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ABSTRACT 

This report deals with interpretation methods of single-hole hydraulic tests. A special 

emphasis is on new analysis methods of a single-hole hydraulic test, called a constant 

pressure injection test. This hydraulic test type is used in Posiva’s site investigation at 

Olkiluoto. Single-hole hydraulic tests are examined in order to find out methods to 

analyse channelling of the flow that is related to transport properties along the flow 

paths. 

The flow dimensions inferred from the constant pressure tests are considered to indicate 

the channelling of the flow in the scale of a single fracture or in the fracture network. 

One can use semi-log derivates of measurement data plotted in log-log diagrams for the 

interpretation of flow dimension. After that the appropriate flow solution can be chosen 

to infer the values of conductivity and specific storage. 

Channelling is studied from Posiva's data by analysing the transient injection period of a 

constant pressure injection test. Software called AQTESOLV is used in a new 

procedure, which is illustrated by studying two examples. Both examples are based on 

single hole hydraulic tests that are performed in the borehole OLKR10 using a 2 m test 

interval approximately at the depth of the planned repository of the nuclear waste (depth 

of about 400 - 450 m). One of the test intervals is intersected by a filled fracture and the 

analysed flow dimensions also indicates flow in a fractures, with inferred flow 

dimensions of n = 1.5 or n = 2. The flow dimension n = 1.5 represents a possibility of 

narrowing flowpaths. The other analysed test interval is intersected by three filled 

fractures. In this case, analysis of the flow dimension show behaviour that is related to a 

fracture network (homogeneous porous media), with interpreted flow dimensions of n = 

2.5 - 3. 

This report also shows results for simulation of a constant pressure test in an artificial 

heterogeneous fracture. Flow dimension is analysed by performing simulated pumping 

tests for different borehole locations over the heterogeneous fracture. The channelling of 

flow is not clearly reflected in the analysed flow dimensions. Most of the analysed cases 

showed rather similar behaviour that is represented by a flow dimension of two. 

It could be that the single-hole testing is more sensitive to the connectivity of the 

fracture network and channelling of the flow to different flow routes of connected 

fractures than on the channelling of the flow in the individual fracture planes. Hydraulic 

single-hole testing activates a limited volume of rock around the packed off section of 

the borehole. If the tested volume of rock is mainly limited to the fracture that is 

intersecting the borehole, then in principle, the transient flow characteristics can be used 

to separate linear (channelled) flow from the radial two dimensional flow. If a larger 

network of fractures is activated during the hydraulic testing, then the transient 

hydraulic response can be used to identify possible channelling of the flow that should 

show up as a lower flow dimension (n = 1 - 2) of the flow field compared to the 

cylindrical or spherical pressure field of the experiment. 

Keywords: Constant pressure tests, flow dimension, channelling flow, heterogeneity 



 

VAKIOPAINEKOKEIDEN VIRTAUSDIMENSION TULKINTA 
OLKILUODOSSA 

TIIVISTELMÄ 

Tässä raportissa käsitellään yksittäisessä kairanreiässä tehtävien hydraulisten testien 

tulkintamenetelmiä. Erityisesti on keskitytty ns. vakiopainekokeiden uusiin analyysime-

netelmiin. Tätä hydraulista testiä on käytetty Posivan paikkatutkimuksissa Olki-

luodossa. Työssä on haettu myös tietoa menetelmistä, joilla voisi analysoida pohja-

vesivirtauksen kanavoitumista. 

Vakiopainekokeista tulkittavan virtausdimension avulla voidaan arvioida virtauksen 

kanavoitumista yksittäisen raon tai useamman raon muodostaman rakoverkon mittakaa-

vassa. Virtausdimension tulkinnassa voidaan käyttää kuvaajia, joissa mittaustulosten 

puolilogaritminen derivaatta on piirretty log-log-asteikolle. Tämän jälkeen voidaan 

valita sopivimmat virtausyhtälöt vedenjohtavuuden ja ominaisvarastokertoimen määrit-

tämiseksi. 

Kanavoitumista tutkittiin Posivan vakiopainekokeiden injektiovaiheen aikaisista mit-

taustuloksista. AQTESOLV-nimistä hydraulisten testien tulkintaohjelmaa käytettiin 

uudessa analyysiproseduurissa, jota sovellettiin kahden esimerkkiaineiston tulkintaan. 

Molemmat esimerkkiaineistot on mitattu kairanreiässä OLKR10 2 metrin testivälillä 

syvyyksissä, jotka katsotaan edustavan suunnitellun ydinjätteen loppusijoitustilan 

syvyyksiä (400 - 450 m). Toisen testin mittaussyvyydeltä kairanreiästä on havaittu yksi 

kairanreikää leikkaavaa täytteinen rakoa ja analysoidut virtausdimensiot viittaavat vir-

taukseen raossa. Tulkitut virtausdimensiot olivat joko n = 1.5 tai n = 2. Virtausdimensio 

n = 1.5 merkitsee virtausreittien mahdollista kapenemista. Toisen testin mittaussyvyy-

deltä kairanreiästä on havaittu kolme kairanreikää leikkaavaa täytteistä rakoa. Virtaus-

dimensioanalyysi osoitti virtauksen liittyvän rakoverkkoon (huokoiseen väliaineeseen) 

ja tulkitut dimensiot olivat välillä n = 2.5 - 3. 

Tässä raportissa on esitetty myös numeerisia simulointituloksia vakiopainekokeesta 

heterogeenisessä raossa. Pumppausreiän sijaintia heterogeenisellä raolla varioitiin ja 

pumppauskokeiden simulointituloksista analysoitiin virtausdimensiot. Virtausdimensiot 

eivät osoittaneet raossa selvästi tapahtuvaa virtauksen kanavoitumista. Suurin osa 

simuloiduista tapauksista tuotti samantyyppisen käyttäytymisen, joka johti virtaus-

dimension arvoon kaksi. 

Yhdessä reiässä tehtävä transientti hydraulinen testi vaikuttaa rajoitettuun kalliotila-

vuuteen testivälin ympärillä. Kun hydraulisen testin vaikutustilavuus liittyy kairanreikää 

leikkaavaan yksittäiseen rakoon, voidaan testituloksista periaatteessa erottaa toisistaan 

rakotasolla tapahtuva lineaarinen ja radiaalinen virtaus. Ajasta riippuvaa hydraulista 

pumppausvastetta voidaan mahdollisesti käyttää virtauksen kanavoitumisen määrittämi-

seen myös silloin kun testin vaikutus ulottuu laajemmalle testiväliin liittyvään rakover-

kostoon. Myös tässä tapauksessa virtauksen kanavoituminen näkyy alhaisempina vir-

tausdimensioina (n = 1 - 2) kokeen aiheuttamaan sylinterisymmetriseen tai pallosym-

metriseen painekenttään verrattuna. 

Avainsanat: Vakiopainekoe, virtausdimensio, kanavoituminen, heterogeenisuus 
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PREFACE 

The present report describes interpretation methods of single-hole constant pressure 

injection tests. This hydraulic test type is used in the programme for the final disposal of 

spent nuclear fuel on Olkiluoto site area. Single-hole hydraulic tests are examined in 

order to find out methods to analyse channelling of the flow that is related to transport 

properties along the flow paths. 

The study was ordered by Posiva Oy. The contact person at Posiva Oy was Lasse 

Koskinen. Auli Kuusela-Lahtinen (VTT Technical Research Centre of Finland) and 

Antti Poteri (VTT Technical Research Centre of Finland) have contributed to the work. 

Antti Poteri is responsible for numerical simulation of a constant pressure test in an 

artificial heterogeneous fracture. Auli Kuusela-Lahtinen carried out the literature review 

on the new interpretation methods of single-hole hydraulic tests and analysed two 

example tests. Petteri Pitkänen (VTT Technical Research Centre of Finland) has 

contributed with guidance work. The authors wish to thank them all for their valuable 

comments and suggestions. Erika Holt is thanked for English language text corrections 

and Heikki Hämäläinen for advice on the measurement technique of the constant 

pressure test. 

Espoo, April 2010 VTT 
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1 INTRODUCTION 

The performance assessment of nuclear waste isolation includes the assessment of 

groundwater flow and transport at the site. Fractures are the main conduits of flow in 

the fractured bedrock. The flow along the network of connected fractures is distributed 

over different fractures and flow channels. The distribution of the flow determines 

solute retention and transport properties along the potential flow paths. This means that 

it is important to estimate channelling of flow in connection with groundwater flow and 

solute transport. 

In describing the channelling effect, it is interesting to know what kind of fracturing 

strictly speaking enables the channelling. One method to study the channelling effect is 

to analyse flow geometry from transient single-hole or interference hydraulic tests. The 

other method is to numerically simulate hydraulic test and adjust the properties of 

fracture(s) so that the measured parameter curve fits to a simulated curve. From the 

simulated data it is possible to calculate the flow dimension. According to Walker and 

Roberts (2003) commonly assumed radial interpretive model is not adequate to describe 

a test in the domain with a Euclidean dimension of two where heterogeneities restrict 

the flow such that the cross-sectional area of flow expands proportional as r
0.7

. 

This report describes results of a literature review of the new interpretation methods of 

single-hole hydraulic tests. A special emphasis is on new analysis methods of a single-

hole hydraulic test, called a constant pressure injection test. This hydraulic test type is 

used in Posiva’s site investigation at Olkiluoto. The standard interpretation methods for 

Posiva’s constant pressure test have been chosen in the middle of the 1980s. This report 

also describes the new analysis methodology developed for Posiva’s constant pressure 

tests. The new methodology is demonstrated through two tests representing the depth 

interval near the planned repository of nuclear waste (400 - 450 m). References to test 

analysis theory are presented to the extent necessary, in order to describe the analysis 

methodology applied. The reader is encouraged to find more information from these 

references. 

In this work new information is also gathered on the methods and possibilities to 

analyse flow and transport channelling from single-hole hydraulic test data. Guidance 

on how the results of analysis can be used in modelling flow and transport in fractured 

rock with discrete fracture network models and homogeneous porous models is given. 

One numerical simulation of a well test in a heterogeneous fracture is studied. 

In Chapters 2.1 and 2.2, the skin effect and the wellbore storage effect influencing 

transient well response are described. The next two chapters (3 and 4) cover constant 

pressure injection testing and pulse testing and their analysis methods. The analysis 

methods used by the Swedish Nuclear Fuel and Waste Management Co (SKB) at two 

different investigation sites Oskarshamn and Forsmark are illustrated. Chapter 3 

includes the new analysis procedure for Posiva’s data to study the flow dimensions and 

corresponding hydraulic parameters. The next two chapters discuss the channelling 

effect (Chapter 5), flow dimension (Chapter 5) and representative parameters (Chapter 

6). The last chapter contains the conclusions of the study in terms of flow dimension 
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implications for flow and transport modelling, summary of results and suggestions for 

future work. 
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2 SINGLE-HOLE HYDRAULIC INJECTION TESTS 

The aim of single-hole hydraulic injection tests is to characterise the hydraulic 

properties adjacent to test interval of a borehole. For example, in Finnish and Swedish 

nuclear waste isolation programs boreholes are tested with multiple test intervals 

representing different measurement scales. The primary interpretive parameter is the 

transmissivity from which the hydraulic conductivity can be calculated. The secondary 

interpretive parameter is the storage or the specific storage. The transmissibility, T, is a 

measure of the capability of a formation to transmit fluid flow and the storage, S, is a 

measure of its capacity to store or to release fluid in response to a pressure change. 

When the flow is resistance-controlled, the rate of flow rate change with respect to the 

logarithm of time is constant, and a semi-log plot of an inverse value of flow rate versus 

time exhibits a linear segment with a slope inversely proportional to the transmissibility. 

When flow is controlled by storage capacity then the flow rate change with time can 

assume many forms. 

In addition, an analysis of injection tests estimates flow regime including flow geometry 

(flow dimension) and wellbore storage, skin factor and outer hydraulic boundaries. The 

value of the transmissivity depends on a chosen interpretation model that commonly 

assumes radial or radial-to-spherical flow in homogeneous, infinite domains. Odén & 

Niemi (2006) noted that methods for incorporating more complex geometries have also 

been developed, including a method allowing flexible non-integer flow dimensions 

(Barker 1988; Kuusela-Lahtinen et al. 2003) and even fracture network models can be 

used to analyse tests done in fractured rock (see e.g. Niemi et al. 2000; Cacas et al. 

1990). 

2.1 Skin effect 

Because of e.g. drilling, the permeability around a wellbore generally is different from 

the permeability of the formation. The zone with altered permeability is called the skin 

and its affect on the pressure or flow behaviour of the well is called the skin effect. The 

positive skin is a zone of reduced permeability of immediate vicinity of the wellbore. 

The skin is negative if skin zone permeability is higher than that of the rock. 

According to Horne (1995) the skin effect can be described in terms of effective 

wellbore radius. That is, in case of positive skin, a smaller radius that the actual well 

appears due to the reduction in flow. If the skin is negative, the effective wellbore radius 

will be greater than the actual radius. 

In single-hole hydraulic injection test analysis, the skin can affect the discrepancy 

between steady state transmissivities interpreted by the Moye method and transient 

transmissivities. Ludvingson et al. (2007) have noticed that the selected, representative 

transmissivity from injection tests was in most boreholes consistent with the estimated 

stationary transmissivity from the injection period. However, in the sections with a 

dominating fracture with a strong negative skin factor, the stationary transmissivity may 

be significantly overestimated in comparison to the transmissivity from transient 

evaluation. On the other hand, in sections with an estimated high, positive skin factor 

the stationary transmissivity may be significantly underestimated. This may also be the 

case if apparent no-flow boundaries are present. Flow features of limited extent or 



8 

decreasing aperture further away from the borehole may cause effects of apparent no-

flow boundaries. 

According to Ludvingson et al. (2007) at the Forsmark site, the estimated skin factors 

from the injection tests are, in general, close to zero or negative which may be expected 

in fractured, crystalline rock. However, high, positive skin factors were estimated in 

some tests, possibly associated with turbulent flow in fractures, or alternatively, pseudo-

spherical (leaky) flow is dominating in e.g. thick deformation zones. 

2.2 Wellbore storage effect 

The definition of the wellbore storage coefficient is described by Enachescu and Rahmn 

(2007). The wellbore storage coefficient quantifies the volume of fluid that the borehole 

(test zone) can store when changing the pressure by one unit. This parameter is not of 

high interest for the characterisation of the formation but it is used as a control 

parameter to assess how realistic is the analysis. The wellbore storage coefficient is one 

of the parameters derived from type curve analysis. Alternatively, the wellbore storage 

coefficient can be calculated from the slope of the early time pressure recovery data. 

The skin-effect as well as the wellbore storage in case of the recovery phase have an 

affect on early time response. If wellbore storage affects the recovery, the straight-line 

analysis methods should fit a later part of a pressure curve. It is emphasised that 

wellbore storage does not affect the flow rate measurement data obtained during the 

injection phase of a constant pressure test. It can be inferred that analysis results of the 

injection phase are more reliable than the analysis results of the recovery phase. 

2.3 Type curve matching 

Type curve matching is a well-known graphical analysis procedure used in hydrology to 

estimate aquifer conductivity and specific storage. Traditionally pressure drawdown 

measurements are analysed by solution Theis equation for radial flow to a well during a 

constant rate pumping test. Theis also introduced the type curve matching technique for 

interpreting the hydraulic parameters (Kruseman and de Ridder 1991). 

The basic idea of type curve matching is to plot the measured parameter (for example 

drawdown or flow rate) versus time behaviour of the test in a log-log scale. Same scale 

should be used as in the type curve plots. In the manual matching the paper containing 

the measurement data is slided to match a type curve by keeping the grids parallel until 

the data match the type curve. A match point may be any combination of overlain fit 

and hydraulic values are calculated from the definition of dimensionless parameters. 

Type curve matching with well test software provides a suite of tools for interactive 

visual type curve matching or automatic type curve matching. 
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3 CONSTANT PRESSURE INJECTION TESTS 

In Finnish and Swedish nuclear waste management programs a constant pressure 

injection test is routinely used as a single-hole hydraulic injection test. A constant 

pressure injection test consists of four periods. During the first period, a test interval is 

isolated by an inflation of packers. In the next period called stabilisation, the pressure in 

the test interval is stabilised to the natural pressure of the test interval. The third, 

injection period consists of the injection of water with the standard constant 

overpressure of the value 200 kPa. The constant pressure injection tests in Swedish and 

Finnish programs use the same overpressure. In Posiva’s tests the nominal injection 

time is 20 minutes, but it varies within a large range depending on the properties of the 

aquifers (Hämäläinen 2006). The last period is called the recovery period in which the 

injection is terminated and the pressure of the test section is allowed to decline to the 

natural pressure of test interval. The duration of the recovery period varies from 2 

minutes to several hours, with the nominal time being 10 minutes in Posiva’s tests 

(Hämäläinen 2006). 

3.1 Analysis methods for transient injection period 

3.1.1 Interpretation of Olkiluoto data 

Posiva’s measurement equipment for constant pressure tests is called the Hydraulic 

Testing Unit (HTU-system). HTU allows for the operation of measurements and 

includes a software for the interpretation of measurements by the traditional approaches. 

The transient injection phase of a constant pressure tests is systematically analysed 

using the method of Jacob and Lohman (1952). This method assumes homogeneous and 

isotropic media and radial flow from the test interval. The transmissivity is estimated 

using the simple straight-line graphical method. The Jacob and Lohman straight-line 

method is valid for the late time behaviour of the transient flow in the test section 

(AQTESOLV 2007). 

3.1.2 Oskarshamn data analysed by Golder Associates 

Enachescu and Rahm (2007) have presented a method for evaluation of a single-hole 

hydraulic injection test at the Oskarshamn site investigation. The interpretation software 

is called FlowDim. The interpretation of the injection phase is based on the Jacob and 

Lohman (1952) method. This method was further improved for the use of type curve 

derivates and for different flow models. Flow models are available for any dimension 

between linear flow (flow dimension = n = 1), radial flow (n = 2) and spherical (n = 3). 

The type curve analysis makes use of dimensionless variables, which allow calculating 

the flow model (i.e. type curve) independently of the primary formation flow parameters 

(i.e. transmissivity and storativity) and of the applied pressure difference at the well. A 

further extension of the flow model is the development of type curves for heterogeneous 

formations, where the transmissivity and/or storativity of the formation may change at 

some distance from the borehole. This so called composite flow model provides 

transmissivities both in the vicinity of the borehole and further away. The composite 

flow model can be calculated for any given flow dimension. 
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Type curves accounting for transmissivity changes at the wellbore face (described as the 

skin) have been also developed. In cases when data is not available from the early time 

or too noisy due to poor test control, the storativity and skin factor become correlated, 

which means that they can no longer be solved independently. In this case as a result of 

analysis one determines the correlation group e
2ξ

/S. This means that the skin (ξ) can 

only be calculated when assuming the storativity (S) as known. In the case of tests 

conducted at the Oskarshamn site, the storativity was assumed to be 10
-6

 for all tests 

conducted below the depth of 100 m. 

Enachescu and Rahm (2007) pointed out that the slope of the derivative increases by the 

amount of 0.5 after early response if the flow dimension is linear. After the early time 

response, the horizontal response in the derivative log-log plot indicates homogeneous 

radial flow and a slope of -0.5 indicates spherical flow. 

3.1.3 Forsmark data analysed by Geosigma 

In case of the Forsmark site investigations, Ludvingson et al. (2007) described the 

methodology to evaluate single-hole injection tests. For the injection period of constant 

pressure tests, the Hurst et al. (1969) approach is applied for estimating the 

transmissivity and skin factor over a certain period with apparent pseudo-radial flow 

could be identified from the data curve. Non-zero skin factors are based on the effective 

wellbore radius concept. The effective wellbore radius is defined as the radial distance 

from the centre of the well where the theoretical head in the aquifer matches the 

observed head in the well. The transmissivity and skin factor are calculated from type 

curve matching. 

For tests showing apparent pseudo-spherical (leaky) flow, eventually transitioning to 

pseudo-stationary flow during the injection period, a model by Hantush (1959) for 

constant head tests is used for the evaluation. The effective wellbore radius concept is 

also used in the Hantush model to estimate skin effects. Aquitard properties such as the 

apparent leakage coefficient K’/b’ and hydraulic conductivity (K') of aquitard can be 

calculated from simulated value on leakage factor r/B. Leakage factor B is defined as B
2
 

= Kbb
’
/K

’
. Parameters K and b of an aquifer and K

’ 
and b

’
 of an aquitard are illustrated 

in Figure 1. 

For tests exhibiting fracture responses (a straight line of slope 0.5 or less in a log-log 

plot), models for single fractures are used for transient analysis as a complement to the 

standard models described above. Models by Ozkan and Raghavan (1991a, 1991b) for a 

single vertical fracture as well as the model by Gringarten and Ramey (1974) for a 

horizontal fracture were employed. 

According to Ludvingson et al. (2007) constant pressure injection data from SKB’s 

investigation site Forsmark have been analysed by a special version of AQTESOLV-

software. The software contains a suite of analytical solutions (models) of different 

types of tests (constant rate, constant pressure, slug- and pressure pulse tests) and flow 

characteristics. Both manual analysis and automatic simulation by non-linear regression 

techniques can be performed. With software, associated derivatives can be calculated by 

the method of Bourdet et al. (1989) and/or Spane and Wurstner (1993). 
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Figure 1. A diagram of leaky confined aquifer assuming a fully penetrating well by 

Hantush (1959.) 

Table 1 summarises the analysis methods for the injection period performed at the 

Forsmark site. 

Table 1. Summary of analysis methods for the injection period of constant pressure tests 

performed in SKB’s investigation site Forsmark. 

Analysis method Flow geometry Aquifer model Parameters in type 

curve fitting
1
 

Ozkan and Raghavan 

(1991a, 1991b) 

pseudo-linear fractured, vertical 

fracture 

Kx, Ss, Ky/Kx,Lf 

Gringarten and 

Ramey (1974)
2
 

pseudo-linear fractured, 

horizontal fracture 

 

Hurst et al. (1969) pseudo-radial confined T, S, SW 

Hantush (1959) pseudo-spherical leaky T, S, r/B 
1 

T: transmissivity, Ss: specific storage, S: storage, SW: skin factor, r/B: leakage factor, Kx: hydraulic 

conductivity in x directions, Ky/Kx: hydraulic conductivity anisotropy ratio, Lf: length of fracture 
2 

Not available in current version of Aqtesolv 4.0, but can be included in software later. 

 

3.2 Analysis methods for the recovery period 

3.2.1 Interpretation of Olkiluoto data 

The recovery period of a constant pressure test is systematically analysed by the 

straight-line graphical method of Horner. If the injection period is long enough, a 

straight-line does appear on the Horner graph. Dimensionless injection period should be 

greater than 1000 and dimensionless pressure build-up greater than 40 (Uraiet and 

Raghavan 1980). 
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3.2.2 Oskarshamn data analysed by Golder Associates 

Enachescu and Rahm (2007) have also presented analysis methodology for the recovery 

phase. This methodology is shortly described below. The recovery phase is interpreted 

using the method described by Gringarten (1986) and Bourdet et al. (1989) by using 

type curve derivatives calculated for different flow models. Type curve analysis and the 

use of the pressure derivative in log-log coordinates is currently the standard analysis 

method both in hydrogeology and the petroleum industry. In addition, the recovery 

phase was analysed using the Horner method (Horner 1951) to derive a second 

estimation of transmissivity and to extrapolate the static formation pressure. 

The type curve analysis method makes use of dimensionless variables, which allow 

calculating the flow model independently of the primary formation flow parameters and 

of the applied flow rate. Constant rate and pressure recovery tests differ from the 

injection phase of constant pressure tests through the fact that they are influenced by 

wellbore storage. As for pressure and time, the dimensionless wellbore storage 

coefficient is defined. For analysis purposes, the type curves are plotted as pD vs. tD/CD 

in log-log coordinates (pD: dimensionless pressure, tD: dimensionless time, CD: 

dimensionless wellbore storage). Matching the pressure data (Δp vs. Δt) with type curve 

in log-log coordinates, the matched parameters are derived. The matched parameters are 

used in calculating transmissivity, wellbore storage coefficient and the skin factor. The 

skin is solved by assuming the storativity is known. For the tests conducted at the 

Oskarshamn site at depths of more than 100 m, the tests were analysed using a 

prescribed storativity of 10
-6

. 

For the analysis of pressure recovery tests using the type curve method, flow models are 

developed for any dimension between linear flow (flow dimension = n =1), radial flow 

(n = 2) and spherical (n = 3). As in the case of analysis of an injection period of constant 

pressure tests, a further flow model extension is the development of type curves for 

heterogeneous formations, where the transmissivity and/or the storativity of the 

formation changes at some distances from the borehole. This so composite flow model 

provides transmissivities in both the vicinity of the borehole and further away. 

Composite flow models can be calculated for any given flow dimension. Also, changes 

of flow dimension with distance from the borehole can be calculated. 

3.2.3 Forsmark data analysed by Geosigma 

Ludvingson et al. (2007) have also described analysis methodology for the recovery 

phase of constant pressure tests conducted at the Forsmark site. An overview of this 

methodology is given below. The recovery is influenced by the wellbore storage 

coefficient, which is calculated from the simulated radius of the fictive standpipe 

according to Eqn. 1 

g

cr
C

w

 2)(
  (1) 

C = wellbore storage coefficient (m
3
/Pa) 

r(c) = simulated radius of fictive standpipe (m) 
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ρww ==  density of water (kg/m
3
) 

g  ==  acceleration of gravity (m/s
2
). 

For transient analysis of the recovery period, a theoretical solution by Dougherty and 

Babu (1984) was used for tests showing a pseudo-radial flow regime. The same authors 

presented a variety of transient solutions for flow in fractured porous media: accounting 

for e. g. wellbore storage and skin effects, double porosity etc. The solution for wellbore 

storage and skin effects is based on the effective wellbore radius concept to account for 

non-zero skin factors. 

For tests showing pseudo-spherical (leaky flow), eventually transitioning to pseudo 

stationary flow, during recovery period, the standard model of Hantush (1955) was used 

for evaluation. The apparent leakage coefficient K’/b’ (aquitard properties) can be 

calculated from simulated value on the leakage factor r/B. 

As for the injection period case, for tests showing fracture responses during the recovery 

period (a straight line of slope 0.5 or less in a log-log plot), models for single fractures 

are used for transient analysis as a complement to the standard models described above. 

Models by Ozkan and Raghavan (1991a, 1991b) for a single vertical fracture as well as 

the model by Gringarten and Ramey (1974) for a horizontal fracture were employed. 

In recovery data analysis, the data are plotted versus Agarwal equivalent time (Agarwal 

1980) to account for the remaining transients in flow rate and pressure in the rock 

created during the injection period. The calculation of the Agarwal equivalent time is 

based on multi-rate approach, in which the flow rate history during the injection period 

is taken into account. Analysis methods for the recovery data from Forsmark are 

summarised in Table 2. 

Table 2. Summary of analysis methods for the recovery period of constant pressure tests 

performed in SKB’s investigation site Forsmark. 

Analysis method Flow geometry Aquifer model Parameters in type 

curve fitting
1
 

Ozkan and Raghavan 

(1991a, 1991b) 

pseudo-linear fractured, vertical 

fracture 

Kx, Ss, Ky/Kx,Lf 

Gringarten and 

Ramey (1974)
 2
 

pseudo-linear fractured, 

horizontal fracture 

 

Dougherty and Babu 

(1984) 

pseudo-radial confined T, S, Kz/Kx, SW, r(w), 

r(c), C, P 

Hantush and Jacob 

(1955)
3 

pseudo-spherical leaky T, S, r/B, r(w) 

1 
T: transmissivity, Ss: specific storage, S: storage, SW: skin factor, r/B: leakage factor, Kx: hydraulic 

conductivity in x directions, Ky/Kx and Kz/Kx: hydraulic conductivity anisotropy ratio, Lf: length of 

fracture, r(w): well radius, r(c): nominal casing radius, C: nonlinear well loss coefficient, P: nonlinear 

well loss exponent 
2
 Not available in current version of Aqtesolv 4.0 

3
 Hantush (1959) is suitable for the analysis of recovery. 
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3.3 Some results of SKB’s data analysis 

The analysis procedure of tests conducted at the Forsmark site has also been described 

by Harrström et al. (2007). The analysis begins with a qualitative evaluation of actual 

flow regimes, e.g. wellbore storage, pseudo-linear flow regime, pseudo-radial flow 

regime, pseudo-spherical flow regime and pseudo-stationary flow regime. In addition, 

indications of outer boundary conditions during the test are identified. The qualitative 

evaluation is mainly interpreted from the log-log plots of flow rate and pressure together 

with the corresponding derivatives. Time intervals with pseudo-radial flow reflect a 

constant (horizontal) derivative in the test diagrams. Pseudo-linear flow may be 

reflected by a straight line of slope 0.5 or less in log-log diagrams both for the measured 

variable (flow rate or pressure) and the derivative. A true spherical flow regime is 

reflected by a straight line with a slope of -0.5 for the derivative. However, other slopes 

may indicate transitions to pseudo-spherical (leaky) or pseudo-stationary flow. The 

pseudo-stationary flow regime corresponds to almost stationary conditions with the 

derivative approaching zero. From the results of the qualitative evaluation, appropriate 

interpretation models for quantitative evaluation of the tests were selected. When 

possible, transient analysis was made on both the injection and recovery periods of the 

tests. 

Ludvingson et al. 2007 explained that pseudo-spherical flow may be conceptually 

interpreted several ways, for example: increasing flow dimension with distance from 

borehole, e.g. flow in a thick well-connected fracture zone or increasing transmissivity 

with distance from borehole, e.g. due to interconnecting fractures with higher 

transmissivity at some distance. 

For example, according to Harrström et al. (2007) borehole sections between 470 - 840 

m were tested at 20 m test interval. Interpretation of flow regimes shows evidence of 

wellbore storage, pseudo-linear flow, pseudo-radial flow, pseudo-spherical, pseudo-

stationary flow and apparent no-flow boundary. During some tests the flow geometry 

changes, for example from radial to spherical. Linear flow regime was interpreted from 

two tests but flow regime of some tests was uncertain and it is possible to fit linear flow 

for some of these tests. These tests show heterogeneous nature of flow during tests. 

Although linear flow was interpreted, the interpretation method for the injection phase 

was based on the radial flow model Hurst et al. (1969) and for the recovery phase 

Dougherty and Badu (1984), respectively. 

As in the case of the Forsmark site, the flow models for tests conducted at Oskarshamn 

were derived from the shape of the inverse rate (1/q) and pressure derivative calculated 

with respect to log time (also called semi-log derivative) and plotted in log-log 

coordinates. The results of data analysis presented in the report of Enachescu et al. 

(2007) will be summarised as an example of data analysis procedure applied for tests 

performed at Oskarshamn by Golder Associates. According to them the interpreted flow 

dimensions for all tests were 2. They estimated the recommended transmissivity and the 

confidence range for the interval transmissivity. The recommended transmissivity was 

analysed from the transient interpretation method. Barker (1988) introduced a concept 

of flow dimension as the power by which the flow area changes with respect to radial 

distance, plus one. His method of hydraulic test interpretation is called the generalized 

radial flow (GRF) approach. The GRF approach (see also Chapter 3.4) was not applied 
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for data. A two shell composite model was chosen for almost all tests. Flow dimensions 

were interpreted radially also for tests showing a short time horizontal response. After 

that the derivative continues with an upward slope throughout the test time, indicating a 

decrease of transmissivity at some distance from the borehole. A downward slope 

indicates an increase of transmissivity. 

3.3.1 Comparison with difference flow logging 

Ludvingson et al. (2007) have compared the estimated transmissivity from hydraulic 

injection tests conducted at the Forsmark site to the transmissivity calculated from 

difference flow logging in the same section. The transmissivity from hydraulic injection 

is generally consistent with the transmissivity calculated from difference flow logging. 

However, discrepancies may occur if fracture(s) with limited extension, which appear as 

apparent no-flow boundaries during hydraulic tests, intersect(s) the section. Such 

fractures may not be identified as flow anomalies during difference flow logging since 

the borehole is pumped for several days to achieve a groundwater level drawdown 

before these measurements. The pumping may make some fractures hydraulically 

inactive. Ludvingson et al. (2007) pointed out that combined analysis of the injection 

tests and difference flow logging provides a more comprehensive understanding of 

hydraulic conditions adjacent to borehole. 

Ahokas (2001) has analysed the comparison of different hydraulic conductivity 

measurements performed in Olkiluoto. According to him HTU system yielded clearly 

greater transmissivities than the PFL (Posiva Flow Log) in fractured parts of the 

bedrock. He attributed this difference to the overpressure the HTU applied between the 

packers in the measuring process, which means there is a possibility of short-circuiting 

back to the drillhole. The PFL does not apply any overpressure (with respect to the 

pressure in the rest of the drillhole) between the rubber disc isolated measurement 

section from the rest of the drillhole. 

3.4 New analysis procedure for Posiva’s data 

To develop a new analysis procedure for Posiva’s HTU data, methods used in SKB’s 

investigations at Forsmark and Oskarshamn are utilised. In SKB’s reports on the 

method evaluation of single-hole hydraulic injection tests (Ludvingson et al. 2007; 

Enachescu & Rahm 2007) it is concluded that the interpretation methodology is largely 

similar and leads to consistent results. Hydraulic tests are analysed with software called 

FlowDim (Oskarshamn) or AQTESOLV (Forsmark), respectively. Based on the 

evaluation results and AQTESOLV’s solution of GRF method, AQTESOLV was 

selected to exemplify a new interpretation procedure for Posiva’s constant pressure data. 

SKB’s methodology is further supplemented by applying the GRF approach for the 

analyses of data. 

The new analysis procedure is based on the use of a diagnostic plot and the value 

interpreted for the specific storage coefficient. According to Renard et al. (2009) in 

well-test analysis, a diagnostic plot is a scatter plot of both drawdown and its 

logarithmic derivative versus time. It is usually plotted on a log-log scale. Renard et al. 

(2009) discussed the main advantages and limitations of diagnostic plot through the 

study of a few field pumping tests (drawdowns). In the case of constant pressure tests, 

inverse flow rate measurements (1/Q) for injection period or recovery measurements for 
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recovery phase together with their logarithmic derivates are shown in diagnostic plots. 

In AQTESOLV the diagnostic plot can be illustrated with a selected conceptual model 

and its derivative, which illustrates the diagnostic plot of the fitted model. The analysis 

procedure for the Forsmark data and appropriate solutions are described in Chapters 

3.1.3 and 3.3. The same derivative conclusions are applied for Posiva’s data. 

This report shows analysis methodology for the injection period of Posiva’s HTU data. 

The injection period data of the transient test is considered more reliable than the 

recovery data, because early time recovery measurements can be affected by wellbore 

storage. The new analysis procedure covers the joint use of the derivative conclusion for 

flow dimension, residual statics, GRF application and solutions for integer flow 

dimensions (see Table 1). The GRF application follows methodology presented in 

Kuusela-Lahtinen et al. (2003). In this earlier work the value interpreted for specific 

storage coefficient (Ss) was used as a tool for prioritising the flow dimension. An upper 

limit for the specific storage coefficient was estimated as the value of Ss = 10
-4

 1/m. 

This would correspond to highly fractured rock. The cut-off criterion was more a higher 

value of Ss = 10
-3

 1/m. In the new analysis procedure the cut-off criterion for the 

specific storage coefficient the value of Ss = 10
-4

 1/m was used. This value is considered 

realistic because the hydraulic tests were conducted in the sound part of rock outside of 

any fracture zones. 

3.4.1 Examples of analysis 

To demonstrate the new analysis procedure, two HTU measurements were selected 

from borehole OLKR10 located at Olkiluoto. Both measurements were performed with 

a 2 m test interval near the depth of the planned repository of nuclear waste. The 

measurement OLKR1029 was carried out at the depth 418.68 - 420.68 m and 

OLKR1033 at the depth 450.73 - 452.73 m, respectively. A lot of information on the 

fractures intersecting the borehole core was gathered to a database. Table 3 shows the 

information of depth, type, direction and dip of fractures located at the test interval of 

interest. The transmissivity of fractures was also measured with PFL and the results of 

these measurements are presented in the fracture database. If no fracture is found at the 

measurement location, the measurement is allocated to the most likely fracture. The 

same method is applied for HTU-fractures, for example in case of the measurement 

OLKR1033. 

Table 3. The interpretation of fractures located at the measurement depth OLKR1029 

and OLKR1033 (fi:filled fracture and ti:tight fracture). 

Measurement depth [m], 

fracture type 

Direction, Dip Estimated 

PFL-fracture 

PFL-transmissivity, 

max. value [m
2
/s] 

OLKR1029 418.81 (fi) 

419.50 (fi) 

419.98 (ti) 

149º, 31º 

22º, 24º 

 

350º, 63º 

 

 

 

420.71 (fi)
1 

 

 

 

1.91E-09 

OLKR1033 450.64 (fi)
 2
 21º, 36º   

1 
PFL-measurement at the depth 420.9 m is located to the filled fracture at the depth 420.71 m and 

fracture is classified as uncertain 
2 

Only fracture in the depth section 448 - 458 m, no indication of a transmissive fracture by PFL-

measurement. 
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The measurement OLKR1029 

The measurements of the injected flow rate and pressure during the constant pressure 

test OLKR1029 are shown in Figure 2. The natural pressure is estimated as a value of 

16.64 kPa and calculated over pressure as a value of 216.5 kPa, respectively. 

OLKR1029 (418,68 - 420,68 m)
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Figure 2. The flow (blue line) and pressure (red line) measurements during the constant 

pressure test OLKR1029. 

According to the procedure, the test data and its logarithmic derivative were plotted in 

the graph (the diagnostic plot) and the analysis models were fitted to data. A residual 

mean (ē) as a measure of the difference between observed values and its estimated 

(simulated) values is calculated. The GRF (Baker 1988) model with flow dimensions 1, 

1.5, 2, 2.5 and 3 was applied for data. The other analysis models for dimensions n = 2 

and n = 3, such as Hurst et al. (1969) for cylindrical flow and Hantush (1959) for 

spherical, were matched to data. Because no linear flow was seen, a solution of Ozkan 

and Raghavan (1991a, 1991b) was not modelled. Gringarten and Ramey (1974)
 
could 

be used for measurements obtained from the recovery phase. 

The head divided by the flow rate (black line) and its log-derivative (red line) is 

presented in Appendix 1. Appendix 1 also shows the fitted flow model (blue line) and 

its derivative (green line). Associated derivatives are calculated by the method of Spane 

and Wurstner (1993). The Spane method of calculating the derivative at data point i 

uses linear regression to compute slopes from all data points falling within a 

differentiation interval (L) that normally ranges between 0.1 and 0.5 log cycles of time 

(AQTESOLV 2007). The estimation of the skin is zero. For comparison, the estimated 

conductivities by the traditional method of Moye (steady state assumption), Jacob and 

Lohman (1/Q-method) and Horner (Uraiet and Raghavan) are illustrated in Table 4. The 

summary of new results of analysis is presented in Table 5. In case of linear flow (n = 

1), unique estimation of K and Ss is not possible to determine, because they are 

correlated. Inspection of Appendix 1 shows that a linear model fits the data poorly. A 

curve representing the flow dimension 1.5 can be fitted to the early part of data curve, 

but it does not explain flow further in the rock. Assuming a homogeneous flow 

dimension around the test interval, it can be deduced that n = 1.5 also fits poorly to the 
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data. Matching the GRF model with n = 1.5, the match point is non-unique because the 

measured curve fits to the linear portion of the type curve. Also the logarithmic 

derivative curves downward, indicating dimension greater than 2. This analysis of the 

derivative leads to the acception of dimension n = 2.5 and n = 3 and the corresponding 

values of K and Ss are shown in Table 4 as bold text. The acception of dimension n = 3 

is based on the type-curve matching of the Hantush model. The GRF approach with n = 

3 calculates an unrealistic large value of Ss (cut-off Ss = 10
-4

 1/m); see also Kuusela-

Lahtinen et al. (2003) for further discussion of a large value of Ss. 

Table 4. The analysed results of test data OLKR1029 by traditional methods 

(Hämäläinen 1997). 

KMoye [m/s] K Jacob&Lohman [m/s] KHorner [m/s] 

7.6E-10 1.2E-9 4.1E-10 

 

Table 5. The analysed results of test data OLKR1029. 

GRF (1988), generalized radial flow 

n K Ss [1/m] ē Derivate anal. 

1 no good fit  large value  

1.5 nonunique fit to 

early data 

 large value  

2 1.1E-09 9.2E-07 -0.18  

2.5 1.9E-09 5.9E-05 0.62 * 

3 5.9E-09 8.1E-04 1.75 * 

 

Hurst et al. (1969), confined, pseudo-radial 

n K [m/s] Ss [1/m] ē  

2 1.1E-09 9.2E-07 -0.18  

 

Hantush (1959), leaky, pseudo-spherical 

n K[m/s] K’[m/s] Ss [1/m] ē  

3 8.9E-10 1.1E-09 2.5E-06 0.18 * 

* The interpreted flow dimension from the derivate analysis. 

Transient data analysis is suitable for the determination of the outer hydraulic 

boundaries, for example if the measured fracture is connected to the fracture zone. No-

effect of outer boundaries on the test observations was seen. 

The measurement OLKR1033 

The measurements of the injected flow rate and pressure during the constant pressure 

test OLKR1033 are shown in Figure 3. The natural pressure is estimated as a value of  

-1.64 kPa and calculated over pressure as a value of 218.4 kPa, respectively. The 

estimated natural pressure is negative because the reference pressure is the hydrostatic 

pressure of the borehole. 
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Figure 3. The flow (blue line) and pressure (red line) measurements during the constant 

pressure test OLKR1033. 

In the case of test OLKR1033, the head divided by the flow rate (black line) and its log-

derivative (red line) is presented in Appendix 2. Appendix 2 also shows the fitted flow 

model (blue line) and its derivative (green line). Associated derivatives are calculated 

by the method of Bourdet et al. (1989). The estimation of the skin is zero. For 

comparison, the estimated conductivities by the traditional method of Moye (steady 

state assumption), Jacob and Lohman (1/Q-method) and Horner (Uraiet and Raghavan) 

are illustrated in Table 6. The summary of new results of analysis is presented in Table 

7. In the case of linear flow (n = 1), a unique estimation of K and Ss is not possible to 

determine, because they are correlated. It can be seen in Appendix 2 that a linear model 

fits the data poorly. Inspection of Table 7 shows that the residual mean is lowest for the 

GRF model with n = 1.5. The values of K and Ss are yielded by automatic estimation. 

The logarithmic derivative curves slightly upward, representing narrowing flow paths (n 

< 2) or is horizontal indicating dimension n = 2. The GRF model for n = 2.5 and n = 3 

can be rejected on the basis of the large value of Ss (cut-off for Ss is 10
-4

 1/m). Also the 

results of the Hantush model reject the hypothesis of spherical flow. As a summary, the 

dimensions n = 1.5 and n = 2 are accepted. The acceptable fits are shown as bold text in 

Table 7. 

The outer boundary did not influence on test observations. 

Table 6. The analysed results of test data OLKR1033 by traditional methods 

(Hämäläinen 1997). 

KMoye [m/s] K Jacob&Lohman [m/s] KHorner [m/s] 

5.0E-10 3.4E-10 2.2E-10 
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Table 7. The analysed results of test data OLKR1033. 

GRF (1988), generalized radial flow 

n K [m/s] Ss [1/m] ē Derivate anal. 

1 no good fit  large value  

1.5 6.8E-10 1.7E-07 0.77 * 

2 2.7E-10 4.5E-05 7.64 * 

2.5 6.7E-10 5.4E-04 10.78  

3 2.4E-09 4.7E-03 12.51  

 

Hurst et al. (1969), confined, pseudo-radial 

n K [m/s] Ss [1/m] ē  

2 2.7E-10 4.5E-05 7.64  

 

Hantush (1959), leaky, pseudo-spherical 

n K[m/s] K’[m/s] Ss [1/m] ē  

3 2.7E-10 3.7E-17 4.5E-05 7.64  

* The interpreted flow dimension from the derivate analysis. 
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4 PULSE TEST 

Pulse test is developed for the analysis of fractures with low conductivities. The pulse 

can be performed by introducing a small amount of water with constant pressure. For 

example a constant pressure injection test can be changed to the pulse test if flow rates 

are very low during the constant pressure test. Ludvingson et al. (2007) described that at 

the investigation sites of SKB pulse tests are made in very low transmissivity sections 

as a complement to injection tests. Pressure pulse test are generally performed by 

introducing a short overpressure pulse of about 200 kPa in the test section and 

monitoring the subsequent pressure decay in the section. 

4.1 Analysis methods 

4.1.1 Oskarshamn data analysed by Golder Associates 

The pulse test data from Oskarshamn have been analysed by using the pressure 

deconvolution method described by Peres et al. (1989) with improvements introduced 

by Chakrabarty and Enachescu (1997). 

4.1.2 Forsmark data analysed by Geosigma 

Ludvingson et al. (2007) have also presented the analysis procedure for pulse tests. A 

model described by Doughert and Babu (1984) was used for standard evaluation of the 

pressure pulse tests performed at Forsmark. The model assumes radial flow in a porous 

media. As for the injection tests, the effective borehole radius concept was used to 

calculate the skin factor as well as the concept of a fictive standpipe connected to the 

test section representing wellbore storage according to Eqn. 1. 

Qualitative evaluation of flow regimes during the pressure pulse test can be made from 

the derivative in a similar manner as described for the injection tests. In a low-

transmissive section, the pseudo-radial is seldom reached during the test. For the 

pressure pulse tests performed at Forsmark, no qualitative evaluation of flow regimes or 

determination of a flow model was systematically made. 
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5 CHANNELLING EFFECT AND FLOW DIMENSION 

In fractured rocks fluid flow and contaminant transport are difficult to characterise and 

model because their heterogeneity concentrates flow into erratic channels that are 

poorly suited to traditional analysis techniques (Walker et al. 2006). It means that in 

heterogeneous rocks there can be high transmissive channels compared to the 

surrounding rock. In general, channelling can be associated with transmissivity 

heterogeneity in a single fracture or fracture networks. 

Walker and Roberts (2003) have studied flow dimensions corresponding to different 

hydrogeologic conditions. The flow dimension of a hydraulic test may reflect several 

characteristics of the hydrogeologic system, including heterogeneity, boundaries and 

leakage. The generalized radial flow (GRF) approach by Barker (1988) is not restricted 

to flow dimensions of 1, 2 or 3 (i.e. linear, radial or spherical flow), nor to a real 

hydrogeologic system. 

Walker and Roberts (2003) presented solutions for the flow dimensions that correspond 

to idealised hydrogeologic systems with the objective of aiding the interpretation of the 

flow dimensions of hydraulic test responses. The solutions are developed for constant-

rate hydraulic tests with a fully penetrating source in a domain with a Euclidean 

dimension of two. Barker (1988) developed the GRF approach for well test 

interpretation to address hydraulic tests in fractured rocks, where flow does not 

necessarily fill the tested domain. One cause for the flow dimension differing from the 

Euclidean dimension of the formation is that impermeable boundaries have restricted 

the area of flow. For example, a hydraulic test in an aquifer with a Euclidean dimension 

of two that is bounded by parallel, linear, no-flow boundaries can transition from radial 

flow to linear flow as the boundaries restrict the flow. 

Walker and Roberts (2003) reviewed the correspondences between flow dimension and 

fractal dimension. According to them Barker (1988) supposed that noninteger values of 

flow dimensions observed in fractured systems might be the result of radial diffusion in 

a fractal network of fractures. Acuna and Yortsos (1995) found that under certain 

conditions, the fractal dimension of a fracture network equals the flow dimension and 

the flow dimension need not be an integer. Barker (1988) noted that a single pipe-like 

conduit could follow a tortuous path, effectively filling a three-dimensional domain, and 

yet still have a flow dimension n = 1. The flow dimension also reflects heterogeneous 

aquifer properties. Doe (1991) pointed out that flow geometry and heterogeneity are 

continuously interchangeable as interpretations of the flow dimension. He noted that 

this interchangeability means that the flow dimension interpreted for a hydraulic test 

might be the consequence of heterogeneity, variations in geometry or some combination 

of both. This implies that the observed flow dimension is not necessarily a simple 

function of radial distance as it is in the homogeneous system described by Barker 

(1988). 

According to Walker and Roberts (2003) the flow dimension of non stationary fields 

depends on the form and magnitude of non stationary. The results suggest that for a 

stationary heterogeneous transmissivity field of modest variability, the underlying 
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dimensional assumptions of a radial interpretive model are reassuringly consistent with 

observed flow dimension. 

Walker and Roberts (2003) summarised that the GRF approach requires placing 

hydraulic testing in full context of the hydrogeologic settings rather than forcing the test 

into the assumptions of the interpretive model. The observed flow dimension needs to 

be combined with all other knowledge of the system (geologic, geophysical, hydrologic, 

etc.) to construct a meaningful conceptual model of the system. Additional information 

can be used to eliminate one of explanations for the flow dimension. Similarly, the 

calibration of numerical flow and transport models of these systems should confirm that 

the numerical model reproduces the flow dimension observed from field hydraulic tests 

(Walker and Roberts 2003). Walker et al. 2006 noted that additional research on 

exploring the relationship between transport behaviour and the flow dimension is 

advocated. 

Flow dimensions corresponding to stochastic models of heterogeneous transmissivity 

have been examined by Walker et al. (2006). Their study concentrated on the behaviour 

of the flow dimension for stochastic models of aquifer heterogeneity, with the objective 

of identifying models that produce noninteger flow dimensions (n = 1.4 - 2) that have 

been observed in the field. The flow dimension was studied for three stochastic models 

of heterogeneous transmissivity, T(x), via Monte Carlo analysis of numerical models. In 

numerical simulation for log-normal T(x) of low variance, the ensemble average of 

apparent flow dimensions were two, regardless of the test duration. If the test duration 

was sufficiently long, the apparent flow dimension converged to two even for individual 

tests. This means that log-normal T(x) of low variance was poor choice for representing 

noninteger flow dimensions. The variability of the apparent flow dimension depended 

on the variance and integral scale of ln T(x) for a spatially correlated Gaussian field, 

suggesting that these parameters might be estimated from a set of aquifer tests. The 

results also suggested that it may be possible to use the variability and average of the 

flow dimension of a set of aquifer tests to differentiate between alternative models 

models of heterogeneity and estimate their parameters. 

Black (1993) has also studied a question of uncertainty about flow geometry. He 

emphasised that if flow dimension is wrongly identified or assumed, the value of 

hydraulic diffusivity will also be affected. If a value of 2 is assumed when it should be 

closer to 1, then the hydraulic diffusivity will be calculated to be less than reality. In 

such event the actual contaminant could arrive earlier than models would predict. A 

wrongly identified flow dimension can lead to errors in derived hydraulic conductivity 

of several orders of magnitude. 
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6 THE REPRESENTATIVE PARAMETERS 

6.1 The representative volume of interpreted parameters 

Interpreted parameters represent a certain volume in the fractured rock around the 

investigated borehole. The interpreted flow regimes as well as the transmissivities can 

be described in terms of the distance from the borehole. The duration of the well test 

together with hydraulic properties of rock influences the radius of investigation. 

Harrström et al. (2007) have divided a volume of rock around the packed of section of 

the borehole to three sections. Very early responses represent the inner zone that may 

correspond to the fracture properties close to the borehole which may possible be 

affected by turbulent head loses. These properties are generally accounted by the skin 

factor. The middle zone represents the first response from which it is considered 

possible to evaluate the hydraulic properties of the formation close to the borehole. The 

outer zone represents the response at late times of hydraulic structure(s) connected to 

the hydraulic features of the middle zone. Sometimes it is possible to deduce the 

possible character of the actual feature or boundary and evaluate the hydraulic 

properties. Apparent no-flow and constant head boundaries are reflected by an 

increase/decrease of the derivative. 

Enachescu and Rahm (2007) reported that at the Oskarshamn site the derived 

transmissivities reflect the properties of fractures intersecting the test zone. The 

transmissivity may vary with the distance from the borehole to the extent further 

fractures are intersected. Streltsova (1988) clarifies that the continuity of a reservoir can 

be terminated in one or more directions by a boundary that is either impermeable to 

flow or maintains a relatively constant pressure. A reservoir can have lateral 

heterogeneities and can be separated into areas that have distinctly different properties. 

Streltsova (1988) continues that pressure change with time for a well producing at a 

constant rate from a formation with areally distributed heterogeneities is in general 

represented by a curve with multiple slopes on a semilog plot as production progresses. 

The initial portion of such a curve, if not affected by near-wellbore permeability 

alterations or wellbore storage, is a straight line of slope m associated with the 

transmissibility of the reservoir area adjacent to the well. In Figure 4 is illustrated an 

effect of areally distributed heterogeneity on flow rates. The contrast in transmissibility 

away from the well, which may be either a decrease or an increase in transmissibility, 

modifies the shape beyond the initial segment so as to form another straight line with a 

slope m
’
 that is correspondingly, either greater or smaller that the initial slope m. The 

second straight-line segment formed when two regions with transmissibilities T and T1 

contribute to the flow.  The storage contrast between the areas determines the shape and 

duration of the transitional portion of the drawndown curve between the initial and late-

time straight-line segments. Finally, the spatial distribution of areal heterogeneities, that 

is, their size and location, controls the duration of each portion of pressure drawdown 

and rapidity of the progression from one portion to another. 
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Figure 4. An effect of areally distributed heterogeneity on flow rates. 

6.2 The most representative value of interpreted parameter 

Single-hole hydraulic injection tests contain two transient phases: injection phase and 

recovery phase. At the end of the injection phase steady state is assumed to achieve. 

Transient data gathered during both phases can be interpreted with different methods 

describing in the chapters 3.1 and 3.2. Steady state data from SKB’s and Posiva’s 

investigation sites is interpreted by Moye’s method (Moye 1967), which assumes radial 

flow geometry near the borehole and spherical flow geometry further from the borehole. 

In SKB’s site investigation the most representative values of transmissivity are chosen 

from transient analysis. Ludvingson et al. (2007) reported that at Forsmark the injection 

period was in general the most appropriate for analysis due to a longer analysable part 

of the flow curve after constant pressure is achieved and more representative rock 

conditions close to the borehole. No disturbing effects of wellbore storage are present 

during the injection period. In most tests, a certain time interval of the pseudo-radial 

flow could be identified during the injection period on which the transient evaluation 

was based. The recovery period of the tests was often disturbed by wellbore storage 

effects, thus decreasing the part of the pressure data curve representative of the rock 

conditions. In low-transmissive sections, it was difficult to obtain unambiguous 

transient evaluation during the recovery period due to dominating wellbore storage 

effects. During the recovery period, a lower number of tests for which a well-defined 

pseudo-radial flow regime could be identified were observed. 

Ludvingson et al. (2007) also summarised that at Forsmark in certain boreholes, an 

increased number of tests showing effects of apparent no-flow boundaries, probably 

reflecting flow features of limited extent or decreasing aperture further away from the 

borehole, were observed during the injection period. In several such tests, a slow and 

incomplete pressure recovery was observed during the recovery period. On the other 

hand, in some boreholes, an increased number of tests approached a pseudo-stationary 

flow both during the injection and recovery period. Many times, such cases could be 
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correlated to extensive deformation zones as interpreted from the geological borehole 

investigation. 

Also in the case of the Oskarshamn site, the recommended transmissivity was analysed 

by the transient interpretation method. For tests made at Oskarshamn, the confidence 

range of interval transmissivity was estimated. It would be interesting to investigate, 

how this confidence range for the interval transmissivity is used in hydrogeological 

modelling. Enachescu & Rahm (2007) have reported that in cases where different flow 

models were matching the data in comparable quality, the simplest model was preferred. 

According Enachescu (2010) the simplest model would be the model with the least 

number of parameters and with the most common assumptions. For example, if a 

homogeneous model and a composite model both match the data equally well, the 

homogeneous one would be chosen. If one has the choice between a model with a flow 

dimension of two (radial flow) and a model with a flow dimension of 1.5 (sub-radial 

flow geometry), the model with radial flow would be chosen because this is the more 

common assumption. Enachescu (2008) presented at the Oskarshamn site channelling 

effects with a flow dimension less than two (something like linear flow) were not often 

seen. Most of the tests showed radial flow. Also, if flow dimensions other than two 

were diagnosed, it was decided to perform an equivalent radial flow analysis as well for 

comparison. 

The hydraulic transmissivities, T, measured by difference flow logging are used in 

characterisation of hydraulic properties of bedrock at Posiva’s investigation site 

Olkiluoto. Nowadays measurements are made with a short investigation interval and it 

is possible to determine transmissivities of single fractures. Andersson et al. (2007) 

explained that whilst the flow is to be channelled within such fractures, due to their 

inherent heterogeneity, the determination of the transmissivity is based on 

conseptualisation of an ideal radial flow field between the drillhole and a perimeter at 

the so-called influence radius. There is an implicit assumption that the fracture is 

homogeneous. An error of some magnitude may ensue from this, as well as from the 

uncertainty associated with the influence radius. In the calculation of T values, a 

constant value of radius of influence (ro = 14 m) in Thiem’s equation (de Marsily 1986) 

has been used. For ro = 1 m the factor is 0.55 and for ro = 1000 the factor is 1.72. 

At Olkiluoto, transmissivities in the range 10
-9

 m
2
/s to 10

-8
 m

2
/s are more evenly 

distributed vertically than transmissivities in the range 10
-6

 m
2
/s to 10

-5
 m

2
/s. Another 

and more striking characteristic of the transmissive bedrock fracturing is its 

heterogeneous distribution. A similar observation of the unevenness in the number of 

measured transmissivities in different drillholes was also made by Lanyon & Marschall 

(2006). Such a pattern is an indication of the spatial correlation(s) in the transmissive 

fracture statics on the scale of the domain probed by the drillholes. Niemi (1994) carried 

out variogram analysis of 30 m hydraulic conductivity data from five investigation sites 

explored at that time, including Olkiluoto, finding support for a spatial correlation on 

the 100 scale. While the resolution of a 30 m packer interval is too coarse to facilitate 

determining the transmissivity of individual fractures, her study did not address the 

spatial structure between drillholes. 

Andersson et al. (2007) presented that at Olkiluoto, practical flow modelling strives for 

a properly simplified approach to specify hydrogeological properties of the 
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hydrogeological zones. Therefore the goal is to have a single representative or effective 

value. According to effective medium theory, the effective transmissivity in a uniform 

flow field is obtained as the geometric average (Renard & de Marsily 1997; Vidstrand 

1999; Sanchez-Vila et al. 2006). From the modelling point of view the essential 

difference between the sparsely fractured rock and the hydrogeological zones is the 

dimensionality: the former will be modelled as a three dimensional porous medium. 

Although the point values are similar to those associated with hydrogeological zones, 

the effectivity property is determined somewhat differently. The effective hydraulic 

conductivity of the bedrock (Keff) is calculated as Keff = TG/DT based on geometric 

means of measured high transmissivities (TG) and their frequency (actually the distances 

between high T values (DT) outside modelled zones). 
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7 CONCLUSION 

7.1 Implications for flow and transport modelling 

Performance assessment of the underground repository needs to evaluate transport and 

retention properties along the potential flow paths through the bedrock. Estimation of 

the transport and retention properties is carried out by numerical simulations. The flow 

properties in the simulations are determined by the characteristic hydraulic properties of 

the bedrock. In practice, the modelling is performed using fracture network models that 

are parameterized using data from the hydraulic measurements, mainly PFL (Posiva 

Flowlog) data. PFL data is able to couple the measured effective transmissivities with 

the individual fracture observations from the boreholes. This is increases confidence and 

accuracy of the hydraulic fracture network. However, estimates on the fracture sizes and 

connectivity of the fracture network are not as well supported by the PFL data. 

Transport and retention properties are mainly governed by the great heterogeneity of 

fractured rock that leads to large variability of the flow rates in different scales. 

Fractures are the main conduits in the rock and they are surrounded by the impermeable, 

but water saturated rock matrix. This makes the bedrock a dual porosity medium that 

encompasses mobile and immobile pore spaces. Variability in the effective 

transmissivity of the fractures leads to distinct flow paths of the interconnected 

fractures. The flow is also channelised in the individual fracture planes due to the 

internal heterogeneity of the fractures. 

Retention properties along the flow paths depend on the distribution of the flow to 

different transport channels. Molecular diffusion will even out differences caused by the 

small scale heterogeneity and channelling of the flow in the fractures. Especially this is 

true under the low flow rates that are representative for the performance assessment 

conditions. The governing level of heterogeneity influencing retention properties along 

the performance assessment flow paths is caused by the variability of flow between 

different flow routes of connected fractures, i.e. hydraulic connectivity of the fracture 

network. 

Alternative interpretation of the well testing may provide information on the hydraulic 

characteristics of the fracture network that is connected to the tested borehole sections. 

It is clear that flow through the fracture network does not completely fill the three 

dimensional space. In principle, an estimate of the space that is available for flow could 

be based on the flow dimension interpreted from the transient well test. In practice, the 

procedure would be that the well tests are simulated by the fracture network model and 

the flow dimensions deduced from the simulated well tests are compared with the 

corresponding field data and used to calibrate the fracture network model e.g. fracture 

size distribution or correlation between fracture size and transmissivity. This means that 

information on the flow dimension is used to build confidence on the description of the 

hydraulic fracture network. 

This approach requires a large database of the interpreted well tests from the planned 

repository depth so that the statistical description of the fracture network is well 

constrained. In practice, uncertainty in the interpreted flow dimensions may 

considerably hinder application of the transient well tests in the calibration of the 

hydraulic fracture network model. Uncertainties in the transient well testing are 
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connected to the influence of the background flow on the test results, pressure 

disturbances during the test, limited duration of the test and volumes of the bedrock that 

have been active in the tests. One may take into account the background flow and 

pressure disturbances by the multiple-rate approach described in Doe and Geier (1990). 

Although conductivity values analysed by traditional methods would be similar to 

conductivity values estimated by consideration flow dimensionality, the effective 

porosity is much smaller and the travel times much shorter for the channel than 

dimensions greater than 2 corresponding to a dense fracture network (a homogeneous 

porous media) (Kuusela-Lahtinen et al. 2003). Thus the flow dimension effects the 

effective porosity value, which is used in radionuclide and salt transport modelling with 

homogeneous porous models in the case of nuclear waste investigations. 

In case of non-uniqueness results of dimension analysis for selecting the appropriate 

flow geometry, one may adapt methods of risk analysis and choose the worst cases of 

the dimension for flow and transport modelling, for example the lowest estimated 

dimensions. 

7.2 Influence of local heterogeneity on interpretation of the well test 
results 

A numerical simulation has been performed to exemplify the influence of the local 

heterogeneity on the interpretation of the flow dimension from the transient well test 

data. The approach has been to simulate a constant pressure well test in an artificial 

heterogeneous fracture using Comsol Multiphysics. Comsol Multiphysics is a general 

purpose numerical FEM model. The well test simulations have then been interpreted 

using known analytical solutions for generalized radial flow. The applied parameter 

values are selected to be realistic for a typical flowing fracture deep in the bedrock. 

7.2.1 The fracture 

A disc shape heterogeneous fracture with a radius 10 m has been used in the model. The 

pumping borehole is represented by a 56 mm hole in the middle of the fracture. 

Heterogeneous transmissivity distribution follows log-normal distribution with a mean 

of Log10(T) as 1e-8 m
2
/s, standard deviation of the Log10(T) as 1.0 and fixed 

storativity of 1e-6. Heterogeneity in the fracture plane is described by spatially variable 

local transmissivity using a spherical correlation function and correlation length of 

0.3 m (Figure 5). It is noted that the size of the fracture is close to the 14 m radius of 

influence that is usually applied in the interpretation of the PFL measurements. In the 

numerical simulations, discretisation of the fracture is determined by the correlation 

length and the size of the fracture is limited by the total number of the FEM elements. 

The correlation length is slightly larger than the diameter of the borehole. Therefore, 

variability in the results that is caused by the random location of the borehole in the 

fracture plane is assessed by calculating nine different cases. Location of the pumping 

hole is varied by one correlation length between the different simulation cases. 

Initially a zero hydraulic head has been assigned to the fracture. At the beginning of the 

test the hydraulic head in the borehole is raised by 10 m. The zero hydraulic head is 

maintained at the outer boundary of the fracture all the time. 
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Figure 5. Lognormal fracture transmissivity distribution with spherical correlation 

function, where a correlation length of 0.3 m has been applied in the simulations. 

Colours indicate logarithm of the transmissivity. Nine different cases have been 

calculated by varying pumping location by one correlation length. The simulated 

pumping locations are indicated in the figure. 

7.2.2 Model for interpretation of the well test results 

Interpretation of the simulated well test results is based on the analytical solution for the 

flow rate in the constant pressure test (Doe 1991). The Laplace transformed flow rate is 

presented as 

s

n

w

wn

w

n

S

K

n
n

r
sKs

r
sKrnbKH

sQ























































;
)2(/(

2
)(

,

)(

)(

2/

1

13

0

 (2) 

Where, H0 is the constant head applied in borehole section, K is the hydraulic 

conductivity, b is the thickness of the conduit, rw is the radius of the borehole, n is the 

flow dimension, Ss is the specific storativity and η is the hydraulic diffusivity. Functions 

Kν and Г denote modified Bessel function and gamma function, respectively. In the 

present analysis the fracture is treated in Equation (2) by letting b = 1, K = T and Ss = S. 

Typical behaviour of the flow rate from the borehole to the bedrock depends on the flow 

dimension. Figure 6 shows time series of the flow rate for integer flow dimensions. The 

very early time behaviour does not depend on the flow dimension, but at the later times 
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the flow geometry determines the behaviour. It may be noted that the differences 

between higher flow dimension is much smaller than close to the linear flow (n = 1). 

 

Figure 6. Flow rate from the test section to the bedrock for different flow dimensions. 

7.2.3 Simulation results 

A heterogeneous transmissivity distribution creates channelling to the flow field. Figure 

7 shows the flow velocity field for one calculated case. The effective transmissivity of 

the fracture varies depending on the pumping location. In the simulation results this is 

reflected so that the steady state flow rate varies between different calculation cases. 

Transient flow rates for all nine different pumping locations are presented in Figure  8. 

There is almost an order of magnitude difference between steady state flow rates from 

different pumping locations. This indicates that in the worst case the very near field of 

the pumping locations may have a large affect on the interpreted effective properties. 

However, seven out of the nine total pumping locations show very similar steady state 

flow rates. Comparison of the transient flow rates with the analytical solutions for 

different flow dimension show that the heterogeneity at the support applied in the 

present simulations does not considerably affect the flow dimension. Qualitatively the 

majority of the curves follow the flow dimension of n = 2 and in some cases the 

simulated transient of the flow rates fits well with the analytical solution for a 

homogeneous fracture using the mean values of the fracture (T = 1e-8 m
2
/s and S = 1e-

6). 

Simulated flow rates are also considered by the derivative of the log-log time 

dependency of the flow rate (Figure 9). The derivative indicates that the flow dimension 

is slightly higher for the pumping locations in the low conducting parts of the fracture 

plane. Generally, the flow dimension seems to indicate two dimensional flow and it 

varies mainly due to the local properties around the pumping hole. This means that the 

heterogeneous structure of the fracture plane is not strongly reflected in the flow 

dimension. 
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Figure 7. Flow velocity field in one simulation case. Areas of light blue indicate high 

flow rates, i.e. flow channels. 

 

 

Figure 8. Flow rate into the fracture in different calculation cases. Solid curves 

indicate flow rates from the 9 individual pumping holes. The 3 dashed lines show 

analytical curve solutions for different flow dimensions using T = 1e-8 and S = 1e-6. 

The vertical dashed line indicates the time when the outer boundary of the fracture 

begins to affect the flow and the steady state flow field is reached. 
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Figure 9. Derivative of the flow rate into the fracture in different calculation cases. 

Solid curves indicate flow rates from 9 individual pumping holes. The 3 dashed lines 

show analytical curve solutions for different flow dimensions using T = 1e-8 and S = 

1e-6. The vertical dashed line indicates the time when the outer boundary of the 

fracture begins to affect the flow and the steady state flow field is reached. 

7.3 Summary of results 

A new analysis procedure with the joint use of the interpretation of flow dimension by 

derivative analysis, residual statics, GRF application and solutions for integer flow 

dimensions (see Table 1) improves the earlier developed application of the GRF 

approach to analysing Posiva’s constant pressure injection data (Kuusela-Lahtinen et al. 

2003). In this earlier work the value interpreted for specific storage coefficient (Ss) was 

used as a tool for prioritising the flow dimension. The flow dimensions were infered 

from the test data performed with the 2 m and 10 m measurement scales at the 

Romuvaara site. The test data came from depths up to 450 m. The flow dimension could 

be analysed from 175 tests, which were classified to represent fracture zones or the rock 

sections outside fracture zones, so-called ‘average’ rock. The dimensions interpreted 

were classified into six groups, namely < 1, 1/1.5, 1.5-2, 2, 2-2.5, 2-3. For 2 m scale test 

in average rock, most (approximately 70 %) of the data falls into the categories n = 2 

and n = 2 - 2.5 and in the category 1 - 1.5 was 10 % of tests. 

The new analysis procedure, especially use of the logarithmic derivative, decreases non-

uniqueness of interpretation of the flow dimension. Renard et al. (2009) and Walker et 

al. (2003) pointed out that the non-uniqueness of interpretation can be diminished by 

carefully integrating the geological and hydrogeological knowledge available for the 

site. 

The new analysis procedure is illustrated through the study of two test examples, which 

were performed at borehole OLKR10 with the test interval 2 m. The geological 

information of the test interval is obtained from the fracture database. The information 

on fracture type and orientation as well conductive fracture determinated by PFL are 
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correlated to the estimated flow dimension from test data. The depths of the test interval 

are near the depth of the planned repository of nuclear waste (400 - 450 m). One of the 

test intervals is intersected by a filled fracture and the analysed flow dimensions also 

indicates flow in a fractures, with inferred flow dimensions of n = 1.5 or n = 2. The flow 

dimension n = 1.5 represents a possibility of narrowing flowpaths. The other analysed 

test interval is intersected by three filled fractures. In this case, analysis of the flow 

dimension show behaviour that is related to a fracture network (homogeneous porous 

media), with interpreted flow dimensions of n = 2.5 - 3. 

Transient data analysis is suitable for the determination of the outer hydraulic 

boundaries, for example measured fracture connection to the fracture zone. No effect of 

the outer boundaries on the observations of the example tests was seen. 

The present numerical simulation of a constant pressure test in an artificial 

heterogeneous fracture tried to determine if the channelling of the flow can be observed 

in the transient pumping test results. It appears that the influence of the fracture 

heterogeneity can be observed in the effective transmissivities that were calculated from 

the simulated pumping tests. Effective hydraulic properties reflect the local hydraulic 

properties around the pumping hole. This is especially true if the pumping location is 

completely in an area of low hydraulic conductivity. Channelling of the flow does not 

show up in the transient flow characteristics of the simulated well tests. The evaluated 

flow dimensions show rather similar behaviour that is well represented by two 

dimensional flow fields. However, visual inspection of the velocity field (Figure 7) 

shows clear channelling of the flow. 

It could be that determining the flow dimension from the single-hole testing is more 

sensitive to the connectivity of fracture network and channelling of the flow to different 

flow routes of connected fractures than on the channelling of the flow in the individual 

fracture planes. Hydraulic single-hole testing activates a limited volume of rock around 

the packed off section of the borehole. If the tested volume of rock is mainly limited to 

the fracture that is intersecting the borehole, then in principle, the transient flow 

characteristics can be used to separate linear (channelled) flow from the radial two 

dimensional flow. If a larger network of fractures is activated during the hydraulic 

testing, then the transient hydraulic response can be used to identify possible 

channelling of the flow that should show up as a lower flow dimension (n = 1 - 2) of the 

flow field compared to the cylindrical or spherical pressure field of the experiment. 

7.4 Suggestions for future work 

The new analysis procedure to infer the flow geometry and associated hydraulic 

parameters is illustrated in this report. According to the procedure no advanced 

assumption of flow geometry is needed as it the case when using traditional transient 

methods of Jacob & Lohman (1952) and Horner (Uraiet and Raghavan 1980). The new 

procedure could be systemically applied for Posiva’s constant pressure injection data. 

Analysing more tests would yield a statistical view of the flow geometry at the 

Olkiluoto site. Also insights into fracture network properties corresponding to 

channelling of the flow may be achieved by analysing the flow dimensions. 
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The analysis procedure was utilised for the injection period of test data, but it could also 

be used for recovery period. Implementing the procedure to recovery data requires 

further research on the effect of wellbore storage on recovery data. The other advantage 

of using type curves for the analysis of injection and recovery period data is the 

avoidance of time restrictions of straight line approaches of Jacob & Lohman (valid for 

sufficiently large values of time) and Horner (dimensionless flowing time should be 

greater than 1000 and dimensionless pressure buildup greater than 40). The 

interpretation of transient data with type curves estimates both transmissivity and 

storage. 

In case of a heterogeneous interval, multiple straight-line portions in graphs of Jacob & 

Lohman (1952) and Horner (Uraiet and Raghavan 1980) can be evaluated. If values of 

conductivity are used in numerical homogeneous porous media flow modelling, 

straight-lines in graphs should be systematically drawn for the later portion of the data 

curve representing an effective conductivity of influenced volume. Instead, in case of 

fracture network model, straight-lines in plots should be drawn to the earlier portion of 

the data curve representing individual fracture. These should systematically be checked 

and taken into consideration in comparison of HTU and PFL transmissivities. 

The use of the flow derivate to infer the flow dimensions and the effect of the possible 

flow boundaries on the analysis of the transient well testing results is suggested for 

further investigation. A lot of information is available from constant rate tests (pumping 

tests) but constant pressure tests have been applied much infrequently. 
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APPENDICES 

Appendix 1. The diagnostic plot of constant pressure test measurements and fitted flow 

models. Borehole OLKR10 and test file OLKR1029. 

Appendix 2. The diagnostic plot of constant pressure test measurements and fitted flow 

models. Borehole OLKR10 and test file OLKR1033. 
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Appendix 1. The diagnostic plot of constant pressure test measurements 
and fitted flow models. Borehole OLKR10 and test file OLKR1029 
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Figure 1-1. GRF-model with n = 1. 
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Figure 1-2. GRF-model with n = 1.5. 
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File OLKR1029

10. 100. 1000. 1.0E+4
10.

100.

1000.

1.0E+4

Time (sec)

H
e
a
d
/F

lo
w

 r
a
te

 (
m

/L
/m

in
)

Obs. Wells

OLKR10

Aquifer Model

Confined

Solution

Barker

Parameters

K  = 1.094E-9 m/sec
Ss  = 9.179E-7
n  = 2.
b  = 2. m
Sw  = 0.
r(w) = 0.038 m

 

Figure 1-3. GRF-model with n = 2. 

 
File OLKR1029

10. 100. 1000. 1.0E+4
10.

100.

1000.

1.0E+4

Time (sec)

H
e
a
d
/F

lo
w

 r
a
te

 (
m

/L
/m

in
)

Obs. Wells

OLKR10

Aquifer Model

Confined

Solution

Barker

Parameters

K  = 1.845E-9 m/sec
Ss  = 5.89E-5
n  = 2.5
b  = 2. m
Sw  = 0.
r(w) = 0.038 m

 

Figure 1-4. GRF-model with n = 2.5. 
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Figure 1-5. GRF-model with n = 3. 

 
File OLKR1029

10. 100. 1000. 1.0E+4
10.

100.

1000.

1.0E+4

Time (sec)

H
e
a
d
/F

lo
w

 r
a
te

 (
m

/L
/m

in
)

Obs. Wells

OLKR10

Aquifer Model

Confined

Solution

Hurst-Clark-Brauer

Parameters

T  = 2.038E-9 m2/sec
S  = 1.71E-6
Sw  = 0.
r(w) = 0.038 m

 

Figure 1-6. Hurst-Clark-Brauer -model fit. 
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Figure 1-7. Hantush (1959) model fit. 
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Appendix 2. The diagnostic plot of constant pressure test measurements 
and fitted flow models. Borehole OLKR10 and test file OLKR1033 

File OLKR1033

10. 100. 1000. 1.0E+4
10.

100.

1000.

1.0E+4

Time (sec)

H
e
a
d
/F

lo
w

 r
a
te

 (
m

/L
/m

in
)

Obs. Wells

OLKR10

Aquifer Model

Confined

Solution

Barker

Parameters

K  = 1.018E-9 m/sec
Ss  = 1.708E-7
n  = 1.
b  = 2. m
Sw  = 0.
r(w) = 0.038 m

 

Figure 2-1. GRF model with n = 1. 
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Figure 2-2. GRF model with n = 1.5. 
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Figure 2-3. GRF model with n = 2. 
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Figure 2-4. GRF model with n = 2.5. 
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Figure 2-5. GRF model with n = 3. 
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Figure 2-6. Hurst-Clark-Brauer -model fit. 



 50 Appendix 2 

File OLKR1033

10. 100. 1000. 1.0E+4
10.

100.

1000.

1.0E+4

Time (sec)

H
e
a
d
/F

lo
w

 r
a
te

 (
m

/L
/m

in
)

Obs. Wells

OLKR10

Aquifer Model

Leaky

Solution

Hantush

Parameters

T  = 5.368E-10 m2/sec
S  = 8.938E-5
r/B  = 1.0E-5
r(w) = 0.038 m

 

Figure 2-7. Hantush (1959) model fit. 




