zone (m).   
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Figure 2-3.  The triangular finite element network of the hydrogeological zone HZ19C 

and example of flow directions caused by leakage to ONKALO. 

 

 
 

Figure 2-4.  Schematic illustration of the water exchange between rock matrix and 

fracture zone.  Pumping from drillhole creates flow in the fracture zone towards the 

intersection of drillhole and hydrogeological zone.  Water taken from fracture zone will 

be replaced by water flowing from rock matrix and/or overburden soils. 
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Figure 2-5.  Location of computational nodes in the bedrock matrix (A) and fracture 

zone (B).  Flux from point A to point P at the interface must equal the flux from point P 

to B.  L1 is distances from A to P and L2 is distance from P to B. Km is bedrock 

hydraulic conductivity and Kf is hydraulic conductivity in the fracture zone.  

 

New parameters are not needed for calculation of the interaction term between matrix 

and fracture zones if KEXCH is selected in such a way that flux is continuous between the 

bedrock nodes and fracture zone nodes (see also Fig. 2-5): 
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where Km is the hydraulic conductivity of the bedrock (m/s), Kf is the hydraulic 

conductivity of the hydrogeological zone (m/s), (= Tf/(2Df)), Tf is the transmissivity of 

the hydrogeological zone (m
2
/s) and HP is the hydraulic head at interface. HP can be 

eliminated from the Eq. (2-2) and need not be computed explicitly. Hydraulic 

conductivity KEXCH can be solved by eliminating HP from Eqs. (2-2). This will give Eq. 

(2-3) that can be used to compute the weighted hydraulic conductivity between bedrock 

and fracture zone: 
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The specific leakage term L needed in the confined aquifer equation (B-11) given in 

Appendix B can be computed from Eq. (2-4): 
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The unit of the specific leakage L is s
-1

 (d
-1

). No new parameters are needed for 

computing the elementwise value for L since distances L1 and L2 of Eq. (2-3) can be 

computed from the geometries of the 3-D matrix grid and the 2-D finite element grid 

and Km and Kf have to be defined always as input data.  

 

Development of method 3 can be motivated by the fact that hydrogeological zones can 

transmit the pressure effect very fast over long distances.  Moreover, flow velocity in 

the hydrogeological zones will be much higher than in the matrix and explicit treatment 

of HZ-zones simplifies the particle tracking approach.  The third benefit of method 3 is 

that the model can compute the water exchange term given by Eq. (2-1) separately for 

all elements of the fracture flow model. In this way it is possible to calculate the 

direction and magnitude of flow between rock matrix and hydrogeological zone at 

different depths.  This information can in turn be used to identify the origin of water 

flowing to ONKALO through the hydrogeological zones and also the vertical 

distribution of this water.     
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3  PREDICTION OF LONG-TERM INFLUENCE OF ONKALO ON WATER 
 BALANCE AND PRESSURE HEADS  

3.1  Introduction 
 

During the year 2009 the specific goal of the WARVI-group was to update the limits for 

the allowed leakages into ONKALO. The Olkiluoto surface hydrological model  

(Karvonen 2008, 2009a) was used to compute the influence of various leakage scenarios 

on changes in groundwater level in overburden soils and hydraulic heads in the bedrock.   

Moreover, the model can be used to estimate the effect of ONKALO leakages on water 

balance components of the Olkiluoto Island (runoff, evapotranspiration, discharge to the 

sea area through the bedrock and discharge from the Korvensuo reservoir) and on the 

thickness and area of unsaturated bedrock layer.   

 

In the previous version of the model input data for ONKALO leakage was given only 

for tunnels. During this study the model was modified in such a way that it is possible to 

define leakage data to the shafts. Moreover, individual leakage terms can be defined for 

any location along the tunnel (e.g. intersection of tunnel with hydrogeological zones).  

 

Long-term effect of ONKALO was computed in a multi-grid system, which is based on 

the idea that the coarser primary grid is calculated first and it provides boundary 

conditions for the fsecondary grid: the pressure head along the boundary of the finer 

grid is interpolated from the results of the coarser grid. The locations of the primary and 

secondary grids are shown in Fig. 3-1.  The primary grid has 120x65x20 cells and the 

area of one computational node is 45x45 m
2
.  The area of one node of the secondary 

grid is 10x10 m
2
 (114x63x15 cells).   

 

Dynamic (transient) computation was used in estimating the influence of ONKALO on 

water balance components and hydraulic heads in overburden and in shallow bedrock.  

In this way it is possible to evaluate the effect of ONKALO both on dry and wet years. 

The previous simulation results carried out with the Olkiluoto surface hydrological 

model have shown that ONKALO has a temporal effect on groundwater level in the 

overburden during periods when supply (rainfall or snowmelt) to overburden is low but 

influence of water leaking to ONKALO disappears almost totally after a rainy period 

(Karvonen 2009a).  These results were calculated using 20-30 l/min as leakage into 

ONKALO. 
 

The starting day of the computations was 01.10.2004, i.e. is a few months before the 

construction of ONKALO started. In most of the cases the last day of computation was 

at the end of year 2020 when according to model results the effect of ONKALO has 

reached its full extension.  In some reference cases the computation was continued to 

the end of year 2040. Measured values for meteorological data and leakage into 

ONKALO were used to the of year 2008. During the rest of the computational years 

meteorological data were taken from the 16 year records (1993-2008) collected on the 

Olkiluoto Island with the exception that the three-year dry period was continued with 

one additional dry year.  The four-year period with exceptionally low precipitation rate 

was placed in the computation into years 2016-2019 (and 2032-2035 if longer period 

was computed).  
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Figure 3-1. The locations of the primary and secondary computational grids used in the 

estimation of the effect of ONKALO on water balance and hydraulic heads in 

overburden layers and in shallow bedrock. ONKALO layout is shown in the graph.  

  

 

The average precipitation of the period of four dry years was 440 mm a
-1

, which is 

much smaller than the mean annual precipitation on the Olkiluoto Island (550 mm a
-1

).  

According to the statistical analysis the recurrence interval of the four-year dry period is 

around 200 years.  The influence of ONKALO is biggest during dry periods and 

therefore it is important to use a meteorological data set that includes several 

consecutive years with low precipitation.  

 

3.2  Computational cases and leakage scenarios 
 

Computations were done for 13 different leakage combinations (Table 3-1).  Total 

leakages into ONKALO varied between 44 and 400 l/min.  Leakage 44 l/min represents 

a minimum scenario where leakages into tunnel are 30 l/min and into shafts 14 l/min.  

In other scenarios the leakage rates were defined separately for tunnel, shafts and single 

leakage points. Leakages into tunnel varied between 30 and 110 l/min, inflow from 

shafts into ONKALO was between 14 and 110 l/min and leakage from single points 

varied between 0 and 200 l/min in different scenarios.  

 

The ONKALO shafts have intersection points with five hydrogeological zones: HZ19A, 

HZ19C, HZ19B, HZ20A and HZ20B.  Moreover, it was assumed that the bedrock 

between the fracture zones contributes also to leakages from shafts.  Two different 

options were used to locate the inflow from shafts.  In option A) the amount of water 

taken from zones HZ19A, B and C  was the present measured value 7 l/min and the rest 

was divided between HZ20A and B and bedrock in relation to their ability to conduct 
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water. In option B) water was taken from all five zones and bedrock in relation to their 

capacity to transmit water.  Option A) represents the case that leakage from shafts is not 

increased from their present values in intersection points with zones HZ19A, B and C.  

Option B) corresponds to a scenario where the grouting of well-conducting zones 

HZ19A and C would start to leak during future years.    

 

 

Table 3-1.  Total leakages into ONKALO (l/min) for different scenarios. Leakages were 

defined separately for the tunnel, shafts and single leakage points. 

 

Leakage scenario Total leakage l/min Tunnel l/min Shafts l/min 

Single leakage 

points l/min 

ONK_Basic 44 30 14 0 

ONK_90 90 60 30 0 

ONK_100 100 30 70 0 

ONK_120 120 60 40 20 

ONK_140 140 40 100 0 

ONK_180 180 50 70 60 

ONK_200 200 80 70 50 

ONK_210 210 70 140 0 

ONK_220 220 110 110 0 

ONK_240 240 100 70 70 

ONK_280 280 70 110 100 

ONK_320 320 70 70 180 

ONK_400 400 100 100 200 

 

 

The water conducting capacity of the bedrock 

 

The results of the Olkiluoto surface hydrological model indicate that the bedrock is 

transport limited before the construction of ONKALO started (Karvonen 2008, 2009a). 

ONKALO changes the conditions in such a way that the hydraulic gradient will be 

increased and transport distance from overburden layers to ONKALO is much shorter 

compared to distance to the sea.  Therefore, the transport capacity of the bedrock will be 

increased.  The computations carried out with the deep hydrogeological model FEFTRA 

show that inflow to ONKALO could be around 1 100 l/min if grouting was not done at 

all (Löfman ja Mészáros 2005). The corresponding value computed with the COMSOL-

Multiphysics program was around 2 000 l/min (Rämä 2010). The difference between 

the two maximum inflow values can be mainly explained by slightly different 

transmissivity values for the hydrogeological zones. Moreover, the layout of ONKALO 

was not the same in these model applications.  The results of Löfman and Mészáros 

(2005) and Rämä (2010) indicate that the transport capacity of the bedrock system in 

Olkiluoto is much bigger than the maximum leakage rate 400 l/min and therefore it is 

reasonable to give leakage values shown in Table 3-1 as input data to the surface 

hydrological model and computation will be stable.  
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3.3  Results 
 
3.3.1  Influence of ONKALO on groundwater level in overburden layers 

 

The biggest computed drawdown in overburden groundwater level for different leakage 

scenarios compared to the base case (total leakage 44 l/min) during the dry years 2017–

2020 is shown in Figure 3-2. This is the period with low average precipitation (440 mm 

a
-1

) over four successive years and during these years ONKALO’s effect is at its 

maximum. The results have been given for both shaft leakage options A) and B).  

Drawdown is much bigger for option B) when leakages from shafts is taken from zones 

HZ19A, HZ19B, HZ19C, HZ20A and HZ 20B and bedrock in relation to their capacity 

to transmit water. Option B) indicates that the intersection of ONKALO with the 

hydrogeological zones HZ19A and HZ19C would be leaking much more than in the 

present condition, i.e. the grouting of ONKALO would at least partly be inefficient.  

Effect of ONKALO on groundwater level in the overburden is bigger if inflow into 

ONKALO comes from zones HZ19A and HZ19C, which are at or close to soil surface 

in the north-western side of ONKALO.          

 

According to the results of Figure 3-2 the biggest drawdown is around 7 m for shaft 

leakage option A) when leakages into ONKALO are bigger than 180 l/min.  In the case 

of shaft option B) the maximum drawdown is about 7 m if total leakage to ONKALO is 

140 l/min or more. Biggest estimated drawdown will be much higher than 7 m if total 

leakage values are increased from the above mentioned limits.  

 

Computed drawdown in the overburden groundwater levels compared to the base case 

is shown in Figure 3-3 for two different total leakage values (140 and 280 l/min) for 

shaft leakage option A). Drawdown increases significantly in the areas where 

hydrogeological zones are close to the soil surface.  The biggest drawdown is around 6–

7 m if leakage is 140 l/min and around 11–12 m if total leakage into ONKALO is 280 

l/min. Drawdown is significant also close to the location of the shafts in the southern 

side of the ONKALO.  
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Figure 3-2. The biggest drawdown in the overburden groundwater level (m) for 

different leakage scenarios compared to the base case (total leakage 44 l/min) during 

the period of dry years 2017–2020 when ONKALO’s effect is at its maximum. a) 

Leakages from shafts were taken into account using option A) (upper graph) and b) 

Leakages from shafts were taken from zones HZ19A, HZ19B, HZ19C, HZ20A and HZ 

20B and bedrock in relation to their capacity to transmit water (lower graph).        
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Figure 3-3. Influence of ONKALO on drawdown in the overburden groundwater level 

(m) compared to the base case (total leakage 44 l/min. a) Total leakage 140 l/min 

(upper graph) and b) Total leakage 280 l/min (lower graph). Leakages from shafts were 

taken into account using option A). 
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3.3.2  Influence of ONKALO on thickness of unsaturated layer in bedrock 

 

In addition to the maximum drawdown caused by leakages into ONKALO it is 

important to estimate the thickness and total area of the unsaturated bedrock.  Bedrock 

will be partly unsaturated in the case that computed groundwater level is lower than the 

bedrock elevation.  In natural conditions in Olkiluoto most of the geochemical reactions 

occur along the first few tens of meters of the flow path, in an interface between 

anaerobic and aerobic conditions. The dissolved aggressive agents, CO2 and O2, of the 

infiltrating water are consumed and the hydrogeochemistry stabilizes on neutral and 

anaerobic conditions due to weathering processes. As a consequence of this evolution, 

reaction fronts are formed in the flow channels between acid-neutral and aerobic-

anaerobic interfaces. The construction of ONKALO may, however, increase the 

hydraulic gradient and flow into bedrock, which can move these fronts to deeper depths 

and decrease the buffering capacity of the rock fractures against surficial water 

infiltration (Pitkänen at al. 2008b).  Therefore, it is important to keep the thickness of 

the unsaturated layer of bedrock as low as possible to prevent the decrease in the 

buffering capacity.  

 

The Olkiluoto surface hydrological model computes the elevation of groundwater level 

GWlevel for each computational cell by locating the depth where soil matric potential h is 

zero.  Total hydraulic head H is the sum of matric potential h and elevation of the node 

z.  In unsaturated soil or bedrock h will be negative and h is positive below the 

groundwater table. The thickness of the unsaturated bedrock layer can be computed as 

the remainder GWlevel-ZBedrock where ZBedrock is bedrock elevation. Negative value of the 

remainder indicates conditions when groundwater level is lower than bedrock elevation, 

i.e. the uppermost part of the bedrock is unsaturated.   

 

The maximum thickness of the unsaturated layer is shown in Figure 3-4a for various 

leakage scenarios compared to the base case when total leakage into ONKALO is 44 

l/min. Increase in unsaturated bedrock area (ha) compared to the base case due to 

leakages into ONKALO is given in Figure 3-4b. Leakages from shafts were taken into 

account using option A). Maximum thickness of unsaturated layer is shown in Figure 3-

4a also for the base case when leakages into ONKALO are 44 l/min.  The results given 

in Figure 3-4b show the increase in the total area of unsaturated bedrock areas caused 

by different leakage scenarios.  

 

According to the results shown in Figures 3-4a and 3-4b both the thickness and the area 

of the unsaturated layer increase significantly if total leakage is 180 l/min or more.  If 

leakages into ONKALO are smaller than 180 l/min the thickness of the unsaturated 

bedrock layer is only slightly bigger than in the base case.  The areal extent of the 

unsaturated bedrock layer is biggest in the middle of the the dry period (end of year 

2018 in the graph) and the influence of leakage on the area of unsaturated bedrock layer 

decreases due to normal year 2020 at the end of the computational period (see Figure 3-

4b).  The increase in the area of unsaturated bedrock layers at the end of year 2020 is 

less than 2 ha if total leakage is 140 l/min or less, i.e. influence of ONKALO is almost 

reversible if leakages into ONKALO are below 140 l/min.    
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Influence of leakages into ONKALO on the maximum thickness of the unsaturated 

bedrock layer (minimum value of the remainder GWlevel-ZBedrock, GWlevel is elevation of 

groundwater level and ZBedrock is bedrock elevation) is given in Figure 3-5.  The 

maximum thickness of the unsaturated layer is around 6 m in the vicinity of 

hydrogeological zones HZ19A and HZ19C and around 8 m close to the shafts in the 

case that total leakages into ONKALO are 140 l/min (Figure 3-5a). The remainder 

GWlevel-ZBedrock, is around -11 m if leakages into ONKALO are 280 l/min. Leakages from 

shafts were taken into account using option A). 

 

 

 

 
 

Figure 3-4. a) Influence of leakages into ONKALO on the maximum value of the 

remainder GWlevel-ZBedrock, where GWlevel is elevation of groundwater level and ZBedrock is 

bedrock elevation. Negative value indicates conditions when groundwater level is lower 

than bedrock elevation, i.e. the uppermost part of the bedrock is unsaturated (upper 

graph) and b) Increase in unsaturated bedrock areas (ha) due to leakages into 

ONKALO compared to the base case (lower graph). Leakages from shafts were taken 

into account using option A). 
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Figure 3-5. Influence of leakages into ONKALO on the minimum value of the 

remainder GWlevel-ZBedrock (GWlevel is elevation of groundwater level and ZBedrock is 

bedrock elevation).  Negative value indicates conditions when the uppermost part of the 

bedrock is unsaturated.  a) Total leakage into ONKALO is 140 l/min (upper graph) and 

b) total leakage is 280 l/min (lower graph). Leakages from shafts were taken into 

account using option A). 
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3.3.3  Influence of ONKALO on hydraulic heads in bedrock 

 

The Olkiluoto surface hydrological model is primarily used to compute water balance 

components, water fluxes and hydraulic heads in the overburden layers and in shallow 

bedrock (depth < 50 m).  The lower boundary of the bedrock is at level -550 m but 

influence of salinity is not included in the model.  Influence of upconing on intrusion of 

saline water into ONKALO can be computed using the deep hydrogeological model by 

FEFTRA (Löfman and Mészáros 2005) or COMSOL-Multiphysics (Rämä 2010).   

 

Computed drawdown in hydraulic head in shallow bedrock at level z=-37 m compared 

to the base case (44 l/min) is given in Figure 3-6 for five different leakage rates: 100, 

140, 180, 220 and 280 l/min. The maximum drawdown in hydraulic head in shallow 

bedrock is around 4–4.5 m if the total leakage rate is 100 l/min, about 6 m for inflow 

value 140 l/min, around 9 m if total leakage into ONKALO is 180 l/min, 12 m for 

leakage 220 l/min and almost 16 m for 280 l/min total leakage.   

 

Computed drawdown in hydraulic head in deep bedrock at level z=-400 m compared to 

the base case (44 l/min) is given in Figure 3-7 for the same five different leakage rates 

than in Figure 3-6. The maximum drawdown in hydraulic head in deep bedrock is 

significant, around 110 m, if the total leakage rate is 280 l/min but only about 40 m, if 

leakage into ONKALO is 100 l/min.   

 

At this level the influence of upward flux of saline water due to the sink caused by 

ONKALO is crucial and in WARVI-group these fluxes were computed by the 

COMSOL Multiphysics program (Rämä 2010).  The results of the surface hydrological 

model show that leakages into ONKALO reduce the hydraulic heads in the bedrock 

around the ONKALO so much that upward flux of saline water cannot be avoided, i.e. 

there will be a hydraulic gradient that creates flux towards ONKALO also from deeper 

layers.  
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Figure 3-6. Influence of leakages into ONKALO on drawdown in hydraulic head in 

shallow bedrock at elevation z=-37 m compared to the base case (44 l/min). a) 100 

l/min (upper left), b) 140 l/min (upper right), c) 180 l/min (middle left), d) 220 l/min 

(middle right) and e) 280 l/min (lower left). Leakages from shafts were taken into 

account using option A). 
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Figure 3-7. Influence of leakages into ONKALO on drawdown in hydraulic head in 

deep bedrock at elevation z=-400 m compared to the base case (44 l/min). a) 100 l/min 

(upper left), b) 140 l/min (upper right), c) 180 l/min (middle left), d) 220 l/min (middle 

right) and e) 280 l/min (lower left). Leakages from shafts were taken into account using 

option A). 
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3.3.4  Influence of ONKALO on location of water divides  

 

The influence of leakages into ONKALO on groundwater divides was studied by 

drawing longitudinal cross-section of hydraulic heads along a line that passes ONKALO 

tunnels (see Figure 3-8).  The behaviour of groundwater level in the longitudinal cross-

section provides valuable information on the possibility of sea water intrusion into 

ONKALO tunnels.  

 

 
 

Figure 3-8.  The location of the longitudinal cross-section in the south-north direction.  

 

Longitudinal hydraulic head profile at the depth of 3 m below soil surface in the cross-

section directed from south to north is shown in Figure 3-9 for three time points and 

five different leakage rates: 44, 100, 140, 180 ja 280 l/min.  

 

The uppermost graph in Figure 3-9 shows the head profile at the end of year 2018 when 

the temporal influence of ONKALO is at its maximum.  The time point is at the end of 

the driest year 2018 when precipitation is 410 mm a
-1

.  The middle graph in Figure 3-9 

gives the longitudinal hydraulic head profile at the end of the four-year dry period.  

Hydraulic heads are slightly higher than in the situation at the end of year 2018 since 

precipitation of the last dry year, 2019, is 460 mm a
-1

.      

 

Longitudinal hydraulic head profile at the end of year 2020 is shown in the lowest graph 

of Figure 3-9 after a year with slightly higher precipitation (580 mm a
-1

) than average 

value (550 mm a
-1

). Hydraulic heads are around 2–4 m higher than at the end of year 

2019 indicating that drawdown in groundwater level caused by ONKALO is almost 

reversible if yearly precipitation exceeds the long-term average value 550 mm a
-1

 and 

total leakage into ONKALO is less than 140 l/min.   

 

The results given in Figure 3-9 show that there are local water divides inside the island 

both on the southern and northern side of ONKALO at all time points and for all 

leakage rates.  The local water divides ensure that sea water cannot intrude to ONKALO 

via surface waters.  According to Figure 3-9 hydraulic head falls below zero if leakage 

rate is 180 l/min or more.  The lowest head is around -3 m if total inflow into ONKALO 

is 280 l/min and around zero when leakage is 180 l/min.  Hydraulic head does not go 

below sea level if total leakage into ONKALO is 140 l/min or less. 
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Figure 3-9. Hydraulic head at the depth of 3 m below soil surface in the longitudinal 

cross-section directed from south to north. a) Hydraulic head profile at the end of year 

2018 when the influence of ONKALO is at its maximum (uppermost graph), b) 

Hydraulic head profile at the end of year 2019 after the dry period has ended (middle 

graph) and c) Hydraulic head profile at the end of year 2020 after a year with slightly 

higher precipitation (580 mm a
-1

) than average value (550 mm a
-1

).     
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3.3.5  Influence of ONKALO on water balance components  

 

Construction of ONKALO influences water balance of the Olkiluoto Island.  The long-

term water balances (period 2004–2040) were computed only for leakage rates 44, 140 

and 240 l/min.  The results of the water balance calculations are shown in Table 3-2.  

the average precipitation of the computational period was only 530 mm a
-1

 due to the 

four-year dry period included in the meteorological data set.  

 

Table 3-2. Influence of leakages into ONKALO on water balance components of the 

Olkiluoto Island.  All components have been converted into same unit (mm a
-1

).  

 
 

The results of Table 3-2 show that leakages into ONKALO are only around 0.5–2.6 % 

(2.5–13.7 mm a
-1

) from the total precipitation, which was 530 mm a
-1

 during the 

computational period.  The modelling results indicate that water flowing to ONKALO 

can be explained by reduction in runoff and to some extent also due to increased flux 

from the Korvensuo reservoir.  Inflow to ONKALO increases from 2.5 mm a
-1

 to value 

13.7 mm a
-1

 if leakage grows from 44 l/min to 240 l/min, i.e. the total effect of 

ONKALO is in this case 11.2 mm a
-1

 (13.7–2.5 mm a
-1

). Around 8 mm a
-1

 of the total 

influence of ONKALO comes from change in runoff (from 168 to 160 mm a
-1

) and 

around 2.4 mm a
-1

 due to increased discharge from the Korvensuo reservoir. The rest of 

the water can be explained by small changes in actual evapotranspiration and discharge 

to sea. 

 

Discharge to sea through bedrock and overburden soils is around 3.7 % from the yearly 

precipitation (19–20 mm a
-1

) and ONKALO leakage does not influence this component 

practically at all.  Recharge to bedrock is shown as a reference value and it is around 1 

% (5 mm a
-1

) for leakage rate 44 l/min and around 3 % (16 mm a
-1

) in the case that total 

leakages into ONKALO are 240 l/min.  It needs to be pointed out that this value is the 

average value over the whole island and recharge rates are bigger around the ONKALO 

area.  
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3.4  Conclusions based on the ONKALO leakage scenarios 
 

The most important goals of the computations carried out with the Olkiluoto surface 

hydrological model were to evaluate the effect of leakages into ONKALO on 

groundwater level in overburden soils, hydraulic head in shallow bedrock and estimate 

the water balance components of the Olkiluoto Island as influenced by different leakage 

rates.  The computed results were one criteria used by the WARVI-group in deciding 

the allowed limits for leakages into ONKALO. 

  

The computations were carried out with several leakage scenarios and total leakages 

into ONKALO were divided between tunnels, shafts and single leakage points (e.g. 

from fractures or fracture groups). Two different options were used to locate the inflow 

from shafts.  In option A) the amount of water taken from zones HZ19A, B and C  was 

the present measured value 7 l/min and the rest was divided between HZ20A and B and 

bedrock in relation to their ability to conduct water. In option B) water was taken from 

all five zones and bedrock in relation their capacity to transmit water.   

   

Leakages into ONKALO lower the groundwater table in overburden soils especially 

during those years when precipitation is smaller than the long-term average value 550 

mm a
-1

. According to model results groundwater level can be below sea level if leakage 

rate into ONKALO is 180 l/min or more.  If leakage rate is smaller than 180 l/min 

groundwater level is above sea level all the time also during dry years. The modelling 

results show that there are local water divides inside the island both on the southern and 

northern side of ONKALO at all time points and for all leakage rates. The local water 

divides ensure that sea water cannot intrude to ONKALO via surface waters.   

 

According to the modelling results both the thickness and area of the unsaturated layer 

increase significantly if total leakage is 180 l/min or more.  If leakages into ONKALO 

are smaller than 180 l/min the thickness of the unsaturated bedrock layer is only slightly 

bigger than in the base case (44 l/min).  It seems that the influence of ONKALO is 

reversible if leakages into ONKALO are below 140 l/min and yearly precipitation is 

above the long-term average value 550 mm a
-1

.    

 

Leakages into shafts lower the groundwater level in the overburden soils and hydraulic 

head in the shallow bedrock in the vicinity of the shafts. The total leakage rate, not its 

distribution between tunnels and shafts, is important if shaft leakage is taken into 

account using option A).  This can be seen from Figure 3-2a where the drawdown 

increases if total leakages into ONKALO are increased. In option B) the drawdown is 

bigger if more water is flowing to ONKALO via shafts. The influence of shafts is more 

pronounced if their leakage rate is 70 l/min or more.     
 

The single leakage terms shown in Table 3-1 were located to hydrogeological zones 

HZ20A and HZ20B.  The influence of these leakage terms on groundwater level in 

overburden soils is significant if their magnitude is 100 l/min or more.  
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4   SIMULATION OF THE INFILTRATION EXPERIMENT 

4.1  Introduction 
 

The surface hydrological model version described by Karvonen (2008 and 2009a) is a 

site scale model which computes water fluxes for the whole Olkiluoto Island. A more 

detailed version of the model was developed for the area around the infiltration 

experiment (see section 4.2).  The first predictions of the influence of pumping from 

OL-KR14 on groundwater level and pressure heads in shallow bedrock tubes were 

described in the baseline report by Ahokas et al. (2010a). Ahokas et al. also described 

the experimental setup and results of baseline investigations of the infiltration 

experiment.  Update of hydrogeological structural model of the test area is also given in 

the baseline report.  

 

The modelling results presented in Ahokas et al. (2010a) and briefly repeated here in 

section 4.3 were computed using method 1 for treating the influence of hydrogeological 

zones (see section 2.4).  New computational results given in section 4.4 were carried out 

with method 3.  In this option the influence of hydrogeological zones on hydraulic head 

in shallow bedrock can be taken into account in a more realistic way as compared to the 

method 1.     

 

4.2   Modelling set-up for infiltration experiment 
 

A new version of the Olkiluoto surface hydrological model was developed for the area 

around the infiltration experiment (see Figure 4-1).  The resolution of the computational 

grid is around 40x40 m
2
 for the whole island and 4x4 m

2
 in the denser grid around the 

infiltration experiment.  

 

Local soil surface elevation, bedrock elevation and soil hydraulic conductivity data were 

utilized in constructing the model.  Detailed 3D data of the location of the most 

transmissive hydrogeological zones were available only on site scale.   The analysis of 

hydraulic responses has shown (see Ahokas et al. 2010a and Figure 4-2) that there are 

several local connections between different areas around the pumping hole OL-KR14.  

The most transmissive zones inside the denser grid area are HZ19A and HZ19C (see 

Figure 4-2), which are located much deeper than the pumping depth (13–17 m below 

soil surface). The locations of the local zones were not yet available but in order to 

show the importance of the local responses an additional small hydrogeological zone 

HZInf connecting HZ19A, HZ19C, OL-KR14, OL-PP66, OL-PP68 and OL-PP69 was 

added to the model (see Figure 4-3). Simulation results will be shown in section 4.3 

both with and without this additional local zone. In future studies it is necessary to 

describe the local zones explicitly in the model to allow more realistic flow simulations. 
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Figure 4-1. Computational areas of the Olkiluoto surface hydrological model in flow 

simulations of the infiltration experiment. The larger grid provides boundary conditions 

for the smaller grid around the area of the infiltration experiment.  

 

The overburden hydraulic conductivities were compiled from data shown in Tammisto 

et al. (2005), Tammisto and Lehtinen (2006), Keskitalo and Lindgren (2007) and 

Keskitalo (2008).   The results of the slug-tests carried out in overburden tubes OL-

PVP21–OL-PVP29 (Keskitalo 2009) were used to define the horizontal hydraulic 

conductivities in the infiltration experiment area.  Soil water retention curves were taken 

from Karvonen (2009b).  The parameter values of the soil retention curves and soil 

hydraulic conductivities are given in Appendix A. 

 

Hydraulic conductivities in the bedrock system and in the hydrogeological zones have 

been described in Posiva (2009) and this data were used as such indicating that the 

horizontal hydraulic conductivity in the uppermost 50 m of the bedrock was 10
-7

 m/s 

for the denser grid and vertical conductivity in this layer was 10 times smaller.  The 

surface hydrological model uses the site scale hydrogeological zones defined by 

Vaittinen et al. (2009b).    The transmissivities of the hydrogeological zones were 

2.6·10
-5

 m
2
/s (HZ19A) and 6.3·10

-5
 m

2
/s (HZ19C) (Posiva 2009).  The transmissivity of 

the local additional zone HZInf was assumed to be 6.0·10
-6

 m
2
/s. 

 

Leakage to ONKALO was assumed to be 30 l/min (44 m
3
/d) during the simulation 

period which covered the time 01.10.2008-31.07.2009. Pumping started in December 9, 

2008. Measured meteorological variables were available for the period 01.10-

31.12.2008 and for the year 2009 values from a previous average year were used. 

Precipitation was 550 mm/a, which is the long-term average value at the Olkiluoto site. 

Pumping rate from OL-KR14 was 2.8 l/min during the whole computation period.  

Additional runs were carried out by assuming that there is no pumping.  The simulation 

results are shown as the difference between the no pumping and 2.8 l/min pumping 

cases. 
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Figure 4-2. The location of deterministic zones HZ19A and HZ19C (thick broken lines) 

as modelled in Vaittinen et al. (2009b). The real nature of zone HZ19A as 

conceptualized to “fractures” based on visual fit of oriented fractures with 

transmissivities higher than 1E
-6

 m
2
/s (a) and higher than 1E

-7
 m

2
/s (b) and observed 

hydraulic connections between the OL-PP-holes are shown as thin broken lines 

(adapted from Ahokas et al. 2010a). 



34 

 

 
 

Figure 4-3. Hydrogeological zones HZ19A (blue), HZ19C (green) and additional local 

zone HZInf (brown), which provides connections between HZ19A, HZ19C, OL-KR14, 

OL-PP66, OL-PP68 and OL-PP69.  

 

4.3  Treatment of hydrogeological zones with method 1 
 

The results shown in this section were computed using method 1 for treatment of the 

influence of fracture zones (see section 2.4). In this option  hydraulic head in the rock 

matrix and in the fracture zones is the same at certain grid cell which simplifies the 

solution: there is only one head variable to be solved for each grid cell.   

 

Drawdown of groundwater level 

 

Results of predicted drawdown in overburden groundwater level caused by pumping 

from OL-KR14 are shown in Figure 4-4 for two different cases. In the first case only 

site scale hydrogeological zones HZ19A and HZ19C were included (upper graph) and 

in the other case an additional local zone HZInf was added (lower graph).  The 

drawdown caused by pumping is highest in those areas where zones HZ19A and 

HZ19C intersect the overburden layers. The drawdown is around 0.18–0.23 m when site 

scale zones are included and slightly bigger, 0.2–0.27 m, when influence of the 

additional local zone is taken into account. The local zone HZInf connects HZ19A with 

the pumping hole OL-KR14 and therefore the drawdown in groundwater level is bigger 

in the area where HZ19A is close to soil surface.   

 

The drawdown maps are shown for the summer months when the effect of pumping was 

highest during the one year simulation period.  The maximum drawdown was around 
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0.1 m after autumn rains indicating that influence of pumping on groundwater level is 

seasonal and partly reversible.  The response of drawdown on pumping was relatively 

linear from the beginning of the pumping (December 9, 2008) and maximum value for 

drawdown was reached in August 2009.  

 

The drawdown predicted at the location of the new OL-PVP-tubes (OL-PVP21..OL-

PVP29) is smaller than in those areas where HZ19A and HZ19C intersect the 

overburden layers.  Inclusion of local hydrogeological zones that provide more 

connections between different holes inside the experiment area would probably change 

the estimated drawdown also outside those areas where HZ19A and HZ19C are close to 

soil surface. 

 

 

Drawdown of hydraulic head at pumping level 

 

OL-KR14 was pumped from packed-off section at depth 13–18.2 m. The predicted 

drawdown of hydraulic head at depth of 15 m below soil surface caused by pumping is 

shown in Figure 4-5. The simulated drawdown is very big, around 10 m, if only site 

scale hydrogeological zones are included (Figure 4-5a) and much smaller (around 3.7 

m) if the effect of additional local zone HZInf is included (Figure 4-5b). The local zone 

distributes the effect of pumping on larger areas.   

 

According to model results the response of drawdown of hydraulic head in bedrock on 

pumping is very fast when compared to the drawdown rate in the overburden 

groundwater level.  The fast drawdown period in bedrock lasts only 5–7 weeks and then 

a slow continuous decline in pressure heads takes place.  At this depth the maximum 

drawdown is not reversible and reaches its maximum values shown in Figure 4-5 at the 

end of the simulation period.   

 

Drawdown of hydraulic head at depth 8 m below soil surface 

 

Influence of pumping on drawdown in hydraulic head at depth 8 m below soil surface is 

shown in Figure 4-6.  At this depth the effect of pumping is highest close to the 

pumping hole OL-KR14 if only site scale hydrogeological zones HZ19A and HZ19C 

are included (Figure 4-6a).  The drawdown is almost radial around the pumping hole 

due to the fact that bedrock layer is homogenous and zones HZ19A and HZ19C do not 

intersect bedrock at this depth in the area where pumping takes place.  

 

When additional local zone HZInf is included in the computation the biggest drawdown 

can be seen in the areas which have connection to OL-KR14 along the additional local 

zone and where bedrock is close to soil surface (OL-KR16–OL-KR17).  The local zone 

transmits the effect of pumping horizontally more effectively to areas where overburden 

depths are small.    
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a) 

 
b) 

 
Figure 4-4. Drawdown of overburden groundwater level caused by pumping from OL-

KR14. a) Site scale hydrogeological zones. b) Additional local zone included between 

HZ19A, OL-KR14, OL-PP66, OL-PP68 and OL-PP69. The intersection areas of the 

hydrogeological zones HZ19A and HZ19C with overburden layers are indicated in the 

graph. 
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a) 

 
b) 

 
Figure 4-5. Drawdown of hydraulic head at pumping level (15 m below soil surface) 

caused by pumping from OL-KR14. a) Site scale hydrogeological zones. b) Additional 

local zone included between HZ19A, OL-KR14, OL-PP66, OL-PP68 and OL-PP69. The 

intersection areas of the hydrogeological zones HZ19A and HZ19C with overburden 

layers are indicated in the graph. Note that scale is different in a) and b). 
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a) 

 
b) 

 
Figure 4-6. Drawdown of hydraulic head at 8 m depth below soil surface caused by 

pumping from OL-KR14.  a) Site scale hydrogeological zones. b) Additional local zone 

included between HZ19A, OL-KR14, OL-PP66, OL-PP68 and OL-PP69. The 

intersection areas of the hydrogeological zones HZ19A and HZ19C with overburden 

layers are indicated in the graph. 
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Thickness of unsaturated bedrock layer 

 

The Olkiluoto surface hydrological model calculates the groundwater level by locating 

the elevation where matric potential h is zero (H=h+z, H is total hydraulic head and z is 

elevation).   Matric potential is negative in the unsaturated zone and positive in the 

saturated zone.  The thickness of the unsaturated bedrock areas can be computed as the 

difference GWL-ZB (GWL is elevation of groundwater level and ZB is bedrock elevation).  

Negative value for GWL-ZB indicates those areas where the uppermost part of the 

bedrock is unsaturated allowing e.g. more efficient oxygen diffusion through partly 

open pores. The thickness of the unsaturated bedrock is shown in Figure 4-7 for two 

different times during the computation period: high groundwater level (autumn, upper 

graph) when the thickness of the unsaturated bedrock area is smallest and low 

groundwater level (summer) when the extent of the unsaturated bedrock areas is largest.  

The computations shown in Figure 4-7 were done without the additional local zone.  

The seasonal variation in the difference GWL-ZB is much bigger that the difference 

between the cases with and without the additional local zone.   

 

 

Recharge through overburden-bedrock interface 

 

Computed recharge through the overburden-bedrock interface is shown in Figure 4-8 

for two cases: pumping from OL-KR14 is not included and 2.8 l/min pumping without 

the influence of the additional local zone.  The flux is positive in recharge areas 

(downward flux) and negative in discharge areas (upward flux).  The biggest discharge 

areas are located in the eastern part of the computational area close to the Korvensuo 

reservoir.  The extent of the discharge areas is quite small partly due to relatively small 

elevation changes in the computational area (lowest elevation is around 6 m and highest 

is about 11 m) and partly due to water leaking to ONKALO tunnel. ONKALO 

influences recharge especially in the south-eastern corner of the computational area.   

 

Addition of more detailed local hydrogeological zones is needed in future studies to 

increase the reliability of the recharge/discharge computations.   
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a) 

 
b) 

 
Figure 4-7. Thickness of unsaturated bedrock layer (groundwater level elevation minus 

bedrock elevation; negative values indicate unsaturated bedrock areas). a) Highest 

groundwater level during the simulation period. b) Lowest groundwater level during the 

simulation period. Additional local hydrogeological zone was not included in these 

simulations. The intersection areas of the hydrogeological zones HZ19A and HZ19C 

with overburden layers are indicated in the graph. Note that scale is different in a) and 

b). 
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a) 

 
b) 

 
Figure 4-8. Recharge through overburden-bedrock interface. Negative values indicate 

discharge areas. a) No pumping from OL-KR14. b) 2.8 l/min pumping from OL-KR14.  

Additional local hydrogeological zone was not included in these simulations. The 

intersection areas of the hydrogeological zones HZ19A and HZ19C with overburden 

layers are indicated in the graph. 
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4.4  Treatment of hydrogeological zones with method 3 
 

Modelling of the effect of pumping from OL-KR14 on hydraulic heads in shallow 

bedrock was also carried out using method 3 for treatment of hydrogeological zones 

(see section 2.4).  Application of method 3 can be motivated by the fact that 

hydrogeological zones can transmit the pressure effect fast over long distances.  

Moreover, in option 3 it is possible to compute the water exchange term given by Eq. 

(2-1) separately for all elements of the fracture flow model.   

 

The input data needed in option 3 are the same than in method 1.  In this section results 

from hydraulic heads computed in shallow bedrock holes OL-PP66–OL-PP69 and at 

intersection points of deep drillholes OL-KR10, OL-KR16B and OL-KR17B and the 

hydrogeological zones HZ19A and HZInf will be given.  At this stage only a short 

period after the start of the infiltration experiment was simulated to evaluate the 

applicability of method 3.   

 

Pressure heads in shallow drillholes  

 

Predicted drawdown in shallow bedrock holes after the start of the infiltration 

experiment is given in Figure 4-9 for all the four observation holes OL-PP66..OL-PP69.   

The model overestimates the effect of pumping in drillholes OL-PP66, OL-PP67 and 

OL-PP69 by around 0.4–0.5 m but this is probably due to inaccurate data of the 

hydraulic connections around the pumping drillhole.   The results indicate that with 

method 3 it is possible to simulate the rapid drawdown in hydraulic head in shallow 

bedrock holes after the start of the pumping.   

 

 
 

Figure 4-9.  Predicted drawdown in shallow bedrock holes after the start of the 

infiltration experiment.  Influence of hydrogeological zones were taken into account 

using method 3 as described in section 2.4. 
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Pressure heads in deep drillholes in packed-off sections close to bedrock surface    

 

The pumping started in OL-KR14 from packed-off section at depth 13–18.2 m and 

hydraulic head was monitored also in the near-by deep drillholes at different depths.  

Measured data from drillholes OL-KR10, OL-KR16B and OL-KR17B were available 

for comparison of measured and modeled data from the beginning of the experiment.   

 

Drillholes OL-KR16B and OL-KR17B are located on the north-western side and OL-

KR10 in the south-eastern side of the pumping drillhole OL-KR14 (see Figure 2-1). The 

intersection depths of drillholes OL-KR16B and OL-KR17B and hydrogeological zones 

HZ19A, HZ19C and HZInf are close to the soil surface: at elevation -6..-4 m for zones 

HZ19A and HZInf and at elevation -32..-30 m for zone HZ19C.  The intersection of 

OL-KR10 with zone HZ19A is at elevation -40 m and with zone HZ19C elevation is 

about -70 m. Zone HZInf does not intersect with OL-KR10. 

 

Measured and computed drawdown after the start of the infiltration experiment in deep 

drillholes OL-KR16B and OL-KR17B at two different packed-off sections is shown in 

Figure 4-10. The packed-off sections are at depths 4.5–20 m (L1) and 21–35 m (L2) for 

OL-KR16B and at depths 4.1–10 m (L2) and 11–30 m (L1) for OL-KR17B.  The 

computed values are shown at intersection points of drillholes with zones HZ19A and 

HZInf.  Computed drawdowns are higher than the measures ones but the general trend 

of simulations follows the measured curves.  Moreover, the model predicts the rapid 

drawdown in hydraulic heads after the pumping was started.   

 

Measured and computed drawdown in deep drillhole OL-KR10 is given in Figure 4-11. 

Measured values are from packed-off sections L7 (56–85 m) and L8 (40–55 m) and 

computed values were taken from the intersection point of drillhole OL-KR10 with 

zone HZ19A at elevation -40 m.  The computed drawdown is smaller than the measured 

one indicating that the local hydraulic connections are not well enough described with 

only one local zone HZInf, which does not intersect with OL-KR10.   

 

Water exchange between bedrock and hydrogeological zones  
 

The benefit of method 3 in modelling the effect of hydrogeological zones is that it 

enables the calculation of the direction and magnitude of flow between rock matrix and 

hydrogeological zones at different depths.  This information can be used to identify the 

origin of water flowing to pumping drillhole and to ONKALO through the 

hydrogeological zones and also the vertical distribution of this water.   

 

Influence of leakage into ONKALO and pumping from infiltration experiment on 

vertical distribution of water exchange between the bedrock matrix and the 

hydrogeological zones HZ19A, HZ19B, HZ19C, HZ20A and HZ20B that intersect 

tunnels of ONKALO are shown in Figure 4-12. Moreover, distribution of flux in the 

local zone HZInf is also given. The results given in Figure 4-12 are based on computed 

values at the end of the simulation period.  In future studies it is necessary to calculate 

how the depth distribution of fluxes between matrix and hydrogeological zones will 

change when infiltration experiment has been going on for a longer period. 
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a) 

 
b)  

 
 

Figure 4-10. Measured and computed drawdown after the start of the infiltration 

experiment in deep drillholes OL-KR16B and OL-KR17B at two different packed-off 

sections.  Influence of hydrogeological zones were taken into account using method 3 as 

described in section 2.4. a) Drillhole OL-KR16B (upper graph) at packed-off sections 

L1 (21–35 m) and L2 (4.5–20 m) and b) drillhole OL-KR17B (lower graph) at packed-

off sections L1 (11–30 m) and L2 (4.1–10 m). 
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Figure 4-11. Measured and computed drawdown after the start of the infiltration 

experiment in deep drillhole OL-KR10 at packed-off sections L7 (56–85 m) and L8 (40–

55 m).  Influence of hydrogeological zones were taken into account using method 3 as 

described in section 2.4.  
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Figure 4-12. Influence of leakage into ONKALO and pumping from infiltration 

experiment on vertical distribution of water exchange between the bedrock matrix and 

the hydrogeological zones HZ19A, HZ19B, HZ19C, HZ20A and HZ20B that intersect 

tunnels of ONKALO. Distribution of flux in an additional local zone HZInf connecting 

HZ19A and HZ19C is also given.  
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5  DISCHARGE AND RUNOFF 

5.1  Introduction 
 

Manual discharge measurements were started in four measuring weirs in March 2003.  

Automatic weirs for measuring hourly discharge have been used since late April 2008.  

The automatic weirs measure discharge in unit volume over time (l s
-1

) and it is 

necessary to convert measured discharge into runoff (mm d
-1

 or mm h
-1

) so that it is in 

the same unit than precipitation. The computation of the weir measurement results in 

mm d
-1

 enables the evaluation of the runoff component of the total water balance of the 

Olkiluoto Island.  Moreover, runoff measurements are useful in the estimation of the 

reliability of the weir measurements.   

 

The primary goal of this Chapter is to discuss the reliability of the automatic weir 

measurements. Moreover, Olkiluoto surface hydrological model was used to compute 

the runoff and comparison of measured and computed runoff of the four catchment 

areas is given.   

5.2  Evaluation of reliability of automatic weir measurements 
 

The evaluation of the reliability of the automatic weir measurements was carried out by 

four different methods. For the first, automatic weir results were compared with the 

manual measurements. For the second, average runoff rates were compared with values 

obtained by examining the overall water balance of the Olkiluoto Island. For the third, 

hourly precipitation and runoff measurements were checked visually against each other 

to verify that rainfall pattern produces runoff peaks at correct times. For the fourth, the 

reliability can be evaluated by listing the number of missing data points in the measured 

time series. The period of automatic weir measurements is still very short and the 

reliability of weir measurements needs to be checked after more data will be available. 

 

Comparison of manual and automatic measurements 

 

Catchment areas (km
2
), average and maximum measured discharge Q (l s

-1
), runoff  in 

unit  (l s
-1

 km
-2

) and daily runoff  (mm d
-1

) measured in weirs OL-MP1–OL-MP4 are 

given in Table 5-1 for both manual and automatic weir measurements. The length of the 

manual measurement period is around 4.5 years and automatic weir measurements were 

available from the period 26.04.2008–30.08.2009 for OL-MP1, OL-MP2 and OL-MP3 

and from the period 28.04.2008–25.07.2009 for OL-MP4.   

 

According to Table 5-1 average and maximum runoff rates are higher in the manual 

measurement period compared to the automatic weir measurements. Average runoff for 

manual period varied between 4.85–6.50 l s
-1

 km
-2

 and the corresponding range for the 

automatic period was 4.15–5.28 l s
-1

 km
-2

. The difference between manual and 

automatic is small if we take into account the fact that several snowmelt periods are 

included in the manual period and automatic measurements seem to be reliable based on 

this criteria.    
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Table 5-1.  Catchment area (km
2
), average and maximum measured discharge Q (l s

-1
), 

runoff  q (l s
-1

 km
-2

) and daily runoff  (mm d
-1

) measured in weirs OL-MP1–OL-MP4.  

Results from both manual and automatic weir measurement periods are shown.   

 

 
 

Manual and automatic discharge and runoff rates are shown in Figure 5-1 indicating that 

that peak discharge/runoff rates are of the same magnitude during the manual and 

automatic periods.  An exception is measurement weir OL-MP1 where the maximum 

measured runoff during the automatic period (43.9 l s
-1

 km
-2

) is only around half of the 

maximum value measured during the manual period (88.2 l s
-1

 km
-2

).   

 

Evaluation of reliability based on overall water balance of the island 

 

Evaluation of the reliability of weir measurement results can be done by comparing 

average measured values to runoff rates obtained from overall water balance studies of 

the Olkiluoto Island (see Table 3-2 in this report and Fig. 4-11 in Karvonen 2008). 

Average yearly runoff is around 170 mm a
-1

, which is 5.39 l s
-1

 km
-2

 (0. 47 mm d
-1

).  

The 5 % and 95 % confidence interval for yearly runoff is 125 mm a
-1

 and 210 mm a
-1

, 

respectively. These values correspond to 3.96 l s
-1

 km
-2

 (0.34 mm d
-1

) and 6.65 l s
-1

 km
-2

  

(0.58 mm d
-1

).  Average values measured during the automatic period (4.16–5.28 l s
-1

 

km
-2

  or 0.38–0.46 mm d
-1

 ) are within the 5 % and 95 % confidence limits estimated 

from the water balance of the whole island.    

 

Visual checking of response from rainfall to runoff 

 

Hourly precipitation rates from Olkiluoto Island were drawn in the same graph with 

measured runoff rates for visual checking of the hydrograph caused by rainfall events.   

    

The results for two different snow-free periods are shown in Figure 5-2.  The graphs 

show that major rainfall events increase runoff rates with a delay that is less than 12 
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hours (e.g. late August rainfall event in the upper graph of Figure 5-2).  By examining 

the original data it can be seen that the delay from rainfall to runoff is between 5 and 10 

hours for all measurement weirs OL-MP1–OL-MP4.  The results seem to be consistent 

for all hydrographs caused by rainfall events shown in Figure 5-2.    

 

 

a) Discharge  

 
b) Runoff 

 
 

Figure 5-1.  a) Measured discharge (l s
-1

) in weirs OL-MP1–OL-MP4 (upper graph) 

and b) measured runoff (discharge divided by the catchment area) in unit mm h
-1

. 

Manual measurements indicated by dots and automatic weir measurements by 

continuous lines.  
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Figure 5-2.  Measured precipitation and runoff (mm h
-1

) in weirs OL-MP1–OL-MP4 

during snow-free periods. a) 26.08-09.09.2008 (upper graph) and b) 19.10-08.12.2008 

(lower graph).  

 

The results given in Figure 5-2 showed that runoff peaks come around 5–10 hours after 

rainfall events. Snowmelt periods cause also high runoff rates in Olkiluoto and therefore 

it is useful to consider winter periods separately.  The results from two periods with 

both rainfall and snowmelt are given in Figure 5-3. Precipitation and snowmelt time 

series were computed using the snow sub model included in the Olkiluoto surface 

hydrological model (see Karvonen 2009b). The form of precipitation is determined on 

the basis of the air temperature. Below temperature TL precipitation falls as snow and 

above temperature TU as rain (parameter values shown in Table A-3 in Appendix A). 

Between TL and TU the proportion of snowfall (and rain) is a linear function of the air 

temperature. The high peaks in precipitation and snowmelt data series of rainfall and 

snowmelt are usually smaller than 0.5 mm h
-1

.   

 

The results shown in Figure 5-3 support the results of Figure 5-2:  runoff peaks come 

less than 12 hours later than rainfall and snowmelt peaks. The results of Figure 5-3 

show that the highest runoff rates were caused by rainfall events whereas snowmelt can 
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maintain discharge at reasonably high level (around 0.1 mm h
-1

) for longer periods as 

indicated in the lower graph of Figure 5-3. All the measurements weirs seem to give 

consistent results during the snowmelt period.  In all measurement series the diurnal 

behaviour of snowmelt produced runoff can also be seen (lower graph of Figure 5-3).  

 

 

 

 
 

Figure 5-3.  Measured precipitation and runoff (mm h
-1

) in weirs OL-MP1–OL-MP4 

during snowmelt periods. a) 08.12.2008-20.01.2009 (upper graph) and b) 28.03-

17.04.2009 (lower graph).  

 

An additional example of the lag between rainfall event and runoff is shown in Figure 

5-4. The event causes almost the same type of hydrograph in measurement weirs OL-

MP1, OL-MP3 and OL-MP4 indicating that the automatic stations give reliable results 

if the equipment of the weir is maintained carefully.  Unfortunately weir OL-MP2 did 

not function properly during this event.    
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Figure 5-4.  Measured precipitation and runoff (mm h
-1

) in weirs OL-MP1–OL-MP4 

during 07.05-15.05.2009. Weir OL-MP2 did not function properly during this period. 

 
 

Number of missing data points in the measured time series 
 

Reliability of measurement weirs can be evaluated based on the number of missing data 

points in the measured time series.  The weirs are operating all the time and they should 

provide continuous hourly values for runoff rates.  Number of missing values is a good 

indication of the reliability of the weirs.  Interruption in measurements can be caused by 

several factors (e.g. thunderstorms and peaks in electric network).   

 

The number of the missing data points in the time series of each weir station is given in 

Table 5-2.  The most reliable weirs are OL-MP1 and OL-MP3 where the percentage of 

m issing data points is around 1 % or less.  The fraction of interruptions in continuous 

data sets is highest for station OL-MP2 (11.6 %).  Fortunately most of the missing data 

points coincide with the periods when runoff is zero (summer periods)  but some runoff 

peaks were also missed by the station OL-MP2 (see e.g. Figure 5-4).    

 

Table 5-2.  Number of hours and percentage of missing data (%) in the time series of 

measured runoff for weirs OL-MP1–OL-MP4 during the automatic measurement 

period..  

 
 

Evaluation of reliability of the measurement weirs 
 

The four criteria discussed in this section show that the automatic measurement stations 

give reliable runoff rates during most of the time.  In future it is useful to ensure that the 

continuity of time series will be improved in stations OL-MP2 and OL-MP4.  

Moreover, it is necessary to check if station OL-MP1 measures the peak discharges 

correctly.   
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5.3  Modelling of runoff 
 

Olkiluoto surface hydrological model (Karvonen 2008, 2009a and 2009b) was used to 

compute runoff for the four catchment areas measured by weirs OL-MP1–OL-MP4.  

Coefficient of determination Reff is commonly used to evaluate how well measured and 

computed runoff rates fit with each other. Correlation coefficient R between measured 

and computed values can be computed as the square root of the coefficient of 

determination. Reff. and R can be computed from Eq. (5-1):  

 

      (5-1) 

 

where N is the number of measurements, qM,i is the measured runoff at time i (mm d
-1

), 

qAver is the average measured runoff (mm d
-1

) and qC,i is the computed runoff at time i 

(mm d
-1

).  SM is the variance of measured runoff values multiplied by N-1 and SE is the 

cumulative sum of the square of errors.  Maximum value for Reff is 1.0, which indicates 

perfect fit between measured and computed values, i.e. SE=0.     

 

The results of measured and computed runoff rates is shown In Figures 5-5..5-8 and in 

Table 5-3.  Cumulative computed runoff values were in good agreement with the 

measured cumulative rates but some timing errors can be seen from lower graphs of 

Figures 5-5..5-8. The model predicts slightly too low cumulative runoff during snow-

free periods and overestimates runoff during winter months. The peak values of runoff 

were underestimated (upper graphs in Figures 5-5..5-8) and one explanation for this is 

that the stream network of the model does not include all the small ditches which 

convey runoff rapidly to the measuring weir. Another possible reason for 

underestimation of the highest runoff rates is that the preferential flow paths (fast 

bypass routes like root channels, worm holes) are not properly described in the model.  

Both the ditch network and the description of the preferential flow paths needs to be 

examined in future studies.   

 

The coefficient of determination was highest for weir OL-MP1 (Reff=0.80) and lowest 

value was obtained for weir OL-MP2 (Reff=0.40).  Reff value was reasonably good also 

for weirs OL-MP3 (Reff=0.68) and OL-MP4 (Reff=0.71).  The recalibration of the soil 

water retention curve parameters (see Table A-1) and soil hydraulic conductivity values 

(Table A-2) needs to be carried out when the more runoff data will be available.   
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Table 5-3. Measured and computed cumulative runoff for weirs OL-MP1–OL-MP4 

during the automatic measurement period. Coefficient of determination and correlation 

coefficient computed using Equation (5-1).   
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     a) Daily runoff 

 
b) Cumulative runoff 

 
 

Figure 5-5. Measured and computed daily runoff values for measurement weir OL-

MP1. a) Daily rates (mm d
-1

, upper graph) and b) cumulative values over the 

measurement period (mm, lower graph).  Cumulative values were summed only over the 

time steps when measured values were available. Coefficient of determination Reff = 

0.80 and correlation coefficient R = 0.89.  
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a) Daily runoff 

 
a) Cumulative runoff 

 
 

Figure 5-6.  Measured and computed daily runoff values for measurement weir OL-

MP2. a) Daily rates (mm d
-1

, upper graph) and b) cumulative values over the 

measurement period (mm, lower graph).  Cumulative values were summed only over the 

time steps when measured values were available. Coefficient of determination Reff = 

0.40 and correlation coefficient R = 0.63.  

 

 



57 

 

 

a) Daily runoff 

 
b) Cumulative runoff 

 
 

Figure 5-7.  Measured and computed daily runoff values for measurement weir OL-

MP3. a) Daily rates (mm d
-1

, upper graph) and b) cumulative values over the 

measurement period (mm, lower graph).  Cumulative values were summed only over the 

time steps when measured values were available. Coefficient of determination Reff = 

0.68 and correlation coefficient R = 0.82.  
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a) Daily runoff 

 
b) Cumulative runoff 

 
 

Figure 5-8.  Measured and computed daily runoff values for measurement weir OL-

MP4. a) Daily rates (mm d
-1

, upper graph) and b) cumulative values over the 

measurement period (mm, lower graph).  Cumulative values were summed only over the 

time steps when measured values were available. Coefficient of determination Reff = 

0.71 and correlation coefficient R = 0.84.  
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6 SUMMARY 
 

During year 2009 one specific goal of the Olkiluoto surface hydrological model was to 

compute the influence of various ONKALO leakage scenarios on changes in 

groundwater level in overburden soils and hydraulic heads in the bedrock.  Moreover, 

the model was used to estimate the effect of ONKALO leakages on water balance 

components of the Olkiluoto Island (runoff, evapotranspiration, discharge to the sea 

area through the bedrock and discharge from the Korvensuo reservoir) and on the 

thickness and area of unsaturated bedrock layer. Computations were done for 13 

different leakage combinations and total leakages into ONKALO varied between 44 and 

400 l/min.  Leakages into tunnel varied between 30 and 110 l/min, inflow from shafts 

into ONKALO was between 14 and 110 l/min and leakage from single points varied 

between 0 and 200 l/min in different scenarios.  

 

The ONKALO shafts have intersection points with five hydrogeological zones: HZ19A, 

HZ19C, HZ19B, HZ20A and HZ20B.  Two different options were used to locate the 

inflow from shafts.  In option A) the amount of water taken from zones HZ19A, B and 

C  was the present measured value 7 l/min and the rest was divided between HZ20A 

and B and bedrock in relation to their ability to conduct water. In option B) water was 

taken from all five zones and bedrock in relation their capacity to transmit water.   

 

Leakages into ONKALO lower the groundwater level in overburden soils especially 

during those years when precipitation is smaller than the long-term average value 550 

mm a
-1

. According to model results groundwater level can be below sea level if leakage 

rate into ONKALO is 180 l/min or more.  If leakage rate is smaller than 180 l/min 

groundwater level is above sea level all the time also during dry years. The modelling 

results show that there are local water divides inside the island both on the southern and 

northern side of ONKALO at all time points and for all leakage rates. The local water 

divides ensure that sea water cannot intrude to ONKALO via surface waters.   

 

According to the modelling results both the thickness and the area of the unsaturated 

layer increase significantly if total leakage is 180 l/min or more.  If leakages into 

ONKALO are smaller than 180 l/min the thickness of the unsaturated bedrock layer is 

only slightly bigger than in the base case (44 l/min).  It seems that the influence of 

ONKALO is almost reversible if leakages into ONKALO are below 140 l/min and 

yearly precipitation is above the long-term average value 550 mm a
-1

.    

 

Leakages into shafts lower the groundwater level in the overburden soils and hydraulic 

head in the shallow bedrock in the vicinity of the shafts. The total leakage rate, not its 

distribution between tunnels and shafts, is important if shaft leakage is taken into 

account using option A).  In option B) the drawdown is bigger if more water is flowing 

to ONKALO via shafts. The influence of shafts is more pronounced if their leakage rate 

is 70 l/min or more.     
 

A more detailed version of the Olkiluoto surface hydrological model was developed for 

the area around the infiltration experiment.  Site scale data were available for the 

location of the most transmissive hydrogeological zones.  The analysis of hydraulic 
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responses has shown that there are local connections between different areas around the 

pumping drillhole OL-KR14.  The importance of the local responses was verified by an 

additional small hydrogeological zone HZInf connecting HZ19A, HZ19C, OL-KR14, 

OL-PP66, OL-PP68 and OL-PP69 that was added to the model. In future studies it is 

necessary to describe the local zones explicitly in the model to allow more realistic flow 

simulations. 

 

Hydrogeological zones are thin plates located in 3-D space and one realistic way to treat 

them in the model is to include them as explicit structures and calculate water flow in 

these zones using finite element method.  This enables the computation of water 

exchange between rock matrix and fracture zones.  

 

Predicted drawdown in shallow bedrock holes show that the present model 

overestimates the effect of pumping in drillholes OL-PP66, OL-PP67 and OL-PP69 by 

0.4–0.5 m. This is probably due to inaccurate data of local hydraulic connections around 

the pumping drillhole.  However, the results indicate that it is possible to simulate the 

rapid drawdown in hydraulic head in shallow bedrock holes after the start of the 

pumping using the option where hydrogeological zones are treated as explicit structures 

in the model.   

 

Discharge has been measured manually in four measuring weirs since March 2003. The 

old V-shaped measuring weirs were replaced by new automatic weirs in April 2008. 

The four criteria used to evaluate the reliability of new automatic measurement stations 

indicate that the weirs provide reliable runoff rates during most of the time.  In future it 

is useful to ensure that the continuity of time series will be improved in stations OL-

MP2 and OL-MP4.  Moreover, it is necessary to check if station OL-MP1 measures the 

peak discharges correctly. The period of automatic weir measurements is still very short 

and the reliability of weir measurements needs to be checked after more data will be 

available. 

 

Olkiluoto surface hydrological model was used to compute runoff for the catchment 

areas measured by weirs OL-MP1–OL-MP4. Cumulative computed runoff values were 

in good agreement with the measured cumulative rates but some timing errors were 

observed: the model predicts slightly too low cumulative runoff during snow-free 

periods and overestimates runoff during winter months. The peak values of runoff were 

slightly underestimated and one explanation for this is that the stream network is not yet 

dense enough to include all the small ditches which convey runoff rapidly to the 

measuring weirs. Another possible reason for underestimation of the highest runoff 

rates is that the preferential flow paths (fast bypass routes like root channels, worm 

holes) are not yet properly described in the model.   

 

According to modelling guidelines one essential step in model building is called code 

verification. The methodologies used for code verification include comparing a 

numerical solution with an analytical solution or with a numerical solution from other 

verified codes. In this study the code verification of the 3-D water flow sub model and 

2-D fracture model was carried out by comparing the numerical solutions of the models 

with selected analytical solutions.  The numerical tests show that the models give very 

accurate results if the material properties and boundary conditions are known precisely.   
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APPENDIX A: PARAMETER VALUES 
 

Table A-1.  The parameters of the soil water retention curves of the soil types classified 

on Olkiluoto Island. Saturated water content S, residual water content R, parameters 

 and  of the van Genuchten function. 
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Table A-2. Saturated hydraulic conductivity value (m s
-1

). 
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Table A-3. Parameter Values Of Snow Models. Snow Model Described In Karvonen 

(2009B). 
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APPENDIX B: CODE VERIFICATION OF THE NUMERICAL SOLUTIONS OF 
THE OLKILUOTO SURFACE HYDROLOGICAL MODEL 
 

B.1  Introduction 
 

Models describing water flows, water quality and ecology are being developed and 

applied in increasing number and variety. With the requirements imposed by the EU 

Water Framework Directive the trend in recent years to base water management 

decisions to a larger extent on model studies and to use more sophisticated models is 

likely to be reinforced. Refsgaard and Henriksen (2004) have proposed a framework for 

model quality assurance guidelines, including a consistent terminology and a foundation 

for a methodology bridging the gap between scientific philosophy and pragmatic 

modelling.  

 

According to modelling guidelines suggested by Refsgaard and Henriksen (2004) and 

previously by Oreskes et al. (1994) one essential step in model building is called code 

verification. The ability of a given model code to adequately describe the theory and 

equations defined in the conceptual model by use of numerical algorithms are evaluated 

through the verification of the model code. The methodologies used for code 

verification include comparing a numerical solution with an analytical solution or with a 

numerical solution from other verified codes. For complex codes it is virtually 

impossible to verify that the code is universally accurate and error-free. Therefore, the 

term code verification must be qualified in terms of specified ranges of application and 

corresponding ranges of accuracy.  

 

In this study the code verification of the 3-D water flow sub model and 2-D fracture 

model was carried out by comparing the numerical solutions of the models with selected 

analytical solutions.  An analytical solution gives exact values for hydraulic heads 

and/or soil water content for defined initial and boundary conditions and with known 

soil hydraulic properties.  The drawback of the analytical solutions is that their 

applicability is usually restricted to homogenous soils and simplified boundary 

conditions.  However, analytical solutions are very useful in verifying the numerical 

solutions.   

 

B.2   Soil water balance   
 

Preferential flow in structured media (both macroporous soils and fractured rocks) can be 

described using a variety of dual-porosity, dual-permeability, multi-porosity, and/or multi-

permeability models (Pruess and Wang, 1987; Gerke and van Genuchten, 1993a; Gwo et 

al., 1995; Jarvis, 1998; Simunek et al. 2003).  Dual-porosity and dual-permeability models 

both assume that the porous medium consists of two interacting regions, one associated 

with the inter-aggregate, macropore, or fracture system, and one comprising micropores 

(or intra-aggregate pores) inside soil aggregates or the rock matrix. While dual-porosity 

models assume that water in the matrix is stagnant, dual-permeability models allow for 

water flow in the matrix as well. 
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In Olkiluoto surface hydrological model three different options can be used depending on 

the time and spatial scale under consideration (see Chapter 2 for more details).  All the 

three approaches use numerical solution of the Richards’ equation in computing water flux 

in overburden soil or in rock matrix.  Option 2 solves the Richards equation 

simultaneously both for matrix and macropore or fracture system and this so called dual-

permeability version will be described in detail below.   

 

The dual-permeability approach selected in this study has been suggested by Gerke and 

van Genuchten (1993a, 1996) and Chittanjan et al. (1997) who both applied Richards 

equations to the two pore regions. The flow equations for the fracture (subscript f) and 

matrix (subscript m) pore systems are, respectively, 
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where xi (i=1,3) is the coordinate, t is time, H is total hydraulic head (H=h+x3), h is the 

pressure head (m),  is the water content (m
3
 m

-3
), K is the unsaturated hydraulic 

conductivity function,  S is a sink term (m
3
 m

-3-D-1
), qD is drainage flux term (open ditch 

or subsurface drain) (m
3
 m

-3-D-1
), Γw is the mass transfer function and w is the ratio of 

volumes of the fracture and the total pore systems [-]. Matrix and fracture pore systems 

are coupled with the mass transfer function Γw, and a macroscopic approach suggested 

by Chittanjan et al. (1997) was adopted here:  

 

                 (B-2) 

where αw is the first order mass transfer coefficient to be calibrated.  

 

This dual-permeability approach is relatively complicated since the model requires 

characterization of water retention and hydraulic conductivity functions for both pore 

regions, as well as the mass transfer coefficient for the fracture–matrix interface.  

 

van Genuchten model of soil water retention curve 

 

Van Genuchten (1980) proposed an approximation for the water retention characteristic 

 

    (B-3) 

where h is soil pressure head (soil matric potential), α [m
-1

], β [-] are empirical 

constants and γ = 1 - 1/β. Effective saturation Se of the soil is defined as 

                (B-4) 
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where θ is the volumetric water content of the soil, θs is saturated water content and θr is 

residual water content.. Water content θ can be solved from equations (B-3) and (B-4) 

when the pressure head h is known. Unsaturated hydraulic conductivity K(h) of a soil 

can be described with the product of saturated hydraulic conductivity KS and relative 

hydraulic conductivity KR(h).   

 

                 (B-5) 

 

Approximation of the differential moisture capacity 

 

In solving the governing equation, the differential moisture capacity C of Eq. (B-1) has to 

be evaluated.  Tests with numerical solution methods have shown that non-linear changes 

in C tend to produce mass conservation errors, whereas the non-linear changes in hydraulic 

conductivity mostly affect the internal water distribution (Celia et al. 1990). Karvonen 

(1988) and Celia et al. (1990) have presented algorithms that maintain the water balance of 

the Richards equation.  Here the method suggested by Karvonen (1988) is used. The most 

accurate approximation for C(t+1/2) would be: 
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where  is soil moisture content, h is soil matric potential and t+1 refers to new, unknown 

value and t to known value from the present time step. C(t+1/2) calculated using equation 

(B-6) is the exact approximation which should be used when the change in soil matric 

potential is h(t+1)-h(t) and the corresponding change (t+1)- (t) should be calculated.  

The solution method for using approximation given in Eq. (B-6) can be summarized as 

follows: 

1° At the beginning of each time step an explicit approximation of the change in water 

content is calculated for the first nodal point and for other nodes initial estimate can be the 

value taken from the previous time step. An estimate of the soil moisture content of each 

nodal point can be obtained, denoted by °(t+1). 

2° Approximation of soil water potential for each nodal point can be calculated using new 

water content values estimated in stage 1° ( h°(t+1) as a function of °(t+1)) 

3° Differential moisture capacities can be estimated now from (B-6) where (t+1) is 

replaced by °(t+1) and h(t+1) by h°(t+1). 

4° New pressure head values can be calculated by solving the equation (B-1).  If 

convergence is not attained, a new iteration is necessary and within this new cycle the 

stages 1° through 3° are repeated.  At the end of the iteration procedure, h°(t+1) is equal to 

h(t+1). 

 

The main merit of the procedure described above is the accurate calculation of mass 

balances (Karvonen 1988).  Hence, it is possible to use longer time steps and still maintain 

reliable water balance calculations.  The validity of the proposed approximation method is 
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verified using the quasi-analytical solution of Philip (1957a and b) and analytical solution 

of Tracy (2007) as the code verification case (see section B.3). 

 

B.3 Code verification of the numerical solution of the Richard’s equation 
 
Test case 1: 1D-quasi-analytical solution of Philip 

 

One of the classical tests of the performance of a soil moisture flow model is for 

infiltration into a vertical semi-infinite column of Yolo light clay for which Philip 

(1957a and 1957b) has given a quasi-analytical solution.  The problem represents initial 

condition after a few week dry period.  In the problem to be considered, the initial and 

boundary conditions are as follows: 
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    (B-7) 

 

where (t=0) is the initial water content and h(t=0) the corresponding soil matric 

potential and Surf is the boundary condition at the soil surface and the corresponding 

matric potential is hSurf.  Eq. (B-7) implies that the soil surface is assumed to remain 

saturated through the whole calculation period. The soil moisture retention curve and 

the hydraulic conductivity function can in this case be given in a functional form 

(Jensen, 1983): 

 

     (B-8) 

   

       (B-9) 

 

The computational grid was composed of totally 100 nodes with equal thickness of 0.01 

m.  The numerical and quasi-analytical solutions are shown in Fig. B-1 for moisture 

contents versus depth and in Fig. B-2 for cumulative infiltration. The time step used in 

the calculations was 1 minute.  

 

The accordance between the numerical and quasi-analytical solution is very good.  The 

calculation of infiltration is independent from the water balance computations.  Hence it 

was possible to calculate the accuracy of the mass balance. It this case the error is the 

difference between the change in total water content and cumulative infiltration and 

according to the results this deviation was less than 0.01 % indicating that the procedure 

given in section B.2 for approximating the differential water capacity C(h) maintains the 

water balance of the numerical solution of the Richards’ equations. 
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In order to see the effect of uncertainty in the saturated hydraulic conductivity on the 

calculated moisture profile, the problem was solved using a K(s)-value, which is 20 % 

greater than the true one. According to the results presented in Fig. B-3, the effect of the 

20 %  error in the saturated conductivity value has a very pronounced effect on the 

estimated moisture content at different depths.  It can be seen that the error of the 

numerical solution is negligible compared to relatively small error in the saturated K(s)-

value.   

 

 
Figure. B-1.  Comparison of analytical and numerical solution of infiltration problem 

given by Philip (1960).  Soil moisture content at various times after infiltration has 

started (1, 2, 4, 10, 25, 45, 70 and 100 h). Analytical solution indicated with symbols 

and numerical solution with continuous lines.  
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Figure B-2.  Comparison of analytical and numerical solution of infiltration problem 

given by Philip (1960).  Cumulative infiltration (mm) as a function of time (h) after 

infiltration has started. 

 

 
Fig. B-3.  Comparison of analytical and numerical solution of infiltration problem 

given by Philip (1960).  Soil moisture content at various times after infiltration has 

started (1, 2, 4, 10, 25, 45, 70 and 100 h) when hydraulic conductivity value is 20 % 

bigger than the correct value. 
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Test case 2: Tracy’s 3-D analytical solution 

 

Analytical solutions for Richards’ equation are difficult to derive because of the highly 

nonlinear aspect of this partial differential equation. However, the quasi-linear 

approximation of the log of relative hydraulic conductivity varying linearly with 

pressure head coupled with relative hydraulic conductivity varying linearly with 

moisture content allows Richards’ equation to be transformed into a linear partial 

differential equation (Tracy 2007). Physically reasonable material properties are also 

achieved in this approximation, although modelling of real-world problems is limited by 

this assumption. Despite these limitations, the resulting analytical solutions have proven 

to be extremely valuable in testing groundwater models.  

 

The solutions presented by Tracy (2007) have a simple piecewise-constant specified 

head boundary condition on the top boundary. The disadvantage is that very many 

Fourier series terms are needed to describe the solution. Since the goal is to test 

numerical programs, geometrically simple problems are selected. As shown in Figure 

B-4, a very dry block of soil having dimensions a · b · L with  0 ≤  x ≤ a, 0 ≤ y  ≤  b and 

0  ≤  z  ≤ L will be considered.  

 

In the numerical tests the horizontal sides of the block (a, b) were 10 m and height of 

the block L was 3 m.  The grid size was x= y= z=0.2 m indicating the number of 

nodes was 50 · 50 · 15=37 500.  

  

Soil water retention curve h) and unsaturated hydraulic conductivity function K(h) are 

given by Eq. (B-10): 
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where  is a parameter (m
-1

), θs is saturated water content, θr is residual water content 

and Ks (m d
-1

)is the saturated hydraulic conductivity.  In the tests cases the following 

parameter values were used:  =0.25 m
-1

, θs=0.40, θr=0.10, Ks=0.5 m d
-1

 and hr=-10 m.  

  

 

Initial and boundary conditions 

 

The initial condition is h(x,y,z,0)=hr. In the analytical solution of Tracy (2007), 

specified head boundary condition is applied at the soil surface (z=L). Water is applied 

at z = L such that the pressure head becomes zero in the region a/4 ≤ x ≤3a/4, b/4 ≤ y 

≤3b/4, and h = hr on the all the remaining boundaries. In the testing of the numerical 

solution method a prescribed pressure head was given for the uppermost layer at 

elevation z=2.9 m (the centre point of the uppermost layer).  The upper boundary 

condition was computed with the analytical solution of Tracy. 
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Figure B-4.  Test problem of Tracy (2007). 

 

Two different options were used for the side boundaries of the box. In the first problem 

a specified head h=hr was applied on sides of the box.  The second problem is similar to 

the first except that an impervious or no-flow boundary condition is imposed on the 

sides of the soil sample. 

 

Test case 2a: Specified head at sides of the box 

 

The results of the comparison of numerical and analytical solutions for the case that 

specified head h=hr is used as the boundary condition on the sides of the box are given 

in Figures B-5 for soil matric potential (pressure head) and in Figure B-6 for soil water 

content.  Analytical and numerical solutions are shown as a function of time for X-

values 0.9, 1.9, 2.9, 3.9 and 4.9 m and for Z-values 0.7, 1.9 and 2.5 m.  Pressure head 

and soil water content values are for the cross section Y=4.9 m.  The solution is 

symmetric with respect to X=5.0 m and only the left half of the solution is shown (0 < X 

< 5 m).    

 

The agreement between the analytical and numerical solution is very good for all three 

depths and along the X-direction.  Comparison of steady-state pressure head profile in 

section Y=4.9 m is given in Figure B-7.  The error is very small throughout the profile. 

The biggest difference between analytical and numerical solution is close to the wetting 

front (2.0 < X < 2.5 m), where the error is around 0.08 m.     



77 

 

 

 

 
 

Figure B-5. Comparison pressure heads computed with the analytical solution of Tracy 

(2007) and numerical solution of the Richards’ equation. Specified boundary condition 

h=hr is applied at the sides of the box. Z=2.5 m (upper graph) and Z=1.9 m (lower 

graph). Y=4.9 m and X=0.9, 1.9, 2.9, 3.9 and 4.9 m. Analytical (exact) solution 

indicated with symbols and numerical solution with continuous lines. 
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Figure B-6. Comparison of soil water content computed with the analytical solution of 

Tracy (2007) and numerical solution of the Richards’ equation. Specified boundary 

condition h=hr is applied at the sides of the box. Z=2.5 m (upper graph) and Z=1.9 m 

(lower graph). Y=4.9 m and X=0.9, 1.9, 2.9, 3.9 and 4.9 m. Analytical (exact) solution 

indicated with symbols and numerical solution with continuous lines. 
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Figure B-7. Comparison of steady-state pressure head profile computed with the 

analytical solution of Tracy (upper graph) and numerical solution of the Richards’ 

equation (middle graph). Error (analytical-numerical) is shown in the  lower graph. 

Specified boundary condition h=hr is applied at the sides of the box. Section at Y=4.9 

m.  
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Test case 2b: No-flow boundary condition at sides of the box 

 

The results of the comparison of numerical and analytical solutions for the case that no-

flow boundary condition is used on the sides of the box are given for pressure heads in 

Figure B-8.  Analytical and numerical solutions are shown as a function of time for X-

values 0.9, 1.9, 2.9, 3.9 and 4.9 m and for Z-values 1.9 and 2.5 m.  Pressure head values 

are for the cross section Y=4.9 m.  The solution is symmetric with respect to X=5.0 m 

and only the left half of the solution is shown (0 < X < 5 m).   

 

No-flow boundary is numerically more stable than the specified boundary head 

conditions and the agreement between the analytical and numerical solution is very 

good for both depths and along the X-direction. Comparison of steady-state soil 

moisture content profile in section Y=4.9 m is given in Figure B-9.  The difference 

between analytical and numerical solution is very small throughout the profile. The 

biggest error in the numerical solution is close to the wetting front (2.0 < X < 2.5 m), 

where the deviation between analytical and numerical solution is around 0.003 m
3
 m

-3
. 

 

 
 

 
Figure B-8. Comparison of pressure heads computed with the analytical solution of 

Tracy (2007) and numerical solution of the Richards’ equation. No-flow boundary 

condition is applied at the sides of the box. Z=2.5 m (upper graph) and Z=1.9 m (lower 

graph). Y=4.9 m and X=0.9, 1.9, 2.9, 3.9 and 4.9 m. Analytical (exact) solution 

indicated with symbols and numerical solution with continuous lines. 



81 

 

 

 

 
Figure B-9. Comparison of steady-state soil moisture content profile computed with the 

analytical solution of Tracy (upper graph) and numerical solution of the Richards’ 

equation (middle graph). Error (analytical-numerical, lower graph). No-flow boundary 

condition is applied at the sides of the box. Section at Y=4.9 m.  
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B.4  Code verification of the 2-D model for computing flow in fractures   
 

Tang and Jiao (2001) have derived a 2-D analytical solution of groundwater flow in 

response to tidal fluctuation in a leaky confined aquifer. The analytical solution of Tang 

and Jiao is very suitable for testing the numerical 2-D model that computes flow in 

fractures. This fracture flow model is included as one option in Olkiluoto surface 

hydrological model.  In the analytical solution the aquifer is confined, which is also the 

case for the 2-D fracture model. Transmissivity and storage coefficient are given as 

input data both in analytical and numerical solution. In Tang and Jiao’s solution the 

aquifer is leaky indicating that it can receive water from overlying aquifer system 

through a semi-permeable layer.  In the 2-D fracture flow model the influence of 

leakage is exchange of water between rock matrix and fracture zone.  The mathematical 

description of the leakage term is similar in the analytical and numerical solution 

groundwater fluctuation is discussed. Analytical solution of Tang and Jiao (2001) solves 

the equation (B-11) and the same equation is used in the 2-D fracture flow model: 
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where H(x, y, t) is the hydraulic head in the confined aquifer/fracture zone (m), S is the 

storage coefficient (-), T is the transmissivity (m
2
 d

-1
), HM is hydraulic head in the 

overlying aquifer/rock matrix (m) and L is specific leakage. In analytical solution L is 

the ratio of the hydraulic conductivity of the semi-confining unit over the thickness of 

the semi-confining unit. In fracture flow model L is calculated based on the hydraulic 

conductivities of the bedrock and fracture zone and distance between fracture zone and 

the computational zone of the bedrock 3-D-model (see Eq. (2-4) in Chapter 2). 

 

Parameter values 

 

Transmissivity of fracture zone was 1.0x10
-5

 m
2
 s

-1
, storage coefficient S was 1.0x10

-4
, 

hydraulic head in the matrix was HM=10 m (constant in the comparison of analytical 

and numerical model but otherwise computed with the 3-D bedrock model).  Three 

different cases were computed: a) L=0, b) L=1.0x10
-4

 d
-1

 and c) L=5.0x10
-4

 d
-1

. 

 

Initial and boundary conditions 

 

The boundary condition of the analytical solution was time dependent, i.e. hydraulic 

head at western side of the area changes over time. Specified hydraulic head boundary 

condition was also applied on the eastern side of the area.  The specified heads were 

obtained from the analytical solution which ensures that boundary conditions do not 

cause any error in the numerical solution.  The no-flow boundary condition was applied 

at the southern and northern side of the computational area.   

 

Hydraulic head at the western boundary was lowered from 10.0 m to 5.0 m (0.0 m in 

case c) during 10 days and hydraulic heads started to decrease in the computational area 

since the eastern side was maintained at higher level. Initial condition was obtained 
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from the analytical solution at time t=0. Average hydraulic head at time t=0 was around 

10 m. 

 

Test case 3a: no leakage (L=0)  

 

Comparison of hydraulic head computed with the analytical solution of Tang and Jiao 

and the numerical model for solving 2-D flow in fractures is given in Figure (B-10).  

The upper graph shows the hydraulic heads as a function of time at distances 20, 40, 60  

 

 

 
Figure B-10. Comparison of hydraulic heads computed with the analytical solution of 

Tang and Jiao and numerical solution of 2-D flow in fractures. Leakage (exchange of 

water between rock matrix and fracture zone) was zero. Hydraulic head as a function of 

time at distances 20, 40, 60 and 100 m from the western boundary (upper graph) and 

hydraulic heads as a function of distance from western boundary at times 2, 4, 8 and 10 

d (lower graph). Analytical solution indicated with symbols and numerical solution with 

continuous lines. 
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and 100 m from the western boundary. Comparison of analytical and numerical results 

as a function of distance from the western boundary is given in the lower graph at times 

2, 4, 8 and 10 d.  The agreement between the analytical and numerical solutions is very 

good.  

 

Test case 3b: Leakage L=1.0x10
-4

 d
-1

  

 

Addition of leakage term changes the behaviour of the system in such a way that if 

hydraulic head at some part of the aquifer/fracture is lowered, additional water from 

overlying aquifer/rock matrix will be leaking to the system and hydraulic head is not 

lowered as much as in the no-leakage case.  Specific leakage L= 1.0x10
-4

 d
-1

 represents 

a moderate leakage (see Figure B-11, upper graph): hydraulic head at distance 100 m 

from the western boundary is around 8.2 m after 10 days. It was around 6.5 m in the no-

leakage case (see Figure B-10, upper graph).  

 

The agreement between the analytical and numerical solution is excellent for all time 

steps and distances as can be seen from Figure B-11.  

 

Test case 3c: Leakage L=5.0x10
-4

 d
-1

  

 

Exchange of water between rock matrix and fracture zone will be further increased if 

specific leakage is 5.0x10
-4

 d
-1

. Hydraulic head at distance 100 m from the western 

boundary is around 9.0 m after 10 days (see Figure B-12, upper graph) and this value 

can be compared to 6.5 m in the no-leakage case (see Figure B-10, upper graph).    

 

The numerical model performed very well also the case when the specific leakage was 

5.0x10
-4

 d
-1

.  The agreement between the analytical and numerical solution is very good 

in the computational domain.  

 

The numerical tests have shown that the 2-D model for computing flow in fracture 

zones gives very accurate results if the material properties - T, S and L - and boundary 

conditions are known precisely.  The numerical model can also handle the exchange of 

water between fracture zone and rock matrix.  In real applications the most uncertain 

input data will be transmissivity and thickness of the fracture zone and hydraulic 

conductivity in the bedrock. Storage coefficient is important only if computation 

periods are very short and pumping rate or leakage to ONKAO change rapidly over 

time. For longer simulation periods steady-state solution is sufficient.  
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Figure B-11. Comparison of hydraulic heads computed with the analytical solution of 

Tang and Jiao and numerical solution of 2-D flow in fractures. Leakage (exchange of 

water between rock matrix and fracture zone) was 1.0x10
-4

 d
-1

. Hydraulic head as a 

function of time at distances 20, 40, 60 and 100 m from the western boundary (upper 

graph) and hydraulic heads as a function of distance from western boundary at times 2, 

4, 8 and 10 d (lower graph). Analytical solution indicated with symbols and numerical 

solution with continuous lines. 
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Figure B-12. Comparison of hydraulic heads computed with the analytical solution of 

Tang and Jiao and numerical solution of 2-D flow in fractures. Leakage (exchange of 

water between rock matrix and fracture zone) was 5.0x10
-4

 d
-1

. Hydraulic head as a 

function of time at distances 20, 40, 60 and 100 m from the western boundary (upper 

graph) and hydraulic heads as a function of distance from western boundary at times 2, 

4, 8 and 10 d (lower graph). Analytical solution indicated with symbols and numerical 

solution with continuous lines. 

 

 

 




