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PREFACE
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uncertainties inherent in site characterization will influence performance assessment
results. Other important elements of SITE-94 are the development of a practical and
defensible methodology for defining, constructing and analyzing scenarios, the
development of approaches for treatment of uncertainties, evaluation of canister
integrity, and the development and application of an appropriate Quality Assurance
plan for Performance Assessments.
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1.

INTRODUCTION

1.1

GENERAL
The characterization of a potential site for storage of spent nuclear fuel
involves a large number of different geohydraulic measurements such as
hydraulic injection tests, interference tests and tracer tests. Data from these
tests are often used as input data to different types of models without any
discussion about the potential uncertainty in the parameter values used.
Instead, it is often taken for granted that the methods and interpretations
gives a correct description of the investigated system. So far, within the
Swedish site investigation program, discussions about uncertainty and
measurement limits have been presented separately for each individual
measurement and mostly in terms of pure instrumental errors. Therefore, SKI
has initiated a project which should give a more complete discussion about
uncertainties for all geohydraulic methods used in the site characterization
program.

1.2

CHARACTERIZATION
How well can we really characterize fluid migration in the fractured
crystalline basement? This requires that we define "characterize". The
definition cannot be idealistic expecting complete knowledge of the system,
rather, "characterize" must be defined pragmatically. Characterization must
be sufficient to satisfy the needs of: (1) a safety analysis of a proposed
nuclear waste repository which must assess possible repository breaches and
predict consequences of possible leaks for at least 100 000 years, and (2)
engineering design of a repository to maximize safety and to guarantee
almost perpetual isolation of the waste. There are two parts of
characterization required for each point, a generic characterization of fracture
crystalline basement gained from various site investigations, laboratory
experiments, and theoretical analyses, and site-specific characterization
dealing with geometry and parameterization of important features of the
proposed site.
We need to know about geochemistry and migration of water to the
repository in order to determine, for example, rates of canister corrosion.
Knowledge of geochemistry and water migration from the repository is
necessary for determination of, for example, possible radionuclide transport
to the accessible environment.
Characterization of fluid migration is based on knowledge of geology,
tectonics, rock mechanics and thermomechanical properties, geochemistry
and fluid density, hydrologic factors and topographic gradients, and climate.
Collection of site specific data may give at best only a partial snapshot of
flow in a spatially limited region. Data is necessarily sparse, both because of
cost and because too many boreholes may affect repository safety. We can
generally expect to identify the major conductive features intercepted by
boreholes, but can determine little about the main mass of rock through
direct measurement.

What is really needed is order of magnitude estimates of the conductivity
field, as well as description of flow paths and fluid fluxes. The data is to be
used as a basis for explaining how the hydrology works at a given site. Data
includes geophysical logs, chemistry, hydraulic head or pressure in three
dimensions, large-scale hydraulic tests in fractures or zones, surface and
airborne geophysics, geologic maps (3-D), and lineament interpretation
maps.

1.3

CHARACTERIZATION OF WORST-CASE GROUNDWATER FLOW
FIELD
For safety analysis, we must assume that at least one connected path,
extending the entire length of each drift, evolves among the excavationcreated onion-shell fractures surrounding the drift. This path intercepts all
percolating fractures in the drift vicinity and connects them. Thus, the
excavation causes considerable increase in the connectivity of fractures
within the rock at the site, possibly allowing fractures not originally in the
percolating network (backbone) to conduct fluid. Further, the flow in all
intercepted fractures is concentrated and channelled along each drift, close to
all canisters, increasing both inflow of possibly corrosive fluid to the
repository and ease of transport of radionuclide leaks to the accessible
environment. The isolative property of undisturbed crystalline basement may
be spoiled by such short-circuiting in the flow field. A major safety issue
relates to transport properties along excavation-caused fractures and the
changes in fluid flux near the repository due to these.

1.4

SITE-SPECIFIC VERSUS GENERIC CHARACTERIZATION
Site-specific characterization for safety analysis implies development of a
hydrologic description and explanation of water sources, flows and
discharges under pre-excavation, excavation, and post-closure flow
conditions. The main purpose is to make predictions of post-closure flow
conditions under various climatic conditions for the next 100 000 years. For
engineering purposes, the object of site-specific characterization is to find
and avoid percolating fractures to improve individual canister locations
(although the excavation-caused shell fractures may cause all canisters to be
equally near a fracture zone).
Generic characterization of crystalline basement deals with physics of flow
and transport in and mechanics of typical rock masses. The main purpose of
such characterization for safety analysis is to fill in gaps in sparse sitespecific data and the interpretation thereof by generalization from an existing
base of knowledge. Generic understanding is obtained from laboratory and
field measurements of conductivity, porosity, sorption coefficients, fracture
coatings, and mineralogy. For engineering purposes, generic understanding of
fracture generation following excavation and of properties of these fractures,
as well as of the behavior of closure materials, is required.

1.5

OBJECTIVES
The main objective of the proposed study is to do a critical review, in terms
of uncertainties of the parameters determined, of the geohydraulic methods
and measurement strategies currently used in the site characterization
program. The study is focused on now available methods and strategies, but
suggestions for new methods and measurement strategies will also be given.

1.6

GENERAL APPROACH
The general approach for the proposed study is;
1.

Identification of important attributes (processes and properties)
for site characterization.

2.

Identification of geohydraulic methods.

3.

Identification of other methods related to the geohydraulic
methods.

4.

Selection of methods to be studied based on 1.

5.

Identification of potential sources of error and uncertainty.

6.

Description of methods and discussion and quantification of
errors and uncertainties related to the method.

7.

Comparison of different methods and measurement strategies.

8.

Suggestions for future improvements of methods and
measurement strategies.

This study comprises a description of all geohydraulic methods used in the
Swedish site characterization programme. Each geohydraulic method is
described in terms of;
-

measurement technique
equipment (including alternative equipments)
evaluation techniques (including assumptions made)
parameters determined
applicability of the method for site characterization

The measurement technique is compared to other techniques and possible
improvements are discussed. Different techniques are also compared and the
influence of the disturbances introduced by the actual measurement (e.g.
induced gradient) is discussed. New measurement techniques and their
applicability to site characterization are also discussed. Error estimates and
measurement limits are given for most of the measurement techniques.
The influence of the equipment and the borehole or excavation itself is

another important factor which is dealt with. Suggestions how to control
these effects by applying new techniques or equipments are given.
The different assumptions made to transfer the measured properties to
parameter values (e.g pressure change to hydraulic conductivity), i.e. to
evaluate a specific geohydraulic measurement are also reviewed. Different
methods of evaluation of the same measurement method are described and
compared.
The parameters determined from each method are listed and discussed in
terms of uncertainty. Another important issue is to discuss the
representativity of the parameter determined by the method (e.g. how large is
the volume characterized by the determined parameter).
Finally, the applicability of the method to the site characterization is
discussed. In particular, the limitations of a specific method, with regard to
the possibility of making a meaningful evaluation of the experimental results
will be discussed. This discussion is essential for the understanding of the
information that can be obtained from a method in different scales and
geological environments.

RELEVANT GEOHYDRAUIJC ATTRIBUTES FOR SITE
CHARACTERIZATION AND THEIR MEASUREMENT METHODS

2.1

GENERAL
In this study, we have considered a number of attributes (processes and
properties) that are important for the construction and safety analysis of a
repository i crystalline bedrock. Our definition of the term relevant attribute
is that a misinterpretation or a bad measurement of the attribute can lead to a
wrong conclusion regarding the construction and safety of a repository. We
have not tried to list the attributes in order of priority. Also, the discussion of
geohydraulic attributes, important for site characterization, is focused on
attributes that can be investigated by geohydraulic methods applied from the
ground surface. There are of course other attributes important for safety
analysis, such as flow wetted surface and detailed fracture geometry inside
the repository area. However, these attributes cannot be determined from
ordinary ground surface studies and therefore, they are only briefly discussed.
The adequacy of using a particular method for determination of the relevant
attributes has been based on our own experiences from the Swedish site
characterization programme. We have also tried to consider the interaction
between different attributes and disciplines, where appropriate.
The most important methods for site characterization have been selected and
described in summary in Section 3. A detailed description of different test
methods is given in Appendices A and B. The appendices also describe some
alternative methods used for site characterization in other countries.
A summary of relevant geohydraulic attributes for site characterization and
their measurement methods is given in Tables 2.1 and 2.2 below. Most of the
attributes presented in the tables are determined in different scales by
different methods and with somewhat different aims depending on the scale
of the investigation. Therefore, the discussion in Sections 2.2 - 2.5 is
focused on three different scales; regional, local, and detailed scale. There
are no distinct scale limits, instead we define the local scale as the scale of
the major rock block delineated by regional fracture zones surrounding the
site. Consequently, the regional scale is beyond that and the detailed scale is
the near-field around the canister deposition holes.
Geohydraulic attributes and methods used for the detailed site
characterization, i.e the characterization of the near-field mainly performed
from tunnels and shafts, are listed in Table 2.2. These attributes and methods
are not specifically included in this study and will therefore only be briefly
mentioned.

Table 2.1

Relevant geohydraulic attributes and their measurement methods
applicable in site characterization from the ground surface
(selected methods in bold style).

Attribute

Geohydraulic method

LOCATION AND SIZE OF
FRACTURE ZONES

(Geology and geophysics)
Indirectly by hydraulic tests

Location of water conducting
fractures/fracture zones

Flow-meter logging (spinner) in
combination with hydraulic tests

GROUNDWATER FLOW ATTRIBUTES
Connectivity of
fracture zones

Hydraulic interference tests
Tracer tests

Transmissivity of
fracture zones

Hydraulic interference test
Hydraulic single-hole tests

Hydraulic conductivity
distribution of rock mass

Hydraulic single-hole tests
Generic knowledge

Darcy flux

Indirect:

Direct:

Direction of flow

Hydraulic head
measurements and
hydraulic tests
Dilution and tracer tests
(only flowing zones)

Hydraulic head measurements in
packed off borehole sections
Natural gradient tracer tests

TRANSPORT ATTRIBUTES
Water chemistry

In situ geochemical measurement
Water sampling

Flow porosity

Tracer tests

Dispersion

Tracer tests
Generic knowledge

Table 2.2

Additional relevant geohydraulic attributes and their
measurement methods applicable in the detailed site
characterization (from tunnels and shafts).

Attribute

Geohydraulic method

Porosity

Core samples
Generic knowledge

Diffusivity

Core samples
Generic knowledge

Existence and location of
preferential flow paths

Generic knowledge
Remote sensing

Flow-wetted surface area
Generic knowledge
Matrix diffusion and sorption

Fracture aperture/width

Connectivity of fractures and
fracture zones in the vicinity
the canisters

Small scale tracer tests
Laborator>' measurements
Generic knowledge
Tracer tests (Held and laboratory)
Hydraulic tests
Hydraulic interference tests
Hydraulic single-hole tests
Tracer tests

2.2

LOCATION AND SIZE OF FRACTURE ZONES

2.2.1

Regional scale
One of the most important aims for site characterization, both for safety
analysis and for the engineering design of a repository, is to determine the
geometry of fracture zones in different scales. The goal is to locate a rock
block large enough for the construction of a repository. The first phase
involves investigations of the bedrock geology and the structural geology
from geological, geophysical and topographical maps and by the use of
remote sensing techniques. This phase of the investigations is very important
as the results of these preliminary studies in practice decide whether a
potential site is suitable for further investigations using geohydraulic
methods. The methods used in the geological and geophysical
characterization are described in Tirén et al. (in prep.) and will not be
discussed here.
After the location and geometry of the regional fracture zones have been
established from the geological and geophysical investigations, the
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investigations are concentrated to a local scale (site scale). In the Swedish
programme so far, all boreholes have been drilled within a relatively narrowarea of about 2-4 x 2-4 km. The regional hydrology has mainly been
defined from the topography of the region. No subsurface investigations have
been performed in the regional scale (> 5 km). This is further discussed in
Section 5.
Regional geology, hydrology and geochemistry may give important clues
about the history of evolution of the bedrock, fracture zones and flow
distribution at a site. The history may serve as a tool to study what might
happen in the future regarding rock movements, faults and flow distribution.
Another important aspect of the regional survey is the use of geochemical
data as an indicator of the origin and flow pattern of the groundwater.
The methods used for the determination of location and size of regional
fracture zones are mainly geological and geophysical ones (ef. Tirén et al., in
prep.). However, it is important that these methods are applied in interaction
with geohydraulic methods. There are several examples from the Swedish
programme where fracture zones have been defined after the geohydraulic
measurements. Hence, it is important to go back and reinterpret the geology
and geophysics in an iterative way.
Of special interest for the safety analysis is the location and extension of
horizontal and gently dipping fracture zones. These structures have been
found to be difficult to detect from geological and geophysical surface
investigations.
2.2.2

Local scale
In the local (site scale) it is important to gather as much information as
possible about the location and size of fracture zones within and close to the
boundaries of the potential repository in order to maintain a setback of at
least 100 m to a fracture zone. Again, geological and geophysical methods
are most relevant. Geohydraulic methods should mainly be used to verify and
to help quantify the conceptual model developed from the geological and
geophysical measurements.
An important aspect of the geohydraulic measurements performed at this
stage is that they may reveal new hydraulically conductive features not
considered in the original geological/geophysical interpretation of the site.
Another aspect is that geohydraulic measurements may give information
about the "effective width" of the fracture zones for fluid flux calculations.
Geologically, the rock may be densely fractured and altered over 50-100 m
widths while the flow occurs within only very narrow parts of the zone, c.f.
Zone 2 at Finnsjön (Andersson et al., 1991).
The most relevant geohydraulic method to determine the water conducting
part of the zones in boreholes is the flow-meter logging (spinner) in
combination with hydraulic single-hole and interference tests. In the earlier
Swedish site investigation programme, all deep boreholes were measured
with single-hole injection tests in 2-3 m sections. However, in the site
characterization of Äspö, the flow-meter logging has to some extent replaced

the detailed single-hole testing for the location of water conducting features
(Almén and Zellman, 1991). The injection tests are mainly used to
characterize the rock mass properties.

2.3

GROUNDWATER FLOW

2.3.1

Darcy flux
The groundwater flow through a repository is one of the most important
attributes for the safety analysis. The flow in the vicinity of the deposition
holes will be important as it affects the rate of released radionuclides and
also the stability of the engineered barriers, while the regional flow field
determines the radionuclide migration and the release to the biosphere. The
main concern is to predict the flow conditions for the next 100000 years.
The Darcy flux, i.e. the flow per m2 crossectional area, is the key parameter
for calculations of the release to the biosphere for the sorbing nuclides.
The most common way to do this is indirectly by calculations based on the
transmissivity and head (or pressure) measurements. In the regional scale,
there are no, or very few, pressure measurements and the topography is
therefore often used as the driving force for the groundwater flow. What is
needed for these calculations is order of magnitude estimates of the
conductivity field and head distribution. Consequently, the geohydraulic
methods applicable for this are the hydraulic tests and the hydraulic head
measurements.
In the local scale, a more refined description of the conductivity field and
flow distribution is needed, and even more refined in the canister scale where
the geometry and flow characteristics of individual fractures intersect the
canister holes. Attributes like connectivity, preferential flow paths, fracture
apertures, etc, are important.
There are also a few direct methods used to determine the Darcy flux, the
dilution tests and natural gradient multiple-hole tracer tests.

2.3.2

Connectivity
The connectivity of fractures/fracture zones in all scales is of vital
importance for the safety of a repository. Uncertainties in connectivity and
location of water conducting fracture zones lead to uncertainties in the
calculation of hydraulic potentials in the groundwater model. Such
uncertainty can lead to extreme differences in details of predicted transport
of solutes through the same model. In the smaller scale, the connectivity of
fractures in the repository area is also important. Single fractures intersecting
the deposition holes may constitute fast pathways to larger features and then
to the biosphere.
The most relevant geohydraulic methods to apply for the determination of
fracture zone connectivity are hydraulic interference tests, alone or in
combination with tracer tests. In the regional scale, the lack of boreholes and
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the large distances makes it impossible to use geohydraulic methods. Instead,
the regional characterization has to rely on extensive geological,
geochemical, and geophysical investigations.
In the local scale, hydraulic interference tests are commonly used. At Äspö, a
combined interference test and tracer test was performed (Rhen and Svensson
(editors), 1992). The use of such combined tests gives much valuable
information not only about the connectivity but also about hydraulic and
transport parameters. In early stages of the investigation, air lift tests
performed during the drilling operation, may add substantial information
about the connectivity of fracture zones. This also requires that the boreholes
are packed off and equipped with pressure monitoring devices shortly after
drilling. This was also done at Äspö (Almén and Zellman, 1991).
In the low-conductivity rock around the deposition tunnels and deposition
holes, other types of cross-hole tests including remote sensing techniques,
radar etc, have to be used.
2.3.3

Transmissivity and hydraulic conductivity distribution
The transmissivity of fracture zones and the hydraulic conductivity
distribution in the bedrock are important both for the construction and the
safety of a repository, as the distribution of these parameters together with
the hydraulic gradient governs the groundwater flux through the repository.
The determination of the transmissivity of the regional fracture zones is, in
general, restricted to a few point values from single-hole hydraulic tests. The
transmissivity and connectivity of these structures acting as outer boundary
conditions for the local flow model of the area are very important.
The crystalline rock mass consists of a number of individual water
conducting fractures which forms a complicated and heterogeneous network.
In the surface investigations of the site characterization it is not meaningful
(or possible) to characterize the rock mass in detail. However, in order to be
able to decide whether the site is suitable for disposal of radioactive waste,
both from construction and safety reasons, it is necessary to be able to
estimate the volume of "good rock" and the conductivity distribution. At the
early stage average values have to be used.
One major need for determination of the hydraulic conductivity distribution
of the rock mass in a potential repository area is deep boreholes extending
below the repository depth.
The geohydraulic methods used to determine the transmissivity of fracture
zones are interference tests and single-hole tests. However, the
representativity of a single-hole test is limited to a very narrow area which
makes these tests more suited for the detailed characterization, whereas
interference tests are preferably used in the preinvestigation phases. The
hydraulic conductivity distribution in the rock mass is normally derived from
constant head injection tests, c.f. Section 3.1.
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2.3.4

Direction of flow
The regional flow direction and possible changes in flow direction caused by
the repository and longer term climatic changes may be of great importance
for the safety analysis. Knowledge of the regional gradients and directions is
essential for understanding site hydrology. The water chemistry at many of
the earlier investigated sites in Sweden has shown a variety of different
waters that will mix due to the excavation of a repository. Fracture zones
extending deep below the repository may transport saline water to the
repository and thereby change sorption capacities for the radionuclides or
increase the rate of corrosion of the canisters. Conversely, fresh water may
eventually sweep out saline waters from the site.
Knowledge of the present flow directions, both regionally and locally in
fracture zones, together with geological data, such as fracture minerals etc,
may give a good picture of the flow directions in the past and thereby also a
possibility to predict the direction of flow during post-closure conditions.
The geohydraulic method used to determine the direction of flow is hydraulic
head measurements (pressure and fluid density) in packed-off boreholes.
Another method that has not been applied in the Swedish programme so far
is the natural gradient tracer test.

2.4

TRANSPORT ATTRIBUTES

2.4.1

Water chemistry
Sampling of groundwater for analyses of various constituent activities and
physicochemical characteristics is an important part of the overall repository
safety considerations. McEwen et al. (1990) lists the most important reasons
for characterization of the hydrochemistry at depth:
the mobility of radionuclides
the potential for dissolution of the waste and waste
canisters
the effect that the groundwater chemistry has on the
repository engineered components
the potential changes that can occur to the porosity and
permeability of the rock by water-rock interactions
the identification of different groundwater systems and
regional hydrology
the groundwater residence times and the thermal and other
repository induced effects on the groundwater chemistry
determination of the geometry of the transmissive fracture
network

2.4.2

plow porosity
The flow (or effective) porosity may be important both for safety and
construction of a repository. For safety analysis, the flow porosity may be of
neglible importance for most of the sorbing nuclides but there are also some
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non-sorbing and less sorbing nuclides for which the flow porosity will be
important to know.
For engineering purpose it may be useful to know the flow poiosity in order
to calculate the amount of grouting material needed for construction of the
repository and in particular the approximate penetration depth of the grouting
material.
The relevant method to use for the determination of flow porosity is
multiple-hole tracer tests. In the early stages of the site characterization
converging tests are preferable whereas dipole or diverging test geometries
may be used in the detailed characterization.
2.4.3

Dispersion
Dispersion is a term used to describe the spreading of a transported solute in
time. Dispersion often accounts for both the spreading due to the velocity
difference betwsen individual flow paths and to pure diffusion. For the safety
analysis, dispersion gives a lowering of the maximum release rate of nuclides
but the spreading also leads to an earlier breakthrough of the nuclides. This
may be essential for some nuclides having half-lives in the same order cf
magnitude as the travel times.
Dispersion is determined from field tracer tests. The most relevant method in
the early site characterization is the multiple-hole tracer test and preferably
in a converging flow field.
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3.

SITE CHARACTERIZATION MEASUREMENT METHODS

3.1

HYDRAULIC METHODS
Different hydraulic test methods used for characterization of potential sites
for disposal of nuclear waste, both abroad and in Sweden, are discussed in
Appendix A. In Table 3.1, relevant test methods in site-specific
characterization for safety analysis and engineering design of a potential
repository in crystalline rock are proposed. The site-specific characterization
should be combined with the existing generic understanding of groundwater
flow in crystalline rock.
Table 3.1

Relevant hydraulic test methods for site
characterization

Test method

Measured
variables*

Primary hydraulic parameters
determined

Air-lift pumping test

Q, s(t), Hs

Transmissivity in borehole
sections during drilling
Hydraulic head distribution along
the borehole

Pumping test (open borehole)

Q, 5,0)

Transmissivity of entire borehole

Flow-meter logging

cps

Inflow distribution along the
borehole

Constant head injection test

Hg, Q(t), H,

Hydraulic conductivity in
borehole sections
Hydraulic head distribution along
the borehole

Q, s(t)

Transmissivity and storativity of
hydraulic conductor

A. SINGLE-HOLE METHODS

B. MULTIPLE-BOREHOLE METHODS
Pumping test (hydraulic conductors)

temp, EC
Long time pumping test

Q, sw(t), s(t)
temp, EC

Transmissivity and storativity of
fracture zones
Boundary conditions

* Q=constant flow rate, Q(t)=transient flow rate, s(t)=drawdown/recovery in
isolated section, sw(t)=drawdown/recovery in open borehole, Ho=injection
head, H$=hydraulic head in borehole section, cps=counts per second,
temp=groundwater temperature, EC=electric conductivity of groundwater
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3.1.1

Single—hole methods
Air-lift tests during drilling may provide important hydraulic information in
sections (e.g. 100 m) of the boreholes. A subsequent pumping test (with
constant flow rate) in the entire borehole will give the total transmissivity of
the borehole. The flow-meter logging identifies the most important hydraulic
conductors in the borehole and estimates their individual transmissivities in
combination with the result of the pumping test.
Although other single-hole test types (e.g. slug tests, pressure pulse tests)
may be considered, the constant-head injection test is probably the most
efficient type of single-hole test for detailed characterization of crystalline
rock as discussed in Appendix A. Constant head injection tests provide basic
information on the hydraulic properties (e.g. hydraulic conductivity) of the
rock mass, including rock types, at different scales, e.g. 3m and 30 m
borehole sections, and also on the hydraulic properties of *he fracture zones
at different depths.
The interpretation of single-hole tests is discussed in Appendix A and
associated conceptual and instrumental problems in Chapter 4. Constant head
tests should preferably (except in low conductive sections) be carried out
using a fixed test duration, e.g. 15 mins - 2 hours of injection followed by a
recovery period of the same duration. This means that the radius of
investigation of the tests will vary according to the transmissivity of the
section. Transient analysis, taking into account the flow geometry during the
test, should be carried out to obtain reliable values on the hydraulic
parameters (transmissivity, hydraulic conductivity and possibly the
storativity) and information on the dominating flow geometry both from the
injection and recovery periods.

3.1.2

Multiple-borehole methods
Pumping tests (constant flow rate), carried out in the most important
hydraulic conductors identified from the flow-meter logging and constant
head tests, are used to determine their transmissivity, storativity, and also
their extension and geometry. Drawdown measurements should be carried out
in all available observation borehole sections. Possibly, sinusoidal tests
discussed in Appendix A, or other types of pulse interference tests may be
considered in some cases instead of constant flow rate tests.
The long-term pumping test can be combined with tracer and dilution tests
by injecting tracers in the nearest observation sections, preferably in fracture
zones, and observations of the changes of the groundwater chemistry during
pumping.

3.2

TRACER METHODS
In the Swedish site characterization programme tracer methods have not been
used as standard methods so far. The main reason for this has most probably
been that the methods have not been fully developed for application in
crystalline rock. Instead, tracer methods have been developed and used
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within special investigations which have been run parallel to the site
investigation programme.
The relevant tracer meth >ds for site characterization from the ground surface
and the geohydraulic attributes determined from the different tests are listed
in Table 3.2 below.
Table 3.2

Relevant tracer methods for site characterization.

Method

Measured
variables'

Relevant geohydraulic
attributes determined

c, t
c, t, Q

Darcy flux

A. SINGLE-HOLE METHODS
Dilution test
Injection-withdrawal test"

Dispersion
Flow porosity
Transmissivity
Sorption
Matrix diffusion

B. MULTIPLE-HOLE METHODS
Converging test
Diverging test
Dipole test

c, t, Ah, Q

Dispersion
Flow porosity
Transmissivity
Hydraulic conductivity
Fracture aperture
Connectivity
Sorption
Matrix diffusion

Natural gradient test"

c, t, Ah

Dispersion
Flow porosity
Transmissivity
Hydraulic conductivity
Fracture aperture
Connectivity
Sorption
Matrix diffusion
Darcy flux
Direction of flow

* OConcentration, t=time, Ah=head difference, Q=flow rate
" Not used in the Swedish programme
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3.2.1

Single-hole methods
The dilution test relies upon the use of a tracer which is introduced as a
homogeneous pulse into a borehole section sealed off by rubber packers. The
tracer will be diluted by the native groundwater in the fracture zone flowing
through the borehole. The dilution of the tracer is proportional to the water
flow through the borehole section and thus to the groundwater flow in the
fracture zone, see Figure 3.1.

Principle of flow determination
Step one; Native Groundwater

Step two ; Tracer Injection

Podgr

Patter :

Step three; Dilution

O

10

20

30

40
Time (hairs)

Dilution proportional
to groundwater flow

Figure 3.1

Principle of flow determination with the dilution method.

Within the borehole section, the tracer must be completely mixed at all times
and the concentration is measured as a function of time. This is done either
by measuring the dilution in situ with a dilution probe (Gustafsson, 1986) or
by circulating the water in the borehole section via the ground surface taking
samples (Ittner et al., 1991; Andersson et al., 1992). The latter method is
currently being applied in the site characterization at Äspö.
The groundwater flow rate through the borehole section is calculated from
the water volume of the section and the dilution as a function of time.
In the ideal case the relation is linear, c.f. Appendix Bl.
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Dilution tests in boreholes are excellent indicators of fractures which
percolate at the point intercepted by the borehole. A high value of flow in a
packed off section is a definite indication of a percolating fracture. However,
a low or zero flow value gives no definite indication of the absence of
percolation in the intercepted fracture. Even within a percolating fracture,
flow is likely channelized due to the heterogeneous transmissivity field in the
fracture plane and any borehole intersecting with a fracture may have a high
probability of missing a flow channel. Thus, it is important to recognize that
the flow determined only represents the flow through the borehole section
which may differ significantly from the flow through the undisturbed rock.
The relation between the flow through the borehole section and the flow in
the rock has been investigated by several authors (Gustafsson, 1986; Rhen et
al, 1991), see Appendix Bl.
The injection-withdrawal test has not been used in the Swedish
programme. The method relies upon the injection of a tracer followed by a
pumping in the same borehole. Analysis of the breakthrough curve from the
pumping (Figure 3.2) in combination with groundwater flow data from
dilution tests may give values of dispersion, flow porosity, transmissivity,
and also matrix diffusion and sorption if proper tracers are selected.
Although not used so far in the Swedish programme, the method may still be
suitable when the distance between boreholes are too long for multiple-hole
tracer tests, e.g in boreholes placed outside the repository area (regional
boreholes).

Tracer
injection
(V

o
.c

I

OJ

o
.o

Tracer
sampling
c
OJ
LJ

c
o

Stort of
pumpback

Time

Figure 3.2

Principle of injection-withdrawal test.
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3.2.2

Multiple-hole methods
Multiple-hole tracer methods are the only methods available to determine
transport properties averaged over a certain distance. Single-hole methods
may also give transport properties but they will only be valid for the vicinity
of the borehole. The different methods described here have been used in
contaminant transport studies since the early 60's, but only recently the
methods have been applied to crystalline rock.
For site characterization, multiple-hole tracer methods have so far only been
used at the Finnsjön, Stripa, and Aspo sites. For all other sites investigated
no determination of transport properties of the rock has been made. The main
reason for this was that the experimental methods and evaluation techniques
were not fully developed for application in crystalline rock at that time.
Instead, tests of tracers and experimental techniques were made at the
Finnsjön site parallel to the site investigation programme.
The methods currently being used are usually named in relation to the flow
geometry created or used during the test, with exception of the flushing
water test which is a combination of different flow geometries (Figure 3.3):
Converging test (radial or n-dimensional)
Diverging test (radial or n-dimensional)
Dipole test (recirculating or not)
Flushing water test
Natural gradient test
, Trocer sompling
Troter injection

Trocer injection

\
\

Radially converging te*t
Rodially diverging
test

Trocer sampling
Trocer sampling

Trocer injection

Dipole lest

Figure 3.3

I Tracer injection

Noiorol gradient test

Flow geometries used for multiple-hole tracer tests.
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All these tests, except the natural gradient test, have been used for site
characterization within the Swedish programme. The test procedures and
equipments are described in Appendix B2.
The main objectives of performing multiple-hole tracer tests in the site
characterization programme are:
to determine transport properties of the rock and
fractures/fracture zones
to study interconnections between fractures/fracture zones
to verify the conceptual model of fractures/fracture zones
The forced gradient tracer tests are all performed by adding tracer in one
of the flow geometries listed above, except the natural gradient test. There
are a number of different ways of performing the injection and sampling of
tracer which are thoroughly described in Appendix B2. This makes each test
unique, and as long as there is a lack of tests performed following a standard
schedule it may be difficult to compare different experiments at different
sites. Forced gradient tracer tests in boreholes give indication mainly of
connectivity of the fracture network at a relatively small scale, 50-500 m.
Dispersivities determined from such tests are both dependent on transport
scale and dependent on specific details of each tracer test setup. However,
dispersivity is not crucial to characterization or for engineering purposes.
Forced gradient tracer tests in combination with dilution tests and
interference tests may give substantial information about the connectivity of
the fracture network at a site. This was also done at Äspö (Rhen and
Svensson (editors), 1992).
Natural gradient tracer tests in boreholes may be useful for indication of
larger scale (repository-size) connectivity and natural fluid flux along traced
paths. Results may give more unique interpretation of connectivity than
forced gradient tests. However, no such tests have yet been carried out in
Sweden.
The evaluation methods of tracer test are numerous. There are more
evaluation methods than tests performed due to the complexity of fractured
rock. The most common way of evaluating a multiple-hole tracer test is to
try to fit the experimental tracer breakthrough curves with various models
including a number of different processes such as matrix diffusion, advection,
sorption, dual porosity, dispersion etc. Due to the complexity it is necessary
to simplify the nature by assuming a certain flow geometry. By doing this, it
is possible to determine parameters like fracture transmissivity, fracture
aperture and flow porosity. Some of the more common evaluation methods
arc described in Appendix B.

3.3

GROUNDWATER SAMPLING
The hydrochemical investigations in the Swedish site characterization
programme involves sampling on three occasions (Nilsson, 1989):
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sampling during drilling
sampling for complete chemical characterization using
packer assemblies
sampling during other tests.
Sampling during drilling is performed at packed-off intervals of about 100
rr». Two samples are taken, the first when one section volume of borehole
water was removed, and the second when approximately 1.2 m3 of water has
been removed.
For complete chemical characterization groundwater is pumped from
packed-off conductive sections. Samples are collected at the surface in a
mobile laboratory. Down-hole probes are used for Eh and pH. The length of
the sampling period for each section is determined by the continuous change
in composition of the main constituents. Typical sampling periods are 2-4
weeks for each flow section at flowrates of 60-120 ml/min (Smellie and
Laaksoharju, 1991).
For whatever reason samples are obtained for chemical analyses, it is of
crucial importance that the samples obtained are representative for the
sampling location, or that one at least can deduce the origin of a particular
sample.
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4.

CONCEPTUAL PROBLEMS AND EXPERIMENTAL ERRORS
ASSOCIATED TO GEOHYDRAULIC MEASUREMENTS IN
CRYSTALLINE ROCK
In this section some important conceptual and instrumental problems
regarding groundwater flow in crystalline rock are discussed, which may
seriously affect the interpretation and modelling of geohydraulic
measurements.
As discussed in Appendix A simple porous-media assumptions of the rock
properties are generally made by the interpretation of single-hole hydraulic
tests. The most common assumption for constant head tests is that the rock is
homogeneous and isotropic and that the flow is cylindrical (or radial)
between two impermeable horizontal boundaries. In such a medium the
radius of investigation will spread in concentric rings around the borehole
with time. At a certain distance from the borehole the flow may be assumed
to converge to three-dimensional (spherical) flow.
In Appendix A it is also shown that the results (e.g. hydraulic conductivity)
are quite sensitive to the assumed flow geometry by the evaluation.
Differences of several order of magnitudes in the derived hydraulic properties
may result depending on the assumed flow geometry.

4.1

CONCEPTUAL PROBLEMS WITH BOREHOLE TESTS
Conceptual problems include heterogeneity of the rock which may cause
strong deviations from the porous-media assumptions commonly applied by
the interpretation and borehole effects such as skin effects, borehole storage
and fractures parallel to the borehole.

4.1.1

Heterogeneity and scale effects
The most serious conceptual problem in interpreting geohydraulic
measurements in crystalline rock is probably the heterogeneity of the rock.
Several authors (a.o. Follin, 1992a) have found that heterogeneity causes
flow channeling, i.e. flow in preferential paths among low-conductive
regions (islands), in crystalline rock. This implies that the volume of rock
investigated during a hydraulic test may be highly irregular. The test
response and the radius of investigation will inherently be dominated by the
rock in directions with high hydraulic conductivity. This is different to the
assumptions of homogeneity and isotropy commonly adopted by the
evaluation of the tests, c.f. Appendix A.
In heterogeneous rock the radius of investigation strongly depends on the
hydraulic properties of the rock close to the tested borehole. For example, if
this rock is low-conductive (say less than 10~9 m/s), i.e. an "island", a
standard constant head test may not penetrate this region no matter how
conductive the rock outside this region is (Follin, 1992b). In such a case,
which can be compared with a skin zone of lower conductivity as discussed
in Appendix A, the test results may thus only represent the rock close to the
borehole (the skin zone).

Figure 4.1

Hydraulic head contours after 15 minutes (upper figure) and 120 minutes
(lower figure) of injection in a simulated constant head test in a stochastic
continuum. The transmissivity of the borehole block (marked with a cross) is
10' 5 m2/s. The head contours correspond to h=(20, 7, 2, 0.7, 0.02) m. From
Follin (1992b) with special permission from the author.
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On the other hand, if the borehole is located in a high-conductivity region
the radius of investigation will rapidly spread out in directions with the
highest hydraulic conductivity (Follin, 1992b). In such a case the test results
thus represent a much larger rock volume which may be highly unevenly
distributed around the borehole. Another important aspect is that the radius
of investigation (and thus the investigated rock volume) varies with the test
time. This is illustrated in Figure 4.1 which shows the dissipation of the
applied injection head both with distance and time in a simulated constant
head test in a stochastic continuum. The borehole is assumed to be located in
a high-conductivity region. Some implications of the heterogeneity of the
rock on the interpretation of constant head tests are discussed below.
Examples of the influence of different types of heterogeneities on the
transient response during the injection phase of simulated constant head tests
are shown in semi-logarithmic diagram in Figure 4.2. In all cases the rock
close to the borehole has a high transmissivity (Tw=10"5 m2/s) and the test is
performed in a confined 3 m-section by upper and lower impermeable
boundaries. The hydraulic properties of the region outside the borehole were
altered. In the first case the outer region has the same transmissivity as the
inner region, i.e. homogeneous rock. In the second case the outer region has
a random (stochastic) transmissivity distribution with a median transmissivity
TF=2.1510"7 m2/s whereas in the third case the outer region has a two order
of magnitude lower transmissivity (10~7 m2/s) than the inner region.

= 1.1110- 7 m 2 /s
7 2
m = 3.I8- 10- m /s

;

#3

W: T = 1E-5m»/s
F: T = 1E-7nV>/s

7) = 6.10- 10-7 mVs
Tm = 8.52- 10-7 mVs

#2
W: T = 1E-S m»/t
F. T = 2.1SE-7m»/S

j 7, = 9.06- 10s mVs
1 Tm=6.5710-fimVs

#1

Figure 4.2

Different responses of simulated constant head injection tests. The insets to
the left of the plots show the formations studied. T w and TF denote the
transmissivities of the borehole block and the surrounding formation,
respectively. Tm and T} denote the transmissivities interpreted by Moye's and
Jacob-Lohman's formulae, respectively. From Follin (1992b).
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As expected, the response in the homogeneous case was identical to the
theoretical response for cylindrical flow in such a medium and the calculated
T-value according to Jacob-Lohmaris method is close to 1 0 s m2/s, as
expected. For the random outer transmissivity field the response initially
follows the one in the homogeneous case but then deviates corresponding to
the properties of the random transmissivity field. Interpretation by JacobLohman's method, based on the last part of the data curve assuming
(pseudo)-radial flow, and according to Moye's equation (at t=15 min) gave
consistent transmissivity values (Tj=610~7 m2/s and T m =810' 7 m2/s,
respectively) but somewhat higher than the median transmissivity of the
outer region.
It is also important to realize the actual rock volume that these values
represent in this case when the transmissivity is not constant in space. The
corresponding radii of investigation at t=15 min (and t=120 min) is shown in
Figure 4.1. At both these times the radius of investigation strongly deviates
from the (concentric) one generally assumed by the interpretation.
In the third case, which can be compared with a skin zone with increased
transmissivity close to the borehole, the response again initially follows the
homogeneous response for the inner region but then converges according to
the rock properties in the outer region. The calculated transmissivity
according to Jacob-Lohman's method (from the last straight line) and
according to Moye's formula (t=15 min) are close to 10"7 m2/s, i.e. the value
applied in the model for the outer region. The calculated skin factor was 3.8, corresponding to an effective borehole radius of c. 1.25 m.
The near-borehole transmissivity can in both the second and third cases be
calculated by Jacob-Lohman's method (as in the first case) before any effects
of the outer region are felt. In this case such an interpretation must be
performed at very short test times (less than about 0.1 min) due to the high
transmissivity of the inner region. In all cases the calculated transmissivity of
the inner region is close to 10~5 m2/s, i.e. that assumed in the model for this
region.
The examples discussed above clearly show that the calculated transmissivity
in heterogeneous media is dependent on the shape and extent of the radius of
investigation at different times, i.e. on the investigated rock volume. Quite
different hydraulic conductivity values (and radii of influence) were obtained
at different test times depending on the actual heterogeneity. The shorter test
duration the more the results will represent the near-borehole conditions. The
hydraulic parameters calculated from e.g. constant head tests in
heterogeneous meu.a are thus functions of both space and time and a certain
parameter value corresponds to a certain rock volume investigated.
For a fixed test time, low-conductive rock (near the borehole) inevitable lead
to a smaller rock volume investigated than high-conductive rock.
Consequently, calculated parameter values in low-conductive rock represent
a smaller sample size. From Monte-Carlo simulations of constant head tests
Follin (1992b) found that the average radius of influence was approximately
proportional to the third root of the transmissivity of the section and close to
the radius of influence in a corresponding homogeneous medium.
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Similar (scale) effects may also be evident when calculated hydraulic
conductivities from short time single hole tests with limited radius of
influence, e.g. slug and pressure pulse tests, are compared to hydraulic
conductivities calculated from longer tests, e.g. constant head tests and
interference tests. In the methodology study at Finnsjön, described in
Appendix A, it was found that the former tests generally resulted in
significantly higher apparent hydraulic conductivities than the latter ones. A
possible explanation for this discrepancy is that the first type of tests
investigated smaller rock volumes around the boreholes. In particular, the
fractures close to the borehole can be assumed to have a limited extent and
thus, the connectivity of the fractures will decrease away from the borehole
resulting in a decrease of the calculated hydraulic conductivity from tests
with longer duration.
Some fundamental differences between the interpretation of hydraulic tests in
homogeneous and heterogeneous rock can be noted. In tests in relatively
homogeneous rock, e.g. in aquifer tests for water supply, the hydraulic
parameters, which are assumed to be constant in space, are determined
before any effects of outer boundaries have affected the volume of influence.
The boundaries are generally treated separately (semi-qualitative) as either
impermeable, leaky or constant-head boundaries by the evaluation.
On the other hand, in heterogeneous rock, e.g. crystalline rock, apparent
boundary effects may be caused by the spatial variation of the hydraulic
parameters as the radius of investigation progresses out from the borehole.
Accordingly, the interpretation should preferably include the entire range of
the test responses over the whole test scale (including the heterogeneities)
and not only the first part, representing the properties of the rock close to the
borehole. This fact may cause the flow dimension and the calculated
hydraulic parameters to vary with test time as discussed above.
Some practical consequences of the above discussion in site investigation
programmes in heterogeneous rock can be noticed. Calculated parameter
values stored in data bases, e.g. hydraulic conductivity from constant head
tests, from a particular study site may thus represent a mixture of values
depending on the test time used (e.g. 10 mins or 2 hours); the test phase and
the part on the data curve (time interval) on which the interpretation is based
and on the analysis method used. Furthermore, at sites in which
investigations have been carried out over a long time period, e.g. Finnsjön,
significant improvements of the test equipments have occurred over the
period which may affect the quality of the data.
The heterogeneous nature of crystalline rock and scale effects are also well
documented from multiple-borehole tests at Finnsjön and the HRL at Äspö,
discussed in Appendix A. This means that quantitative analysis of such tests
in general has been restricted to the major hydraulic units, e.g. fracture zones
penetrated by both the pumping borehole and the observation borehole(s). In
such units conventional analysis methods based on radial flow in an
equivalent porous medium may still be applicable. However, in sections in
the rock mass between fracture zones these methods are questionable. As for
single hole tests, the generalized radial flow (GRF) analysis, discussed in
Appendix A, can probably only resolve the problem of heterogeneity to a
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limited extent. Furthermore, additional geometric parameters describing the
extent of the flow region and the flow dimension are required for such
analysis.
The interference tests at Finnsjön clearly demonstrated scale effects in
crystalline rock. In multiple-section observation boreholes located close to
the pumping borehole the responses in the different sections were markedly
separated from each other and also highly dependent on the angular location
with respect to the pumping borehole, reflecting local heterogeneities. On the
other hand, in observation boreholes at larger distances more averaged
responses occuned, reflecting the average hydraulic properties of the rock on
a larger scale. While the responses in the nearest observation boreholes are
quite difficult to interpret quantitatively due to local heterogeneities the
responses in the more distant observation boreholes may (approximately) be
analyzed by conventional porous-media methods.
The heterogeneity of crystalline bedrock also has a great impact on the
transport of solutes. It may cause ambiguous interpretation of transport
processes and properties from tracer test data. Appendix B contains an
extensive discussion of some conceptual problems with the evaluation and
interpretation of tracer test data. The existence of preferential flow paths may
decrease the residence times for solutes with several orders of magnitude.
Such preferential flow paths are naturally also of great importance for the
safety analysis of a repository as preferential flow paths reduce the contact
area and thereby the sorption of the radionuclides. The transport properties of
the preferential flow paths can be determined with tracer methods but the
problem is how to locate them. The existence of preferential flow paths may
lead to complete failures with tracers lost or emerging at unexpected
locations.
The flow in the fractures has spatial differences due to variations in aperture
caused by an uneven distribution of fracture minerals and other heterogeneities. Consequently, if a borehole penetrates a highly conductive fracture in
a location where the aperture is small it will show lower values of
groundwater flow than if the borehole had penetrated a "flow channel" in the
fracture.
The scale dependency of transport parameters such as dispersivity has been
discussed by several authors (Neretnieks, 1985 among others). Upscaling or
downscaling of individual tracer tests is a problem that may be difficult to
solve. It may be necessary to perform tracer tests in several scales, not only i
the local area but also in a more regional scale. Such large scale tests have
recently been successfully performed at Aspö, where travel distances up to
about 400 m were covered (Rhen and Svensson (editors), 1992).
4.1.2

Rock leakage and short-circuiting effects
A prerequisite in all types of packer tests (in particular with a fixed packer
spacing) is the ability of the packers to effectively isolate the tested section
hydraulically from the surrounding rock. This may be a severe problem if
intersecting fractures parallel to the borehole are present which may be the
case in some boreholes (e.g. at the Klipperås study site). In such cases it may
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be impossible to isolate the test section hydraulically from the surrounding
borehole sections. Other related problems include intense fracturing or
weathering, contacts between different rock types and deformation of the
rock, e.g. during drilling, at the packer seat. These effects are sometimes
referred to as rock leakage, c.f. packer leakage discussed in Appendix A.
Rock leakage may in some cases be detected on the response curves from
the tests. In constant-head tests rock leakage (and also packer leakage)
should result in a flow rate curve rapidly approaching a steady-state,
reflecting the leakage flow past the packer(s). What is measured in this case
is essentially the (subvertical) hydraulic conductivity of the intersecting
parallel fracture or the apparent hydraulic conductivity of the space between
the packer and the borehole in the case of packer leakage. Unfortunately, a
similar type of response can of course result if a (horizontal) fracture with
large aperture intersects the borehole section.
For tracer tests, rock leakage is generally not r: problem as packer positions
in low conductive parts of the borehole can be chosen prior to the tests.
Instead, short-circuiting inside the packed-off section can be a problem.
Fractures having different hydraulic head may be short-circuited by the
borehole with enhanced flow rates as a result. This may cause interpretation
difficulties of dilution measurements, as the influence of the borehole on the
groundwater flow rate becomes difficult to estimate. At Äspö, the boreholes
have been sectionized based on the concept that each section should
represent one hydraulic unit (fracture zone). Within each hydraulic unit the
hydraulic heads in different fractures should be approximately the same
because the fractures are assumed to be interconnected. Short-circuiting
effects also cause problems concerning water sampling, c.f. Section 4.3.3.
4.1.3

Skin and borehole storage
Other potential borehole effects, mainly in single hole testing, include skin
and borehole storage. Positive skin, caused by clogging of fractures in the
rock, discussed in Appendix A, may result in non-representative hydraulic
parameters. Negative skin, which indicates an increased borehole area in the
tested section due to intersecting fractures, does however not constitute any
major practical or interpretational problems by transient analysis methods.
Borehole storage effects, which are due to the fact that the water volume in a
confined test section is (slightly) compressible and thus pressure-dependent,
may occur in low-conductive sections for tests in which the pressure is not
constant, e.g. constant flow rate tests.
An advantage with constant head tests is that the pressure is kept constant in
the section and the entire equipment system and the transient flow rate curve
will thus not be affected by borehole storage effects. However, the
subsequent pressure recovery phase may be affected by such effects in lowconductive sections. These effects can be taken into account by the
interpretation provided that the recovery phase is sufficiently long.
A particular problem regarding skin effects is the inflow to excavations
where skin effects may diminish inflow rates by order of magnitudes. This
gives implications for the representativity of measurements in tunnels and
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shafts. Excavation induced fractures may create a flow distribution in the
tunnel that is totally different from the flow distribution in undisturbed rock.
However, these effects are coupled to the detailed characterization and are
therefore not treated in detail in this study.
4.1.4

Vertical hydraulic conductivity
During all the single hole test types described in Appendix A a
predominantly subhorizontal flow pattern is generally developed. Thus, the
calculated hydraulic conductivities are generally dominated by the hydraulic
properties perpendicular to the boreholes and the properties in the subvertical
direction or parallel to the boreholes are subdued. Although single-hole tests
which develops a dominantly vertical flow field (dipole tests) are used in
petroleum exploration (Earlougher, 1977) they are not tested in crystalline
rock. A recent proposal of such a test for potential use in groundwater
applications was made by Kabala (1993).

4.1.5

Separation of transport mechanisms
The separation of different flow and transport mechanisms is a major
conceptual problem in the evaluation of tracer tests, see also Appendix B.
Studies like INTRAVAL and HYDROCOIN have shown that it is possible to
apply many different transport concepts and still get an equally good fit to
the experimental breakthrough curves. Thus, the tests have not been
performed so that an unambiguous interpretation is possible. For example,
the effect of matrix diffusion can generally not be separated from
hydrodynamic dispersion. It is probably not possible to do this by using a
single tracer test. Instead, variation of flow, distance, and direction in
repeated test sequences may increase the possibility to separate transport
mechanisms.
In order to increase the possibility of distinguishing between different
mechanisms the use independent information such as geological, geophysical,
and geochemical data is very important. Also, laboratory measurements of
diffusivity and porosity is useful.

4.2

EXPERIMENTAL ERRORS AND UNCERTAINTIES

4.2.1

Hydraulic tests
A discussion of potential instrumental errors for different types of hydraulic
tests (mainly const* ">t head tests) is provided in Appendix A. The primary
errors derived from the equipment are inaccuracies in the recording of
pressure and flow rate. In addition, other sources of error may occur
depending on the actual hydraulic conductivity conditions in the rock and
type of test. For example, in very low-conductive sections deformation of
the equipment, e.g. packers, may cause errors particularly for pressure pulse
tests. Almén et al. (1986a) estimated the effective compressibility in a 3 m
section to 1.6-10~9 Pa'1 due to packer compliance. In particular, the effective
compressibility should be used in pressure pulse testing instead of the water
compressibility (4.6-10~10 Pa"1). Deformation of packers may also be a
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problem in constant head tests if insufficient time is allowed for packer
sealing prior to the tests.
Two main sources of error related to the performance of constant head tests
can be identified. Firstly, a perfectly constant head cannot be applied
instantaneously in practice. A certain time (about 10-100 s) is in general
required to achieve a constant head depending on the actual hydraulic
conductivity of the section. Secondly, in high-conductive sections, there may
be an uncertainty in the magnitude of the applied head due to a slight change
(decrease or increase) of the background pressure in the tested section, i.e.
not perfectly stable section pressure before the test. In very high-conductive
sections only small injection heads (a few decimeters) may be achieved due
to limited diameter of the flow line, restricting the flow rate capacity. In such
cases the magnitude of the applied head will be uncertain due to small
variations of the background pressure.
Other possible instrumental problems in constant head testing include errors
in the regulation of the flow rate (and thus injection head), leakage in the
equipment system and packer leakage. In the case of the Umbilical Hose
System (Almén et al., 1986b) stretching of the hose may cause uncertainties
in the depth recording.
Osnes et al. (1991) estimated the total instrumental errors for the pipe string
equipment system, used in tests performed in the site investigation
programme in Sweden, to 13-22 percent depending on whether the actual
hydraulic conductivity is greater or lower than 10"9 m/s, see Appendix A. For
the Umbilical Hose System the errors were estimated to be slightly higher.
The above estimated errors are only those which can be quantified. It is
likely that other errors, such as malfunction of the test system (not
recognized by the operator) or leakage in the equipment system (packers,
valves etc.), which cannot be quantified, are more important.
Errors in hydraulic head measurements and in the recording of drawdown in
hydraulic interference tests are discussed in Appendix A. The latter errors are
considered as small in comparison to the conceptual problems discussed
above.
4.2.2

Tracer tests
The errors involved in the determination of groundwater flow with the
dilution method may be divided into two categories, instrumental errors and
"hydrologic" errors, see Table 4.2.1. The instrumental errors, which is errors
in the analyses of tracer content are estimated to be less than 5%. Larger
errors may occur when precipitations or other solids, e.g. drilling debris, are
present in the samples or, if dye tracers are used, samples are exposed to
direct sunlight. Drilling debris or precipitations may cause some of the tracer
to sorb onto the particles. The exposure of the samples to daylight, which
may cause a significant decrease of concentration, can be avoided by storing
the samples in dark boxes.
The samples taken to determine the decrease of tracer concentration, will
also contribute to the total flow through the section since the volume re-
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moved from the borehole section contains tracer. Therefore, the removed
amounts of tracer is measured in each dilution measurement and, if necessary, taken into account when the flow is calculated. In most cases, the error
introduced by neglecting the sample volumes is less than 1%.
An important factor for the calculation of the flow through the packed-off
section is to determine the section volume correctly. Since the total section
volume, including volumes in the tubing and equipment, is directly proportional to the groundwater flow, it is important to make the determination of
the section volumes as exact as possible.
Table 4.2.1 Source of errors and uncertainties in performance and evaluation of dilution
tests.
Source of error

Error caused by

Error (%)

Concentration
measurement

Instrumental error
Handling of samples'
Bad mixing
Sorption, matrix diffusion

<5

Inexact calculation

<5

Volume measurement

> 100
> 100

<5

* e.g. dye tracers exposed to sunlight.
Experimental errors in the performance of multiple-hole tracer tests may
affect the shape of the breakthrough curves which may lead to serious
misinterpretations. In Table 4.2.2 an attempt to list and quantify the
experimental errors and uncertainties involved in the interpretation and
evaluation of multiple-hole tracer tests. The quantification is extremely
difficult to make for most of the errors other than the pure instrumental ones.
Thus, we have here classified the errors mainly in two groups, above or
below a factor of 2.
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Table 4.2.2 Experimental errors and uncertainties in performance and
evaluation of multiple-hole tracer tests.
Source of error

Results in

Caused by

Instrumental

Irregular breakthrough

Pump stops etc.

7

Low recovery

Analysis error
Sorption on equipment

<5
> 100

Delay and dispersion

Incomplete mixing
Excess pressure

> 100
>100

Clogging

Drilling debris
Oxidized water

>100
> 100

Low recovery

Excess injection pressure >100

Delay and dispersion

Mixing in sampling hole < 100

Unrepresentative samples

Wrong sampling method > 100

Low recovery

Wrong sampling strategy > 100

Low recovery

Sample degradation

> 100

Sorption

> 100

Injection technique

Sampling technique

Tracer

4.3

Error (%)

CONCEPTUAL PROBLEMS WITH GROUNDWATER SAMPLING
The factors that may cause difficulties in the interpretation of the chemical
characteristics for a site may, somewhat arbitrarily, be divided into four
categories:
Laboratory measurement errors
Errors in connection with sampling, such as contamination
Borehole activities, such as drilling, hydraulic tests
Hydraulic properties of the bedrock
The emphasis in this report will be on the effects of hydraulic properties and
borehole activities, as these are the main factors that determine to what
extent a particular sample is representative for the location sampled. Even if
a borehole is to be used solely for hydrochemical investigations, such
considerations cannot be avoided, as the borehole hydraulics need to be
known in order to interpret the chemical analyses. Problems in connection
with sampling and evaluation of water chemistry data are discussed by Tirén
et al. (1992).
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Several hydraulic aspects of sampling are already investigated and applied by
for example Ask and Carlsson (1984), Smellie et al. (1985), Smellie and
Wikberg (1991) and Smellie and Laaksoharju (1991). Although of
considerable importance, uncertainties in the actual interpretation of the
groundwatcr chemistry are considered beyond the scope of this report.
However, it should for example be mentioned that in the nowadays frequent
applications of equilibrium models there is usually a lack of attention given
to the many sources of uncertainty in such models.

4.3.1

Sampling procedures
In general, several processes connected with sampling may disturb the
representativity of a sample, such as (NAGRA, 1989):
-

-

4.3.2

cooling of the groundwater, which may cause precipitation
or dissolution processes
pressure release with degassing and precipitation
impurities introduced with the drilling fluid and the drill cuttings
contamination from lubricating greases, sealing materials
and cement from the casing
contact with, and contamination by, atmospheric gases
contact with the casing or the tubing and packers of the test
equipment

Borehole activities
Prior to the Finnsjön study (Smellie and Wikberg, 1989), drilling involved
within the SKB program was usually carried out in such a way that
groundwater sampling was affected by serious contamination. Flushing water,
in order to cool the drill bit and to remove drilling debris, was introduced
into the borehole during drilling under high pressure. This results in flushing
water, usually of a divergent chemical character, is forced into the
surrounding bedrock. It was shown by Smellie et al. (1985), that there are
very few representative samples from these investigations, typically one
sample per borehole. The Finnsjön study involved the use of air-flush
drilling, in order to avoid the contamination from drilling fluid. In addition, a
stepwise drilling/sampling procedure was employed. However, the Finnsjön
study showed that the air-flush method was only efficient down to relatively
shallow depths (200-250 m). At greater depths considerable air pressure is
required, thereby causing contamination especially affecting redox
parameters.
A new modified core-drilling technique was introduced during the
investigations for the Hard Rock Laboratory at Äspö, employing an air-lift
pumping system (Smellie and Laaksoharju, 1991). This method creates a
pressure draw-down in the borehole, so that formation water drilling fluids
in the borehole are pumped rapidly to the surface carrying the rock debris.
Although this technique should in principle eliminate contamination from
drilling, it was found at Äspö that residual drilling fluid still remained after
drilling to a variable extent (Smellie and Laaksoharju, 1991).
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The drilling fluid is generally marked with a tracer. The percentage of
contamination by the drilling fluid can usually be determined on the basis of
tracer concentration. It may, at least in principle, also be possible to use the
tracer concentration to correct errors caused by drilling fluid contamination.
Following drilling but prior to geophysical and hydraulic testing, gas-lift
pumping is used in order to clear the borehole from remaining drilling fluid
and rock debris. This operation was studied in more detail by Andersson et
al. (1991), concluding that the effect on hydraulic conditions in the borehole
was minimal. On the other hand, only a small part of the drilling fluid and
rock debris is flushed out and will remain in the bedrock. What is likely to
happen during this procedure is that, depending on the hydraulic properties
of the major conducting zones, residual drilling water will be forced into
some zones while formation water will be pumped out of other.
Hydraulic tests, normally pumping tests of the entire borehole and singlehole injection tests in packed off sections, will remove or add water to the
bedrock. Large-scale multiple-hole tests (interference tests) when pumping
packed-off conductive sections in boreholes may significantly alter the
"natural" water chemistry by collecting water from other parts of the bedrock
through connected fracture systems.
Considerable amounts of rock debris from drilling can be lost to the
bedrock (Andersson et al., 1991) and has a potential effect on borehole
hydraulic conditions, and is also a potential groundwater contaminant.
Drilling debris may influence the hydraulic conditions by obstructing the
groundwater flow in the fractures, creating a skin zone. However, the effects
of drilling debris on both hydraulic and hydrochemical conditions are largely
unknown.
The sequence with which all these activities take place relative to the water
sampling may be important. The desire is naturally to have as few
disturbances as possible prior to sampling. It should be noted that this
sequence is not always systematic from one borehole to another during a site
investigation (Smellie and Laaksoharju, 1991).

4.3.3

Hydraulic conditions
The hydraulic properties of the borehole and the surrounding bedrock may be
the most crucial factor for consideration what groundwater samples are
representative of. The Swedish bedrock is generally very heterogeneous from
a hydraulic point of view, where relatively narrow fracture zones constitute
the dominant hydraulic conductors. It is the hydraulic properties and
connectivity patterns of such zones, both on a local and a regional scale,
together with the groundwater recharge characteristics that govern the overall
flow pattern in the bedrock.
When boreholes are drilled, they intersect with fracture zones. The hydraulic
structure of the bedrock is altered by the presence of boreholes, and the
overall hydraulic head distribution may be significantly affected.
For example, consider a borehole that intersects two previously unconnected
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fracture zones with different hydraulic heads. The borehole itself will then
create a connection between these zones. If the borehole is left open (for
example between borehole activities), water will flow through the borehole
from the zone of higher head to the one of lower head. In addition, the
naturally prevailing head differences between the zones will tend to even out
along the borehole. This is also referred to as the open-hole effect (Smellie
et al., 1985).
Ask and Carlsson (1984) investigated the open-hole effect in some detail by
numerical modelling. A two-dimensional radial flow model was used to
simulate the effects of a 600 m deep borehole intersecting two horizontal
fracture zones, the latter being connected by a vertical fracture zone at a
distance of 1500 m. The borehole was located in a recharge area. Not
surprisingly, it was found that there was a marked effect on the hydraulic
head distribution to considerable distances (100 m or more) away from the
borehole. In addition, it appears as if the recharge/discharge distribution
along the borehole was affected. The amount of water that might circulate
between conductive layers in a borehole might be of the order of hundreds of
m3 per year (Smellie et al., 1985).
Even in boreholes with all conductive sections isolated by packers, there is
potentially a similar effect by leakage around the packers. However, the
latter effect is not extensively investigated. The existence of such shortcircuiting effects was tested using tracers during a large-scale pumping test
in Finnsjön. This investigation did not detect any significant bypass flow
around the packer (Gustafsson and Andersson, 1991).
A related consideration concerning sampling is the hydraulic head
distribution along the borehole, or rather if water is flowing into a section
selected for sampling or out from it. In the case when the hydraulic head
distribution is such that water flows from the borehole and out to a sampled
level with relatively high transmissivity it is especially difficult to obtain
representative samples. In this case the sampled water may be anything up to
100 percent drilling water or water originating from different parts of the
bedrock.
If the sampled horizon is connected through fracture systems to other parts of
the bedrock or to near-surface groundwater, the various borehole activities
(for example multiple-hole pumping tests and tracer tests) may to a varying
degree replace original groundwater around the tested section with water
from other parts of the formation. The extent of such effects will depend on
the transmissivities and storativities of the connected fracture system. Even if
such samples will not be representative for the sampled location, they may
be interpreted in combination with the pumping and tracer tests to determine
the connectivity of structures in the affected part of the bedrock.
Obtaining high-quality samples from low conductivity sections can be
especially difficult and time consuming. In such sections, leakage around
packers from other parts of the bedrock may be a significant problem (see
also section 4.1.2).
In conclusion, most of the hydraulic considerations above are related to what
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actually governs the natural groundwater flow characteristics in the various
conductive zones. It is reasonable to expect that the regional geology and
recharge conditions control the local flow characteristics at typical repository
depths (Nyberg and Voss, 1991). Even if very detailed investigations are
performed on the local scale, interpretations of natural flow conditions will
be highly dependent on the understanding of the regional influence on the
local system. A common approach is to perform investigations at different
scales. The regional flow pattern is usually defined by the water-table
topography and the connectivity and hydraulic conductivity of hydraulic
structures in a regional scale. The regional flow pattern is then used as
"regional" input to the smaller scale. However, when moving from a larger
scale to a smaller, the structural descriptions as well as the description of the
water table in the different scales may not be compatible. This may lead to
erroneous hydraulic boundary conditions on the vertical sides of the local
scale groundwater flow model at a site (Nyberg and Voss, 1991). Thus, the
groundwater flow models sometimes used to support interpretations of water
chemistry may in many cases be inadequate. The conclusion that may be
drawn from this is that there is generally not enough knowledge about the
regional hydrology, to fully utilize hydrochemistry data.
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5.

SUGGESTIONS FOR FUTURE IMPROVEMENTS OF GEOHYDRAUUC
MEASUREMENT METHODS AND STRATEGIES

5.1

METHODS
The geohydraulic site characterization methods in the Swedish programme
have undergone extensive developments since the start of the investigations
in the mid 70:s. Due to time and economical limits it will of course never be
possible to characterize a site in exact detail. However, the site
characterization methods can and will always be improved. Below are
suggestions of some new methods and improvement of old methods that
would increase the possibility to judge whether a potential site is suitable for
storage of spent nuclear fuel or not. We have not considered any economical
or time limits.
Due to the relatively long period of investigations, the Swedish site
characterization programme is well developed. The site characterization at
Äspö has introduced the use of several new methods, such as tracer tests,
flow meter surveys and dilution tests, c.f. Almén and Zellman, 1991.

5.1.1

Borehole logging methods
Fundamental hydraulic information can be directly obtained with state-of the-art borehole logging techniques. Information on percolating fractures is
derived from vertical flow measurements in open boreholes either with an
in-hole stress (i.e. a pump) or under natural unstressed conditions.
Correlation of percolation information with quiescent fluid conductivity logs
and acoustic televiewer maps of intersecting fracture traces in the borehole is
the most efficient means of identifying percolating structures intercepted by a
hole. In addition, the transmissivity of each percolating zone may be directly
determined by measuring a vertical head profile during the stressed vertical
flow measurements.
Flow-meter logging (spinner) have been successfully used at Äspö, however
no measurements have been made under natural flow conditions due to the
resolution of the flow-meter probes used. The determination of magnitude
and direction of flow in boreholes under natural conditions may help to
resolve the direction of the gradient in areas with small head differences and
presence of saline water at depth.

5.1.2

Hydraulic test methods
Test equipment and methodology for hydraulic testing used in the Swedish
site characterization programme and at the HRL at Äspö is highly developed.
Improvements should therefore mainly be concerned with strategy and
evaluation methods. The use of combined tracer and dilution tests and
hydraulic interference tests has been found to add substantial information
regarding connectivity and transport characteristics. So far, this method has
only been used at two sites, Finnsjön (Andersson et al., 1989) and Äspö
(Rhen and Svensson (editors), 1992). The use of tracer and dilution tests
would increase the knowledge of possible interconnectivity between fracture
zones and assist in the analysis of the interference tests.
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In Appendix A it was concluded that the actual flow dimension should be
considered by the evaluation of constant head tests, particularly if the
hydraulic properties of individual flow conduits are to be determined. The
problem is that such analysis require certain geometric properties which are
generally not available. For example, in fractional dimension analysis the
effective borehole radius and the effective conducting thickness of the
section are required for a complete analysis. Possibly, such information may
be obtained from specially designed tracer tests or by direct identification of
the conductive fractures in a section attempted by Andersson and Lindqvist
(1989) and Sehlstedt and Stråle (1991).
In multiple-borehole tests with multisection observation boreholes in
crystalline rock, e.g. at Finnsjön and at the HRL at Äspö, only the most
distinct drawdown responses, generally in fracture zones, can be analyzed
quantitatively by conventional (porous-media) methods. The long-term
pumping tests at Äspö have shown that significant drawdowns also occurred
in most of the sections in the rock mass. Relevant analytical and numerical
methods should be tested for analysis of such responses.
5.1.3

Tracer test methods
Dilution tests in packed-off borehole sections have also been used at Äspö
with good results (Almén and Zellman, 1991). Both natural flow rates and
flow rates during stressed conditions have been determined. Repeated
measurements during different stages of the site characterization can add
much information about connectivity, heterogeneity, and Darcy flux. Also,
the combination of different test methods like dilution tests, interference test
and tracer tests are recommended. Natural flow rates combined with water
chemistry sampling in regional boreholes can give important information
about the regional flow at a site.
The multiple-hole tracer test are still in a developing stage. Development of
sampling and injection techniques as well as tracers and analysis techniques
now makes it possible to do tests with at least 10 injection and 10 sampling
points at the same time. There is still a need to do tracer tests using the same
borehole geometiy but altering the velocities and directions. This will
improve the knowledge about the heterogeneity and also increase the
possibility to verify or validate different conceptual models and transport
models. A series of forced gradient tests in different geometries would
further increase the knowledge about connectivity and heterogeneity of the
system studied.
Another possible improvement of the multiple-hole tracer methods would be
sampling along flow paths in order to study the time and scale dependency
of transport parameters. This has earlier been done at Finnsjön (Andersson et
al., 1990) adding information regarding heterogeneity and connectivity of the
fracture system. However, the small number of boreholes available at a site
will be a limiting factor.
Another method for the earlier stages of a site characterization that may be
relevant to use in some situations, is the flushing water test. The injection
of labelled drilling fluid and subsequent sampling in the drilling water supply
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well may give fair estimates of flow porosity and connectivity with a
minimum of effort.
Natural gradient tracer tests in boreholes may be useful for indication of
larger scale (repository-size) connectivity and natural fluid flux along traced
paths. Results may give more unique interpretation of connectivity than
forced gradient tests. However, no such tests have yet been carried out in
Sweden.
Migration of natural tracers (as determined through geochemical analysis)
may give information on connectivity, fluid flux, and origins of water, at
scales much larger than the repository site. Such analysis requires
geochemical and other data in deep boreholes both located at some distance
from the site and within the site. Present geochemical interpretations in
Sweden give description of the static distribution of measured species within
the site boundaries. Dynamic interpretation of natural tracer data and relation
of the distribution of natural tracers to hydrogeologic and geochemical
controls in the context of a hydrologic system has not been attempted in
Sweden to any great extent.
5.1.4

Water sampling
Sampling and interpretation of water chemistry is very complicated. The
problem of interpretating the origin of samples is related to the general
problem of defining how the regional hydrology and fracture connectivity
pattern govern the local flow conditions. Because water chemistry, when
"correctly" sampled, may give direct evidence of regional flow patterns,
residence times and long-term transport characteristics, it should be
considered a very important part of the investigation procedure.
Interdisciplinary planning and evaluation of hydrochemistry together with
geology, hydrology, etc., is a prerequisite for hydrochemistry as well as for
all other aspects of a site characterization. Water chemistry data obtained at
early stages of a site investigation should be evaluated and interpreted prior
to more detailed investigations, in order to assist and direct the design of the
latter.
The regional aspects of the hydrology of a site may often be overlooked.
Better knowledge of regional flow pattern will help interpretation of water
samples. Alternatively, water chemistry will provide clues about regional
flow conditions. There should be a great potential in utilizing water
chemistry data and hydraulic measurements (pressure) in conjunction in deep
boreholes outside and within the main investigations area, to increase
knowledge about the large scale hydrology at a site.
Sampling during drilling should be performed whenever possible, as this may
provide first-strike samples of formation water. Further, a number of
packed-off boreholes should be designated solely for hydrochemistry
sampling, in order to eliminate some of the disturbing borehole activities
described in section 4.3. However, even if designated boreholes are used,
they will need to be characterized hydraulically (not only the location of
conductive zones) prior to the installation of packer assemblies, to ensure
proper interpretation of samples. It may even be necessary to have designated
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hydrochemistry boreholes be included in large-scale interference and tracer
tests. Whether sampling is to be done in designated boreholes or not, it is
desirable to maintain the same sequence of other measurements in the
boreholes to be sampled.
Pumping rates should always be designed according to the interpreted
transmissivity and other hydraulics of the sampled section, so that as much
control as possible can be maintained about the origin of the sampled water.
This may mean that sampling in some low-permeability sections will be
somewhat time-consuming.
Finally, there appears to be a need for more generic knowledge about how
the borehole activities affects sampling under varying conditions of fracture
zone geometry, transmissivity and storativity distributions, and regional
influence.
5.1.5

Hydraulic head measurements
Natural pressure data collected both within the site area and in deep
boreholes at various distances from the site is vital to site characterization.
Such data includes both water-table elevations and shut-in static pressures in
packed-off intervals at various depths in boreholes. Because waters often are
saline at depth in typical sites, interpretation of the measured pressures to
give directions of fluid migration also requires careful determination of
ambient fluid density at each depth where pressure is measured. This allows
comparison of measured pressures with those that would be found in a static
column of water having the same vertical density distribution. Mainly watertable elevations have been collected in site characterization programs to date.
Exceptions are Finnsjön and Äspö, where data on vertical pressure
distribution has also been collected.
Complete natural pressure conditions for a site would improve the definition
of natural boundary conditions for model analysis of groundwater flow.
Deterministic model analysis is the primary vehicle for quantitative
hydrologic explanation of a site, and development of a number of alternative
"good" models may serve as an acceptable goal of the hydrologic
characterization. To date, only water-table pressures have been used to
generate driving forces for interpretive groundwater flow models of sites,
probably leading to significant errors in model-determined fluid fluxes and
travel paths at repository depths.

5.2

MEASUREMENT STRATEGY
The most essential improvement of the measurement strategy for site
characterization would be to further increase the interaction between
geologists, hydrologists, chemists, modelers and the safety analysis. This is
necessary for an improved understanding of flow and transport at a particular
site. Further, integrated evaluations of different multiple-borehole tests such
as combined tracer-interference tests with geochemical measurements is
recommended.
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Below a compilation of a measurement program for site characterization,
built on the authors own experience and the critical aspects considered in this
study, is presented. The scales to be considered in site characterization must
be set in relation to the size of the repository to be constructed.
5.2.1

First conceptual model
The first conceptual model of geology and hydrology on a regional scale,
including site area, should mainly answer questions related to geometry,
fracture zones, and regional groundwater flux. These attributes should be
determined mainly from two types of investigations namely;
1. Airborne geophysics, structural analysis (geological maps and remote
sensing techniques)
2. Collection and interpretation of hydrological data (topography, wells and
surface waters) i.e. heads and gradients.
In the regional scale the characterization should start with an inventory of
existing shallow water wells in the area. From available records of yield and
drawdown from short pumping tests in such wells the specific capacity (flow
rate divided by drawdown) which is a rough measure of the transmissivity of
the well, should be calculated. From the (saturated) depth of the wells the
average hydraulic conductivity can be calculated. Statistical analyses of these
data provide mean values of the hydraulic properties of different rock types
in the regional area. If data exist in interpreted fracture zones rough estimates
on their hydraulic properties at shallow depths may also be obtained.

5.2.2

Improved conceptual model
In order to improve the conceptual model it will be necessary to drill a few
(3-5) deep boreholes, both within site and at regional distances. These
boreholes should be used to improve the knowledge of the fracture zone
geometry. They will also give good geochemical data to improve the
hydrological model and to give an input to calculations for canister corrosion
etc. Further, directions and magnitudes of the natural gradient as well as
transmissivities of water conducting features will be determined.
The drilling of a few deep boreholes at regional distances also makes it
possible for later studies if and how the regional flow is affected by the
excavation of a repository. This may give additional information in the
boundary region of the conceptual model.
This second phase of the site characterization involves five main
investigations namely;
1. water sampling for chemistry during drilling (drilling may have to be
periodically stopped)
2. borehole logging, including vertical flow measurement (open borehole, no
other disturbance)
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3. sampling for chemistry between packers in conductive features and some
low conductive sections determined from borehole logging and core
logging.
4. flow-meter logging during pumping of entire borehole.
5. instrumentation with multipacker system for pressure measurements and
future water sampling.
From the above measurements and analyses an improved conceptual model
of the regional area should be established in combination with other available
data, e.g. geological and geophysical investigations. Results of quantitative
modelling of the regional area should be able to direct, e.g. borehole
locations, for the characterization of the site area.
5.2.3

Detailed site investigation
In the third and detailed phase of the surface based site investigations, the
connectivity and transmissivity of fracture zones are determined. Also the
hydraulic conductivity, dispersivity, and flow porosity of the flowing
fractures and zones are determined.
This phase involves drilling of a number of shallow percussion boreholes in
strategic locations, mainly in fracture zones, and several deep core boreholes.
In the percussion boreholes pumping tests (with constant flow rate) should be
carried out in the entire boreholes to identify and characterize important
hydraulic structures at shallow depths. Drawdown measurements should be
carried out in the pumping boreholes and in all available observation
boreholes.
In the core boreholes a pumping test in the entire borehole should be
performed to determine the total transmissivity together with a flow-meter
log, both under natural and pumping conditions, to identify the main
hydraulic conductors and the vertical flow in the borehole. In addition,
tracer dilution tests should be made to estimate the natural and induced
flow in sections of the borehole together with measurements of the
hydraulic head in isolated sections along the borehole to identify possible
regional flow through the area. The latter measurements may also assist in
the definition of natural boundary conditions in the subsequent quantitative
model of the site area.
In the site area more detailed information is needed, particularly at depth, on
the hydraulic properties of both the rock mass and fracture zones. This
involves both single-hole and multiple-borehole hydraulic tests in
combination with tracer and dilution tests. Both additional percussion
boreholes and core boreholes are required in the site area. In the percussion
boreholes essentially the same type of hydraulic tests as discussed for the
regional area should be performed. However, at least one packer should be
installed in the boreholes and the drawdown should be registered in each
borehole section.
In the selected repository area a limited number of boreholes are likely to be
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drilled from the surface. In these boreholes the hydraulic properties of the
rock mass at repository depth can be investigated in detail by high-resolution
flow-meter logs and detailed constant head injection tests, preferably in
combination with tracer tests.Although multiple-borehole tests would be
highly desirable in the rock mass within the repository area suitable,
relatively closely located observation boreholes may not be available due to
the risk of creating potential pathways to the surface in this area. However, if
suitable observation sections in e.g. inclined boreholes are available at
repository depth, it may be possible to perform (long-term) multipleborehole tests in the rock mass between the limiting fracture zones.
Alternatively, pumping may be performed in these fracture zones with
observations of drawdown in boreholes in the rock mass within the
repository area.
Based on the results of the above described hydraulic test programme, a
conceptual geohydraulic model of the site area can be established in
combination with all other available data. As a validation on the conceptual
model a long-term, large-scale pumping test with constant flow rate can be
carried out in a centrally located deep pumping borehole with drawdown
registrations in all available observation borehole sections, both in percussion
and core boreholes, in the whole area. The observed drawdowns should be
compared with predicted ones according to quantitative models. The results
of these measurements should be integrated in the conceptual model.
Depending on the results of the long-term pumping test and complementary
measurements, the existing geohydraulic conceptual model may have to be
modified. The modified model should be verified by comparing predictions
with experimental results from a second long-term, large-scale pumping test
performed with a pumphole different from that used for the previous
calibration of the model (i.e. first long-term pumping test).
In the final stage of the repository design the hydraulic properties of the rock
in the repository area will be investigated from subsurface tunnels and shafts.
In this stage, single-hole and multiple-borehole hydraulic tests can be
carried out by e.g. flow and build-up tests by flowing a test section for a
certain time and monitoring the resulting drawdown in surrounding sections
and subsequently the pressure build-up (recovery)in the sections in
combination with flow meter surveys.
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A.1

INTRODUCTION
The hydraulic testing programme for a site characterization for a potential
repository may involve three different phases corresponding to three different
scales. In the first phase, the reconnaissance, data are sampled to establish a
conceptual model on a regional scale. In the next phase, the site scale, data
are sampled to establish a local model based on the results of the previous
phase. In the third phase, the repository scale, data are sampled to investigate
the properties of the rock surrounding the potential repository. Naturally, the
type of information and type of hydraulic tests will change with the different
scales. This Chapter is focussed on hydraulic testing on the site scale
together with possible applications on the repository scale.
Hydraulic testing should provide quantitative and qualitative data of
hydraulic units of importance to construct conceptual models on different
scales in conjunction with the geological interpretation. The ultimate goal of
the testing is to form a basis for subsequent mathematical modelling of
groundwater flow and transport in the safety analysis. The basic parameters
which may be obtained from hydraulic tests are transmissivity, hydraulic
conductivity, storativity, skin factor and hydraulic head. In addition,
information on the flow geometry and on the outer boundary conditions of a
test may be obtained. Since different types of mathematical models request
different amount of detail, the methods of evaluating the hydraulic
parameters may be selected accordingly. This implies that parameter values
may represent different scales and concepts, e.g. porous media equivalents
and values of discrete pathways.
In a broad sense, hydraulic tests can be divided in active and passive tests. In
the former tests a pressure disturbance is created in a borehole or borehole
section while in the latter tests natural groundwater level fluctuations in
boreholes, e.g. due to precipitation, earth tides or barometric pressure, are
analysed. Such tests, which may provide average values on hydraulic
parameters on large scales, are not treated here. Active tests can be divided
in tests where the formation is subjected to an instantaneous change in
pressure (e.g. slug tests and pressure pulse tests) or to a continuous pressure
disturbance (e.g. constant head tests and constant flow rate tests).
Hydraulic tests can either be performed as single-hole tests in a borehole or
borehole section or alternatively as multiple-borehole tests (interference
tests) in which the pressure change is measured in surrounding observation
boreholes or multiple-sections thereof. In general, the type of test selected
depends on the hydraulic properties of the rock, the purpose of the test and
the time and equipment available.
In the following, a brief description of different single-hole hydraulic test
types together with their applicability for site characterization is provided.
The description is mainly based on experiences gained in the Swedish site
characterization programme for disposal of nuclear waste in crystalline rock
and related testing prior to this programme. In addition, the hydraulic test
types used at the pre- investigations at fhe Hard Rock Laboratory at Äspö
are described. Emphasis is made on constant head tests, i.e. the type of test
commonly used in the Swedish programme but also other test types, e.g. slug
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tests and pressure pulse tests are reviewed. Subsequently, different types of
multiple-borehole tests are described.
A.2

SINGLE-HOLE TESTS

A.2.1

Background
Two main types of single-hole hydraulic tests will be described. Firstly, test
types associated with an instantaneous pressure change (slug-, pressure
pulse- and drillstem tests) are described. Secondly, constant head and
constant flow rate tests with a continuous pressure disturbance applied are
presented. All test types described below can be performed either by
injection of water to the borehole (section) or abstraction of water
(drawdown tests).
The basic hydraulic parameters which can be determined from single-hole
tests are the transmissivity, hydraulic conductivity and hydraulic head in
isolated borehole sections. In addition, the skin factor may be estimated if
the specific storativity is known or can be estimated. Alternatively, the
specific storativity can be calculated by assuming a zero skin factor.
However, such calculations are often highly uncertain since the skin factor is
normally non-zero in practice. The specific storativity should instead be
determined from multiple-borehole tests.
Prior to the SKB site characterization program, different single-hole
hydraulic tests were performed in the same borehole sections at Finnsjön to
compare the results and gain experiences of the methods (Almén et
al.,1986a). The hydraulic conductivity ranges in which the different methods
are applicable, according to the inethodology study, are shown in Figure
A.2.1. Below, a brief description of each test method including the
evaluation is provided.
By the comparison of the calculated K-values from the different test
methods it should be pointed out that the actual radii of influence of the tests
vary between methods due to different water volumes involved, test durations
and inherent features of the methods. Thus different sizes of rock were
investigated by the tests which make a direct comparison between methods
more difficult. Rough estimates of the radii of influence (re) at typical test
times in an equivalent porous medium are shown for each test method in
Figure A.2.1. The results of each test method thus correspond to a certain
rock volume investigated.

A.2.2

SlugJest
An overview of tests with an instantaneous pressure change, showing the test
configuration and the pressure conditions in the test section and standpipe
(steel mandrel) versus time, is presented in Figure A.2.2. The theory and
application of slug tests are described in Almén et al. (1986a) and the
equipment in Almén et al. (1986b). A slug test is performed under open
borehole conditions, i.e the section being tested is exposed to atmospheric
pressure. The tested section is exposed to a certain head change (slug) and
the decay of this head change is monitored with time.
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Prior to the test (t<0) a certain volume of water is removed (or injected)
from the standpipe or pipe string (test valve closed) to create an initial head
change (H,,). At time t=0 the test valve is suddenly opened and the rock is
exposed to this head change causing an inflow (or outflow) of groundwater
to the test section and a rising (or falling) water level in the standpipe. At a
certain time t the initial head change has decayed to H (Figure A.2.2).
The normalized head change (H/HQ) is normally plotted versus time (t) in a
semilogarithmic diagram. The resulting data curve is then matched to
theoretical type curves, either manually or by computer, generally assuming
radial flow in an equivalent porous medium (e.g. Cooper et al., 1967) to
provide the transmissivity (T=KL) and the average hydraulic conductivity
(K) of the tested section, see Figure A.2.3. A rough estimate of the skin
factor of the test section (or storativity) may also be obtained. The slug test
is mainly applicable in the moderate-high hydraulic conductivity range (10"
9
<K<10'6 m/s), see Figure A.2.1.
The theory by Cooper et al., 1967) does not consider skin effects. Slug test
theories for a borehole surrounded by a skin zone with an infinitesimal
thickness and a skin zone of finite thickness were presented by Ramey
(1975) and Moench and Hsieh (1985), respectively. A discussion of the
problems of skin effects on the interpretation of slug tests and pressure pulse
tests is provided by Black and Barker (1987). They concluded that slug tests
in general are rather insensitive to skin effects provided that the skin zone is
assumed to have the same specific storage as the unaltered surrounding rock.
Black and Barker (1987) also concluded that slug tests are rather insensitive
to non-radial (spherical) flow and packer bypass (flow around the packers).
This implies that small errors normally will result if slug test data exhibiting
spherical flow effects are interpreted by the standard theory by Cooper et al.
(1967). A theory for interpretation of slug tests in fissured rock was
presented by Black (1985). He found that derived K-values according to the
theory of Cooper et al. (1967) in fissured rock in general will be
overestimated by maximum a factor of two. However, large errors may result
in the derived values on the storativity.
The advantage with slug tests is the relatively short test time required (except
for very low-conductive sections). It is generally sufficient to register 50-80
% of the decay of the applied head change by the analysis. Another
advantage is that no water has to be injected into the rock (if underpressure
is applied) and no submersible pump has to be installed in the borehole.
The main disadvantage with slug tests is, in most cases, the relatively short
radius of influence in the rock tested. Another disadvantage (with type curve
analysis) is that the shape of the data curves (and thus the results) are rather
sensitive to the accuracy in the determination of the applied head change
(HQ). Any uncertainties in the static pressure in the tested section (pj) before
the test will affect Hg, see Figure A.2.2. Furthermore, the shape of the type
curves, representing different values on storativities and skin factors, is quite
similar which may result in an ambiguous analysis. However, the error in
hydraulic conductivity is likely to be less than a factor of two.
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A new method for analyzing slug test data from isolated sections in a
borehole in an aquifer through the application of a numerical flow model was
presented by Widdowson et al. (1990). The model considers radial and
vertical, anisotropic, axisymmetric flow to or from the test section. Borehole
skin effects are neglected. The advantage with this method is that the
analysis is based on straight-line analysis in a semilogarithmic diagram with
the head change (H) plotted versus time (t) and thus no type curve matching
is needed. The method can account for anisotropic hydraulic conductivities in
the radial and vertical directions.
In the methodology study of single-hole tests presented in Almén et al.
(1986a) the hydraulic conductivities calculated from slug tests were
compared to those derived from transient constant head and constant flow
rate injection tests of three hours duration. In four (of five) sections the slug
test values were higher than those from the latter tests (by a factor of 4-77)
whereas in one section good agreement between the methods was obtained.
The deviation was largest in low-conductive sections (K about 10~9 m/s)
whereas the agreement between the test types was rather good in one highconductivity section (K about 10~6 m/s).
Based on the above experiences and disadvantages the applicability of the
slug test for site characterization in crystalline rock is considered as feasible
but not of primary interest. This test type has not been used in the Swedish
programme. However, slug tests have been used in the hydraulic test
programme in the Stripa Project (Holmes 1990). Slug tests have also been
used in the Swiss Program (Kiipfer et al.. 1989).
A.2.3

Pressure pulse test
The pressure pulse test is similar to the slug test (it is sometimes called
pressurized slug test) but is performed under closed borehole conditions, i.e.
the tested section is closed and has no contact with atmospheric pressure
during the test. The decay of the applied pressure pulse is thus registered
under shut-in borehole conditions. The test arrangement and pressure
conditions in a pressure pulse test are shown in Figure A.2.2. A pressure
pulse test may be initiated as a slug test by removing a certain volume of
water from the standpipe with the test valve closed. At time t=0 the test
valve is suddenly opened and closed again. This creates a certain pressure
pulse in the test section and the decay of the pulse is registered with time in
the shut-in test section. The response is thus governed by the (effective)
compressibility of the system, i.e. the compressibility of water and packers.
The theory and applications of pressure pulse tests are described in Almén et
al. (1986a). Theory for pressure pulse tests is analogous to that for slug tests
described above but is based on compressibility in a pressurized system. As
for the slug test the normalized pressure change is plotted versus time and
matched to theoretical type curves, see Figure A.2.4. Theories exist both for
a porous medium (e.g. Bredehoeft and Papadopulos 1980) and a single
fracture (Wang et al., 1977). In the former case the transmissivity and
average hydraulic conductivity of the equivalent porous medium is obtained
while in the latter case the aperture of the fracture is obtained. From the
aperture the hydraulic conductivity of the fracture (fracture conductivity) can
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be calculated. A rough estimate of the skin factor may also be obtained.
Pressure pulse tests are applicable in low to very low-conductive sections
(K<10~9 m/s), see Figure A.2.1.
The main advantages with the pressure pulse test are the short test time
normally required since the pressure is registered under confined conditions
and its capability to test very low-conductive sections. The main
disadvantage is that the test is very sensitive to any deformation of the test
equipment (compliance), e.g. of the packers. An effective compressibility of
the equipment should be determined prior to the tests and used in the
analysis instead of using the water compressibility which assumes a perfectly
stiff system.
In addition, the water volumes involved and thus the radius of influence of
the tests is short and the results may be severely affected by the properties of
the skin zone if this zone is assumed to have a finite thickness (Moench and
Hsieh 1985). According to Black and Barker (1987) pressure pulse tests are
sensitive to skin effects even for comparatively thin skin zones. Other
potential problems are uncertainties of the magnitude of the pressure pulse
applied, (small) variations of the temperature of the water in the test section,
which may affect the pressure, and borehole history effects, i.e. effects of
earlier induced pressure transients in the rock, e.g. during drilling. Most of
the problems stem from the low-conductivity environment.
The experience of pressure pulse tests from the methodology study at
Finnsjön (Almén et al., 1986a) reveals that in the hydraulic conductivity
range between 10~10 and 10'8 m/s the calculated K-values from the pressure
pulse tests (three sections) were 8-47 times higher than those calculated
from transient injection tests of three hours duration. In two sections in very
low-conductive rock (K between 10"14 to 10~12 m/s) the agreement with the
transient injection tests was rather good. In two relatively high-conductive
sections (K about 510" 7 m/s) the results from the pressure pulse tests were
lower by one or two orders of magnitude compared to the latter tests. This
deviation was assumed to be due to the inapplicability of pressure pulse tests
in such relatively high-conductivity sections, c.f. Figure A.2.1.
Based on the above limitations and experiences the pressure pulse test is
considered as most applicable in very low-conductive rock (K below about
10"10 m/s) if a sufficiently stiff equipment system is available. In this
conductivity range most other methods, e.g. injection tests, are uncertain or
inapplicable (below the measurement limit). The lower measurement limit of
pressure pulse tests is mainly governed by the stiffness of the equipment
system since no water is injected or abstracted. Due to the relatively short
test times and radii of influence, hydromechanical effects, e.g. rock heaving,
can safely be neglected for pressure pulse tests (Rutqvist 1989).
The pressure pulse test has not been used in the Swedish site characterization
programme. However, pressure pulse tests have been used extensively in
low-conductive rock in the Swiss programme (Grisak et al., 1985, Kiipfer et
al., 1989). Temperature and borehole history effects were found to be very
important in this conductivity range.
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A.2.4

Drillstem test
The conventional drillstem test is used in petroleum exploration in
conjunction with drilling (Earlougher 1977). Such tests are carried out
through the drillstem during drilling. This type of test can also be used in
hydrogeological investigation with the ordinary test equipment (pipe string).
Although somewhat misleading, the name drillstem test is also used in such
applications. The drillstem test consists of two phases; the first phase (the
flow period) is identical to a slug (drawdown) test while the second phase
(the recovery period) is equivalent to a recovery test after a (constant flow
rate) drawdown test under confined conditions. The theory, interpretation and
application of drillstem tests are described in Almén et al. (1986a).
The test anangement and pressure conditions in a drillstem test are shown in
Figure A.2.2. The performance of the flow period is identical to the slug test
described above. By the end of the flow period (t=tp), when the water level
in the standpipe is still rising, the test valve is closed and the pressure
recovery in the confined test section is registered with time.
The analysis of the flow period of a drillstem test is identical to that
described above for the slug test and the same hydraulic parameters can be
evaluated. The recovery period is analyzed as the pressure recovery after a
drawdown (or injection) test with constant head or constant flow rate. The
same hydraulic parameters as from the flow period, i.e. the transmissivity
(and average hydraulic conductivity) and the skin factor of the test section
can be obtained from the recovery period. An example of the analysis of the
recovery period of a drillstem test is shown in Figure A.2.5.
The same limitations and uncertainties apply to the analysis of the flow
period of a drillstem test as for the slug test described above. For the
recovery period basically the same limitations and uncertainties as for
recovery tests after drawdown/injection tests with constant head or constant
flow rate are valid. The drillstem test is applicable in moderate to highconductivity rock (l(r10<K<10~6 m/s), see Figure A.2.1.
In the methodology study at Finnsjön (Almén et al., 1986a) the calculated
K-values from six drillstem tests (recovery period) in general showed higher
values than those calculated from transient 3-hour injection tests (by a factor
of 3-30). However, the duration of the recovery periods of the drillstem tests
was rather short (less than 30 mins). The results from the recovery period of
the drillstem tests generally agreed better with those from the transient
injection tests than from the slug tests and pressure pulse tests. Best
agreement was obtained in the conductivity interval 10"7 to 10"6 m/s.
Based on the above limitations and experiences the drillstem test is
considered as feasible in moderate to high-conductivity rock but not of
primary importance for site characterization in crystalline rock. The test type
has not been used in the Swedish programme but in the Swiss programme
(Kiipfer et al., 1989).
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A.2.5

Drawdown/Injection test with constant flow rate
The most common constant flow rate test is the classic drawdown (or
pumping) test in which water is abstracted from a borehole or böiehole
section at a constant flow rate during a certain time and the resulting head
change is registered. After stop of pumping, the recovery of the groundwater
head is registered. The theory, interpretation and application for both the
drawdown and recovery phase are described in Almén et al. (1986a). The
tests are generally interpreted by a combination of type-curve and graphical
(straight-line) analysis, either manually or by computer. An example of the
analysis of an injection test with constant flow rate is shown in Figure A.2.6.

There may be certain practical problems with such drawdown tests in lowconductive rock. Firstly, controlled pumping are generally rather difficult in
rock (sections) with a transmissivity less than about 1CT6 m2/s due to the low
flow capacity of the rock. A second problem for constant flow rate tests
(both drawdown and injection tests) is that it may be difficult to select a
proper flow rate prior to the test which not causes excessive drawdowns,
particularly when pumping in isolated rock sections between packers. A third
problem in small-diameter boreholes, e.g. core boreholes, is to install a
pump with sufficient capacity. General advantages with drawdown tests (both
constant flow rate and constant head tests) compared to injection tests are
that no foreign water with different chemistry is introduced in the rock and
that any remaining drilling debris in the borehole (section) may be removed
during the tests.
Due to the above described problems injection tests (with constant head) are
generally used for testing of low-conductive rock. Potential problems with
injection tests are the introduction of foreign water in the rock which may
disturb the hydrochemical sampling and the risk of clogging of fractures by
drilling debris in the borehole or in the injection water. Other potential
problems with injection tests are the chemistry and temperature of the
injection water stored at the surface.
Different chemical composition (including salinity) of the injection water and
the formation water (chemical incompability of waters) may cause clogging.
However, this mainly applies to sedimentary rock, e.g. swelling clays.
Differences in temperature between the injected water and the formation
water may severely affect the pressure during testing, particularly in highconductive rock sections at great depth. The above described problems apply
to both constant flow rate tests and constant pressure tests. A further
discussion of these problems is made in Section A.2.7.
In the methodology study at Finnsjön (Almén et al., 1986a) the results of
seven injection tests with constant flow rate agreed very good with those
from injection tests with constant head, both regarding hydraulic conductivity
and skin factor. No drawdown tests were carried out. The injection test with
constant flow rate is applicable in a large hydraulic conductivity range (10"
12
<K<10"6 m/s), see Figure A.2.1. The radius of influence depends on the test
duration and the hydraulic parameters. Since the water volume involved in
drawdown/injection tests with constant flow rate or constant head generally
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is larger compared to pulse response tests (slug-, pressure pulse- and
drillstem tests) the radius of influence is generally also larger. In addition,
with constant flow rate and constant head tests it is easier to control the test
duration and thus the radius of influence.
Based on the above described limitations and problems drawdown/injection
tests with constant flow rate are considered as feasible for single-hole tests
in site characterization (particularly drawdown tests) but practical difficulties
may render such tests less suitable for hydraulic logging of boreholes with a
large number of test sections. However, drawdown tests should not be
overlooked. Single-hole drawdown/injection tests with constant flow rate
were not extensively used in the Swedish site characterization programme.
However, drawdown (pumping) tests with constant flow rate have been used
extensively, both for single-hole testing and interference testing, at the HRL
at Äspö.
A special type of drawdown test with constant flow rate is the air-lift test.
This test can either be performed by pumping in an open borehole or in
isolated borehole sections. At the HRL at Äspö this test has been used both
for pumping tests after drilling and to test successive boreholes sections
(about 100 m) during drilling (Almén and Zellman 1991). In the latter case
the pumping is performed by injecting compressed air in the borehole and
water is discharged through the drill pipe string. The drawdown is measured
in a separate pipe in the drill string. In addition, an estimate of the static
head in the section can be obtained before start of pumping.
A.2.6

Flow meter logging
Flow meter logging was originally used to determine the vertical flow along
a borehole to identify inflow and outflow zones. Flow meter logging is
generally carried out during drawdown tests under (semi)steady-state
conditions when stable inflow conditions to the borehole occur. In the Äspö
HRL project flow meter logging has proved to be a useful and cost-effective
method to locate and estimate the hydraulic properties of the most important
hydraulic conductors along cored boreholes (Almén and Zellman 1991). Two
types of flow meter probes are used, i.e. the MLS ("spinner") and the UCM
flow meter, based on the Doppler effect.
A comparison of a flow meter logging and a hydraulic conductivity logging
is shown in Figure A.2.7. The transmissivity of the different conductors was
calculated by distributing the total transmissivity of the borehole (determined
by a drawdown test) in proportion to the measured inflow rate (or counts/s)
from each conductor in the flow meter logging (Rhen et al., 1991). By this
process the transmissivity of the uppermost (reamed) 100 m of the borehole
must be subtracted from the total transmissivity since flow meter logging
was only performed in the unreamed part of the borehole.
Flow meter logging is considered to be an efficient method to identify and
characterize the most important hydraulic conductors in boreholes. The
method depends on the resolution of the flow meter used, the borehole
diameter and the pumping rate. In 56 mm boreholes, zones with a
transmissivity greater than 10"7 m2/s and 210"8 m2/s can be detected with the
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MLS and UCM flow meter probes, respectively (Almén and Zellman 1991).
Flow meter logging (with other types of probes) has been used extensively in
the Swiss programme (Bliimling and Hufschmied 1989) and in the Canadian
programme (Paillet et al., 1987).
A.2.7

Injection/drawdown test with constant head
The most common constant head test in low-conductive rock is the injection
test in which water is injected in a borehole or borehole section at a constant
head during a certain time and the resulting decline of flow rate is
monitored. After stop of injection, the recovery (fall-off) of the groundwater
head is registered. A simplified form of constant head injection test is the
water loss (steady-state) test. In such tests, which are of short duration, only
the injection head and the final flow rate are measured. It is also possible to
perform constant head drawdown tests. Such tests are common in petroleum
exploration (Earlougher 1977).
The theory, interpretation and application for both the injection and recovery
phase of transient constant head injection tests are described in Almén et al.
(1986a). The tests are generally interpreted by a combination of type-curve
and graphical (straight-line) analysis, either manually or by computer. An
example of the analysis of an injection test with constant head is shown in
Figure A.2.8. The applicability of this test type is shown in Figure A.2.1.
Since this test type has been used extensively in single-hole testing in the
Swedish site characterization programme and at the HRL at Äspö, it is here
described in more detail than the other test types.
The radius of influence during constant head (and constant flow rate) tests,
i.e. the radius of the rock volume investigated, may be roughly estimated by
the following equation:

135 K tp
re = I "
Ss
re = radius of influence (m)
K = hydraulic conductivity (m/s)
tp = duration of test (min)
Ss = specific storativity (m"1)
Eqn. (A.I) assumes radial flow in a homogeneous and isotropic aquifer. In
this case the radius of influence corresponds to a concentric circle around
the borehole tested and depends (mainly) on the hydraulic properties of the
rock, i.e. the hydraulic diffusivity (K/SJ. The approximate radius of
influence in a homogeneous and isotropic medium (according to Eqn. (A.I)
as a function of hydraulic conductivity and specific storativity for a test
duration of 15 minutes and 2 hours is shown in Figure A.2.9. The selected
range of the hydraulic parameter values roughly corresponds to the range
normally estimated from hydraulic tests in crystalline rock in Sweden.
In a heterogeneous medium the extension of the radius of influence is
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governed by interconnected regions (streaks) of high hydraulic diffusivity.
Thus, the radius will be highly irregular in such a medium, e.g. crystalline
rock, c.f. Section 4.1.
The transient constant head injection test was selected for single-hole
hydraulic testing in the site characterization programme on the basis of the
following criteria, mainly obtained from the methodology study at Finnsjön
(Almén et al., 1986a):
Applicable over a large range of hydraulic conductivity
The measurement range for flow rate is larger than for head
(pressure)
Negligible borehole storage effects and small equipment
deformation during the injection phase due to constant pressure
in the entire measurement system.
The evaluation of the test is based on transient curves with a
large number of data points
Large radius of influence
The possibility to determine the skin factor and apparent fracture
characteristics
The possibility to derive qualitative information on the flow
geometry and hydraulic boundaries
The duration of the injection phase was selected to 2 hours followed by a
recovery period of 2 hours. This test duration was supposed to give a
relatively large radius of influence and rock volume investigated to achieve
representative values on the hydraulic parameters and possibility to identify
the actual flow geometry during the tests for a relevant analysis of the test
data. A standard injection pressure of 200 Kpa (20 m) was selected. This
injection pressure was assumed to eliminate the risk of hydromechanical
effects, e.g. rock heaving, on the test data.
Some potential, practical problems with injection tests are discussed in
Section A.2.5. According to our experience the constant head injection test
has no additional disadvantages compared to injection tests with constant
flow rate in single-hole testing. Below, experiences of some of the potential
uncertainties associated with the performance and analysis of constant head
injection tests in crystalline rock are discussed in more detail. Some of the
uncertainties are valid for both injection tests and drawdown tests.
Clogging effects
As discussed above, clogging may be a potential uncertainty in injection
testing. Clogging may be caused by several factors such as injection of
drilling debris suspended in the borehole or injection water into fractures
during testing or chemical incompatibility between the injection water and
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formation water and aeration of the injection water at the surface. Clogging
may possibly also arise by the drilling activities. By the drilling of cored
boreholes in the site investigation programme, a total loss of flushing water
generally occurred below a depth of c. 100 m. It is therefore very important
to clear the boreholes from flushing water and drilling debris prior to the
tests by pumping for a certain time and monitoring the content of drilling
debris in the discharged water at the surface.
The capability of gas-lift pumping (nitrogen) to remove flushing water and
drilling debris from core boreholes and percussion boreholes was investigated
at Finnsjön (Andersson et al., 1991). The results show that significant
amounts of the flushing water and debris produced during drilling was not
recovered to the surface by the gas-lift pumping. In three cored boreholes
penetrating major fracture zones, only about 7-8 % of the total volume of
flushing water used was recovered at the surface. The total recovery of
drilling debris was estimated to about 37 % in one of the boreholes. A total
loss of flushing water and drilling debris occurred in all cored boreholes
during penetration of these fracture zones and below the zones.
Higher percentages of drilling debris were recovered from the air-flush
percussion boreholes (69-89 % on average), but on the other hand, larger
total amounts of debris were lost due to the larger diameter of these
boreholes. Although the above estimated recoveries of flushing water and
drilling debris are somewhat uncertain, they indicate that the gas-lift
pumping only was capable to remove small quantities of the flushing water
used and drilling debris produced and that significant amounts may be lost in
fractures and fracture zones during drilling, particularly in the cored
boreholes. In addition, the amount of recovery was found to be strongly
dependent on the drilling technique used.
To test the possible effects of the gas-lift pumping on the hydraulic
conditions, transient constant head injection tests were carried out in eight
sections in one of the cored boreholes (with very small recoveries of flushing
water and drilling debris) both before and after the gas-lift pumping. The
pumping had little effect on the calculated hydraulic conductivities and skin
factors or the observed flow geometries before and after the pumping
(Andersson et al., 1991).
This fact may be explained in two ways; firstly, it may be assumed that the
sections tested had no clogging effects before the gas-lift pumping or
secondly, that some of the fractures became so severely clogged by debris
during drilling that the gas-lift pumping was incapable of clearing the
fractures adequately. In the first case representative values on the hydraulic
parameters of the rock would be calculated whereas in the second case nonrepresentative values would be obtained by the analysis of the tests.
Another potential factor which may cause clogging is suspended particles in
the injection water at the surface and the quality (including TDS) of this
water. In the site investigations in Sweden groundwater from shallow
percussion boreholes within the site was used as injection water. Before
entering the storage tank the water was filtered (mesh size 0.5 um). Possible
effects of aeration of the injection water have not been investigated. Provided
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that the injection water is properly handled at the surface these factors should
not be a serious problem in the testing.
In conclusion, injection of drilling debris or suspended particles into fractures
may occur, both during drilling and testing. This may eventually cause
clogging of fractures which may or may not be removable by pumping. It is
questionable if the conventional skin factor, used in porous media (Almén et
al., 1986a), is capable of identifying clogging of fractures. It requires that the
"unclogged" (unaffected) part of the fracture or rock behind the fracture can
be reached during the test which may not be the case if clogging is severe.
Furthermore, in such cases the measured hydraulic conductivity is not
representative of the unaffected rock but rather represents the properties of
the (partly) clogged rock.
Thus, it is very difficult to identify (and quantify) potential clogging effects.
The concept of positive skin is probably not valid as an indicator of clogging
of fractures in crystalline rock. Clogging may be restorable or non-restorable
by pumping after completion of boreholes. It is also difficult to say if, and to
what extent, hydraulic conductivity data from the site investigation
programme are affected by clogging effects.
To minimize the risk of clogging drawdown tests may be considered for
testing of the boreholes in spite of the increased practical difficulties with
these tests compared to injection testing. Also, alternative drilling techniques
or routines should be considered. At the HRL at Äspö, pumping is
maintained during drilling of the core boreholes causing a reversed hydraulic
gradient from the rock to the borehole.
Temperature and borehole history effects
In injection testing the temperature of the injection water stored at the
surface should, ideally, be the same as the groundwater temperature in the
tested section (isothermal conditions). This implies that the water must be
heated in the storage tank in some cases. An example of the effects of nonisothermal conditions due to a failure in the heating system during a constant
head test at Finnsjön is shown in Fig 4.2.10. The recorded pressure (p), the
temperature (T2) and the reciprocal flow rate (1/Q) in a high-conductivity
test section (70-90 m) are shown. At about 600 s the injection pressure was
changed from 30 kPa to 25 kPa due to excessive flow rate but was then held
constant throughout the test. The temperature in the test section increased
from about 8 °C to 16 °C at about 2500 s and then decreased back to c.8 °C.
The temperature variations had significant effects on the (reciprocal) flow
rate curve, probably due to changes in the viscosity of the water.
Provided that the temperature of the injection water is held constant during
the tests and at a similar temperature as the groundwater temperature at the
level of testing, non-isothermal effects should not be important. Such effects
are not believed to be a serious potential error in the Swedish site
investigations considering the rather small temperature range in the
boreholes. The injection water is heated in the storage tank during wintertime
and isolated thermally in the summertime to obtain a proper temperature.
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Small temperature variations of the groundwater in the tested section may,
however, cause significant effects on the pressure (and flow rate) in lowconductive sections at great depths. For example, experiences from the Swiss
programme reveal that temperature changes of 1-2 °C in the test section
during pressure pulse tests altered the section pressure significantly due to
the differential thermal expansivities of the borehole fluid and equipment in
sections with K<10"9 m/s (Grisak et al., 1985). However, such effects are
probably only important in very deep boreholes with high geothermal
gradients.
In the Swiss programme also borehole history effects were found to be of
importance in test sections in low-conductive rock with K<10~9 m/s. Such
effects are also considered as non-significant in the Swedish programme.
Other potential uncertainties, e.g. equipment, should be more important in
this conductivity region.
Hydrochemical effects
The chemical composition (including salinity, redox conditions and dissolved
gases) of the injec.on water should be similar to the composition of the
groundwater at the depth of testing. These factors are known to be very
important in injection testing in sedimentary rock, e.g. composed of swelling
clays, but are probably not so important in fractured crystalline rock.
However, large differences in chemistry, e.g. salinity, between the injection
and formation water at greater depths may be important.
Hydromechanical effects
If a too high injection pressure is applied in the tested section, deformation
of fractures, i.e. changes of aperture, may occur, c.f. hydraulic fracturing. In
simulations of a constant head injection test in a single fracture with a very
large hydraulic conductivity contrast between the fracture and the
surrounding rock Rutqvist (1989) obtained an increasing flow rate by the end
of the test in most simulations due to an increased aperture of the simulated
fracture. However, this is considered to be an extreme, idealized case both
regarding the geometry of the fracture and the applied hydraulic and
hydromechanical parameters of the fracture and the rock mass. Also the
applied injection pressure (500 kPa) was higher than used in the tests in the
site investigations (200 kPa).
More important, such effects have not been observed in the very large
number of constant head tests performed in the site investigations. In
addition, previous tests performed at Finnsjön with two steps of injection
pressure (200 kPa and 400 kPa) showed good agreement in hydraulic
conductivity between the steps. Thus, hydromechanical effects are not
considered as important in constant head tests with the injection pressures
normally applied in site investigations with the possible exception of tests
close to the ground surface.
Instrumental problems
The equipment systems used for constant head injection tests in Sweden are
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described in Almén et al. (1986b). Potential instrumental problems in
constant head tests may involve leakage in the equipment system, e.g leakage
in joints between pipes or through valves (test valve and relief vaive) and
leakage between the packer and the borehole wall (packer leakage) due to
improper packer seat. In the pipe string system the pipe string is normally
tested for leakage before testing. Packer leakage may be detected by pressure
registrations also in the surrounding sections of the tested section. A special
problem is when a fracture is located parallel to the borehole at the packer
seat, see below.
In low-conductive sections, deformation of the equipment, e.g. packers, may
cause small changes of the volume of the test section. Such effects, which
are called compliance, are discussed in Section A.2.3 for pressure pulse
testing. In high-conductive sections, friction losses may occur in the pipe
string due to high flow rates.
The actual equipment systems are restricted by a lower and upper
measurement limit. The lower limit is mainly governed by the lower
measuring range of the flow meter used. The upper limit is mainly governed
by the dimension of the pipe string and flow tubes for the pipe string and
umbilical hose system, respectively and the supply of injection water at the
surface. The dimension of the flow pipes and tubes restricts the flow rate and
in very high-conductive sections the flow rate may not be sufficient to create
a well defined injection pressure relative to the slightly fluctuating
background pressure in the test section. This may cause large uncertainties
by the analysis of the test data.
Instrumental errors may also be caused by insufficient accuracy and
resolution, improper calibration or malfunctions of the recording equipment,
e.g. pressure transducers and flow meters. Another important issue in
constant head tests is the time needed to achieve a stable, constant injection
pressure in the test section in the beginning of the test. In general, it takes
10-100 s to achieve a constant pressure.
For the umbilical hose system an additional problem may be stretching of the
umbilical hose. For tests at the Klipperås study site the stretching was
estimated to about 1.2 % in vertical boreholes which corresponds to a
stretching of about 12 m at a depth of 1000 m. The depth to the test sections
became therefore successively erroneous with depth. However, the depths
were adjusted after testing and improved depth recording is now carried out
for the umbilical hose system. Stretching of hoses and cables may cause
problems by comparisons of measured data by different methods.
An appraisal of instrumental errors for the constant head injection tests
carried out in the site investigation program in Sweden is presented in
Section A.2.10.
A.2.8

Interpretation of constant head tests
The interpretation of single-hole tests is generally made from the test data
solely without considering other borehole information, e.g. geophysical
logging, core logging etc. Apart from estimating hydraulic parameters,
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information on the geometry of the fracture system (flow dimensions) may
be inferred from the tests. The basic hydraulic parameter obtained from the
test is the transmissivity of the tested section. This value is independent of
the number of fractures in the section. If only one fracture intersects the
section the transmissivity value thus represents this fracture. If several
fractures intersect the section the transmissivity value represents the
properties of all fractures together.
Most frequently, the transmissivity value is simply divided by the section
length, assuming a porous medium, to obtain an average (equivalent porous
medium) hydraulic conductivity of the section due to the unknown
configuration of the conductive fractures. This conductivity value may be
several orders of magnitude lower than the actual hydraulic conductivity of
the individual fracture(s), i.e. the fracture conductivity. From transient tests
also the skin factor (or storativity) can be estimated. Below, some different
concepts and models used by the interpretation of constant head injection
tests are presented and discussed.
Steady-state analysis
The simplest approach is the steady state analysis described in Almén et al.
(1986a). It is assumed that the flow rate has stabilized by the end of the test
although this is generally not the case in practice. It is also assumed that the
flow field is cylindrical (radial) within a certain distance from the borehole
beyond which the flow field is three-dimensional (spherical). The average
hydraulic conductivity of the section is generally calculated according to the
following formula (Moye's formula):

K=

C

(A.2)

1 + ln(L/2rw)
C=

(A.3)
2 JI

Qp= flow rate by the end of injection (m3/s)
HQ= injection head (m)
L = section length (m)
rw= borehole radius (m)
C is a dimensionless factor which in Eqn.(A.3) assumes that the distance
from the borehole within which cylindrical flow prevails can be
approximated by L/2 and thus depends on the section length used. Eqn.(A.2)
is rather insensitive to spherical flow components around the packers into the
borehole above and below the test section (Braester and Thunvik 1982),
provided that no fractures directly shortcircuite the test section with the rest
of the borehole (rock leakage).
Generally, Moye's formula gives a robust estimate in the correct order of
magnitude of the equivalent (porous medium) hydraulic conductivity for

A17
normally used section lengths, provided that the actual flow geometry does
not deviate too much from the assumed 2D-3D flow geometry. However, the
interpretation of steady-state tests may be sensitive to skin effects. For a
positive skin factor in a thin skin zone the calculated K-value according to
Eqn.(A.2) will be slightly decreased whereas negative skin factors can cause
large errors (Black and Barker 1987), c.f. discussion of skin in transient
analysis.
However, for very short section lengths, e.g. 0.11 m, used in a special test
sequence at Finnsjön, Eqn.(A.2) is suspect due to the low, apparent value of
the constant C (and distance with cylindrical flow conditions) in this case,
see Table A.2.1. This value is considered non-representative and the results
based on this value of C were not consistent with results from transient
interpretation of tests in corresponding 2 m sections (Andersson et al.,
1991b).
The validity of the factor C, which assumes a porous medium, is
questionable in fractured crystalline rock with isolated flow paths, also
pointed out by Doe and Remer (1982). For example, if only one fracture or
fracture cluster dominates the total transmissivity of a 20 m section (which is
frequently the case in crystalline rock) a similar flow pattern, flow rate and
transmissivity value would be expected if the fracture (cluster) is tested in a
20 m or 2 m (or 0.11 m) section. However, in the extreme case of a 0.11 m
section the calculated transmissivity (T=KL) of the fracture (cluster) from
Eqn.(A.2) would be about 4-8.5 times lower (depending on the borehole
diameter) compared to a 20 m section due to the differences in the value of
the factor C, see Table A.2.1. Furthermorfc, the apparent hydraulic
conductivity of the section would be about 200 times higher (20/0.11) for a
0.11 m section compared to a 20 m section due to the averaging process
(K=T/L).
Table A.2.1

Values on the constant C in Moye's formula for
different section lengths (L) and borehole diameters
(2rw).
L(m)—
2rw (m)
1

20

2

0.11

0.056

1.09

0.73

0.27

0.076

1.05

0.68

0.22

0.110

0.99

0.62

0.16

0.150

0.94

0.57

0.11

Braester and Thunvik (1982) tested the effects of spherical flow around the
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packers, inhomogeneities and anisotropic conditions on the calculated Kvalue according to Moye's formula. They found that for a packer length of
0.30 m a rather large part of the flow rate injected into the rock may flow
around the packers and back to the borehole above and below the tested
section. However, this had little effect on the calculated K-values compared
to a completely sealed (cased) borehole outside the test section.
In cases when the borehole is located in a low-conductivity region of a
fracture (island) surrounded by a higher conductivity region or equivalently,
when a skin zone of small thickness with lower conductivity, e.g. due to
clogging, is present the calculated K-value essentially represents the lowconductivity region (skin zone) and not the region outside. Thus, nonrepresentative K-values may result in such cases, c.f. below.
The effects of anisotropy in the vertical direction were investigated by
applying significantly different hydraulic conductivities above and below the
test section. Dependi ig on the adjacent conductivities the calculated K-value
in the test section may either be overestimated or underestimated (by factors
varying from 0.7 to 1.8) compared to isotropic conditions in the vertical
direction. Also, the effects of anisotropic conditions of the rock in the test
section in the horizontal and vertical directions were tested. The calculated
K-values essentially represent the horizontal conductivity. Only for very
large anisotropy ratios (about 100 times higher conductivity in the vertical
direction) the calculated K-value is affected by the anisotropy.
Finally, injection tests in a highly connected fracture network and in a single
fracture were simulated. The calculated K-values in the fracture network
were slightly higher than for an equivalent porous medium, also for a vertical
anisotropy of 10:1 of the fracture network. For a single fracture, with a
dominating two-dimensional flow, the calculated K-value was
underestimated by a factor of 0.4 compared to a porous medium. A single
fracture with a low-conductivity region near the borehole showed the same
effects as for a homogeneous medium, i.e. the K-value essentially represents
the low-conductive region, see above.
In the site investigations, including the fracture zone project at Finnsjön,
steady-state evaluation has mainly been used for interpretation of constant
head injection tests of short duration (10-15 min) in short sections (2 and 3
m). For the tests in 25 and 20 m sections, which normally were carried out
with 2 hours of injection and 2 hours of pressure recovery, transient flow
evaluation was generally carried out.
Transient analysis
In transient analysis of the injection phase of a constant head test by plotting
the recorded flow rate (or reciprocal flow rate) versus various time functions
in linear, semilogarithmic and logarithmic graphs. In the analysis of the
recovery phase the pressure in the test section (or the pressure change) is
plotted versus similar time functions. The theory behind the transient analysis
together with the different graphs used for the analysis are presented in
Almén et al. (1986a).
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The most common approach in transient analysis of injection tests is to
assume a radial/cylindrical (2-dimensional) flow field from the tested section
into the rock, see Figure A.2.11. The rock is normally treated as a
(equivalent) homogeneous and isotropic continuum in the analysis. In such a
case the average hydraulic conductivity of the test section may be calculated
from the injection phase in the semilogarithmic diagram (I/O versus log t)
as:

0.183
K=

(A.4)
L Ho A(l/O)

A(l/Q)= slope of the straight line per logarithmic time cycle (s/m3)
This method is generally called the "straight-line method" for constant head
tests or the Jacob-Lohman method (Jacob and Lohman 1952). The
appropriate straight-line portion of the data curve, which should develop for
cylindrical (radial) flow and used for analysis, is normally identified from the
corresponding logarithmic graph. The K-value is simply determined from the
slope of the straight line according to Eqn.(A.4).
The method is simple but it may be a problem to identify the correct
straight-line portion of the data curve. Large errors in the calculated Revalue may result if an improper position of the straight-line is chosen on the
data curve (due to incorrect slope). The correct straight-line may not develop
if the test duration is short or if the actual flow pattern deviates from
cylindrical (which may often be the case in crystalline rock). If the test is
short the K-value may be estimated by type curve matching in the
logarithmic graph. The skin factor of the section may also be determined
from the straight line (Almén et al., 1986a).
A corresponding straight-line analysis may also be performed in a
semilogarithmic graph of data from the pressure recovery phase provided that
this phase (and also the injection phase) is sufficiently long. In this case the
(residual) pressure in the test section is plotted versus a certain time function
(usually the equivalent time). The evaluation is analogous to that from the
injection phase. The average hydraulic conductivity can be calculated from
the slope of the straight line from the recovery phase as:
0.183 Op
( A.5)

K =

LAH
Op= flow rate by the end of the injection period (m3/s)
AH= change of (residual) head per logarithmic time cycle (m)
The analysis is simple but exposed to the same (conceptual) limitations as
for the injection phase. The skin factor can also be determined from the
straight-line. A problem with the analysis of the recovery phase may be
borehole storage effects in low-conductive sections which may cause that the
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correct straight-line is not developed during the time of this phase. The
analysis must then be performed by type curve matching in the logarithmic
graph (Almén et al., 1986a).
The skin factor may be estimated from straight-line analysis in a
semilogarithmic diagram or alternatively, in a logarithmic diagram, by
assuming a value on the specific storativity Ss, both from the injection and
recovery phase (Almén et al., 1986a). In a porous medium a positive skin
factor may indicate clogging in a thin zone around the borehole, e.g. due to
drilling mud. However, as discussed above, the concept of a positive skin
factor, used in peiroleum engineering, has probably a limited value as an
indicator of clogging of fractures in crystalline rock, unless the test is
capable to penetrate beyond the clogged part of the fractures into the
unaffected rock. On the other hand, a positive skin factor in fractured rock
may possibly also indicate that the tested section is located close to a
conductive fracture or fracture zone which is indirectly hydraulically
connected to the test section.
A negative skin factor generally reflects an increased borehole area
(increased effective borehole radius) due to the presence of a fracture or
fractures intersecting the test section. From the value on the skin factor the
effective borehole radius can be calculated. The value on the skin factor may
also be used as an indicator of the relevance of the flow geometry assumed
and the model used for analysis. For example, a high positive value on the
skin factor calculated from a model based on cylindrical/radial flow may
indicate spherical flow in reality. If a corresponding analysis is made with a
model based on spherical flow the skin factor will then often be close to
zero, which may be more realistic, c.f. Section A.2.9.
Alternatively, a value on the specific storage may be calculated by assuming
that the skin factor is zero. However, such estimates on the specific storage
should regarded with great caution due to the assumed skin factor of zero
which generally is not the case. In most cases, a reliable value on the
specific storage cannot be obtained from single-hole tests. This parameter
should be determined from multiple-borehole tests.
Rather frequently, the actual flow pattern during tests in crystalline rock
deviates from cylindrical (radial) flow. Logarithmic plots, both from the
injection phase and recovery phase, may be used as a diagnostic tool to
identify the actual flow geometry during the test (Almén et al., 1986a), see
Figure A.2.11. Linear flow, characterized by straight lines of different slope
in the logarithmic diagrams, may be associated with flow in a fracture
parallel to the borehole or flow in restricted flow paths in the rock. Spherical
flow, characterized by flat response curves in the logarithmic diagrams, may
occur in densely interconnected fracture networks. Cylindrical flow is
characterized by intermediate response curves with slopes successively less
than 1:4 in logarithmic diagrams (Andersson and Persson 1985).
The theory and evaluation of tests exhibiting different flow geometries,
including linear and spherical flow, is described in Almén et al. (1986a). The
theory is derived for idealized cases, mainly for integer flow dimensions
(D=l for linear flow, D=2 for cylindrical/radial flow and D=3 for spherical
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flow). A special case is bilinear flow with D=0.5. The evaluation of the Kvalue (and skin factor) should be performed in different, specialized graphs
of the test data according to the actual flow geometry. The problems with
these methods are discussed below.
Experiences from a large number of constant-head injection tests in
crystalline rock in Sweden show that tests exhibiting integer flow
dimensions (particularly for linear and spherical flow), in general, only
constitute special cases in practice. Additional information, e.g. geometric
properties of fractures for linear flow and effective radius of the borehole for
spherical flow, is required for a complete analysis. Such information is
generally not available. In addition, in spherical flow analysis the specific
storativity must be known to calculate the K-value. Large differences
(several orders of magnitude) in the calculated hydraulic parameters may
result depending on which concept and model (for integer flow dimensions)
that is used by the evaluation, see below. The problem is to select the most
appropriate model.
The above limitations explain why a simpler model often is used for analysis
of the tests, e.g. Moye's formula and models based on cylindrical/radial flow,
e.g. the Jacob-Lohman method. However, large errors in the calculated Kvalue (and skin factor) may result if a model based on cylindrical/radial flow
is used as a routine, not considering the actual flow geometry, for evaluation
of the tests. For example, if a (pseudo)spherical flow geometry prevails the
calculated K-value (and skin factor) may be significantly overestimated if a
model based on cylindrical flow is used. Accordingly, if a linear flow
geometry exists the calculated K-value and skin factor will be
underestimated. A more rigorous analysis, taking into account the flow
geometry during the test, may also provide important qualitative information
about the actual flow conditions.
In summary, the evaluation of constant head tests is very sensitive to the
actual flow geometry during the test. Conventional theory mainly considers
integer flow dimensions (D=l, 2 and 3) for porous media. However,
experience from tests in fractured crystalline rock shows that such idealized
cases in general only constitute special cases. A proper analysis, taking the
flow geometry into account, may require additional (geometric) information
of fractures and the effective borehole radius which generally is not
available. The calculated K-values may not be representative of the real rock
properties if the rock exhibit strong inhomogeneities and anisotropic
conditions.
The evaluation of the hydraulic conductivity from constant head injection
tests at the HRL at Äspö has mainly been performed by straight-line
analysis (Cooper-Jacob's method) of the recovery phase, assuming
radial/cylindrical flow (e.g. Nilsson 1990). Other flow geometries or models
have in general not been considered. No evaluation of data from the injection
phase has been made or reported.
Generalized radial flow (GRF) analysis
A generalized theory for constant head tests, including not only integer flow
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dimensions but also non-integer (fractional) dimensions, was derived by
Barker (1988). Dimensionless flow rate curves for constant head tests for
different flow dimensions are shown in a logarithmic diagram in Figure
A.2.12. These theoretical curves may be used for type-curve analysis to
determine hydraulic parameters and the actual flow geometry as described by
Doe and Geier (1990). If the match point coordinates are chosen to (QD=1,
t D =l) on the type curve and (Qm and t^) on the data curve for flow rate and
time, respectively, the (equivalent porous media) hydraulic conductivity of
the test section can be calculated as follows:

K=

(A.6)
IT

T 3-n _,

_ n-2

where a,, is defined by:

2n n / 2
an =

(A.7)

Y =gamma function
H^injection head (m)
L =section length (m)
n =flow dimension (-)
rw=(effective) borehole radius (m)
For n=2, Eqn.(A.6) reduces to the conventional formula for cylindrical flow
in a logarithmic diagram (e.g. Almén et al., 1986a). Apart from the
dimensionality factor a,, the (effective) borehole radius now appear in
Eqn.(A.6) as opposite to the case for purely cylindrical flow. The generalized
flow dimension is defined in terms of a flow conduit (conductor) for which
the product of hydraulic conductivity and cross-sectional area increases (or
decreases) as a power of the distance from the borehole, see Figure A.2.13.
In the general approach the flow dimension is not assumed å priori but rather
viewed as a quantity that is measured during the test.
For integer dimensions n=l, 2 and 3, corresponding to linear, cylindrical and
spherical flow, respectively the generalized theory results in the special cases
described in Almén et al. (1986a) and Doe and Geier (1990). In these cases
type curve matching is not necessary and the analysis may be performed
according to straight-line approximations in specialized diagrams as
described above. Such an approach assumes that the relevant (integer) flow
dimension can be deduced from diagnostic analysis of the test data. Doe and
Geier (1990) used this technique in an attempt to infer information about
fracture system geometry at Stripa. They found that such analyses involved
considerable uncertainties and differences of several orders of magnitude in
the hydraulic parameters resulted depending on the flow dimension (i.e.
model) assumed by the evaluation. In some cases it may be difficult to
identify the proper (integer) flow dimension.
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Frequently, a single fracture (cluster) dominates the response in a test section
in crystalline rock. In such cases the (equivalent porous media) hydraulic
conductivity calculated from Eqn.(A.6) is not representative for the properties
of the single fracture. Instead, the (effective) conducting thickness of the test
section should be used in Eqn.(A.6). However, since the effective thickness
generally is not known with any precision it may be more appropriate to
calculate the generalized transmissivity, TGRF, according to Geier and
Axelsson (1991):

TGRF

KL'""
=

(A.8)

where n is the flow dimension. For n=2 this expression reduces to the
conventional definition of T for cylindrical flow (T=K L). For noncylindrical flow the generalized transmissivity must be qualified by stating
the dimensionality of the flow. By the above definition the transmissivity of
the flow conduit(s) can be calculated from Eqn.(A.8) without assuming a
value on the effective conducting thickness (but the effective borehole radius
must be estimated).
Finally, the specific storativity, Ss, of the test sections may be estimated by
assuming that the effective borehole radius is the same as the nominal radius
(i.e. no skin) according to the following equation (choosing tD=l at the match
point at the type curve corresponding to tm at the data curve):

Ss =

(A.9)
2

The problem with the GRF-analysis is firstly, to obtain a unique match
between the data curve and type curve, i.e. to deduce the actual flow
dimension and secondly, that additional geometric information is required for
a complete analysis. The in general unknown effective source size and shape
of the tested borehole section results in major uncertainties in GRF-analysis
of single-hole tests in crystalline rock (Doe and Geier 1990). The source
may be defined as the length of the test section and (nominal) borehole
radius only in such cases where the surface of the borehole is uniformly
conductive (as in a porous medium) and when no skin effects are present.
As the conductive thickness most frequently is only a small fraction of the
length of the borehole section in crystalline rock, the geometry of the
borehole section may become less important for the actual flow geometry. In
the extreme case of a single flow channel (1-D conduit), the flow geometry
is almost completely governed by the geometry of the channel itself. It
should be observed that for such conduits the concepts of "section
conductivity" and "section transmissivity" do not have a clear physical
relationship to the system being tested (Geier and Doe 1992).
In conjunction with discrete fracture modelling at Finnsjön, Geier and Doe
(1992) made a comparison between GRF-analysis and steady-state analysis
based on Moye's formula for 192 short-time (15 mins) constant head tests in
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2 m sections from three boreholes. The sections were located within fracture
Zone 2 as well as in the rock mass outside the zone. The GRF-analysis
yielded estimates of flow dimension Dp, hydraulic conductivity KQW and
transmissivity TGRF from type-curve matching according to the type curves
in Fig. A.2.12. In both methods the effective conducting thickness was
assumed to be equal to the length of the tv st section L. Furthermore, the
effective borehole radius was assumed to be equal to the nominal borehole
radius rw.
Crossplots of conductivity and transmissivity values calculated from GRFanalysis and from Moye's formula (Eqn. A.2) are shown in Fig. A.2.14. The
transmissivity according to Moye's formula was calculated asT M =K M L. The
radius of the circles on the plots is proportional to the interpreted flow
dimension. Discrepancies between the two methods can be expected mainly
due to differences in assumed flow dimensions (and effective borehole
radius) for the methods and (to a lesser extent) due to the assumption of a
steady-state flow rate in Moye's formula.
Fig. A.2.14 shows that the conductivity estimates from the two methods were
generally close, particularly for tests with approximately cylindrical flow.
The largest differences occurred for tests with low flow dimensions for
which the GRF-conductivities were as much as two orders of magnitude
higher than KM. This discrepancy mainly depends on the different
assumptions on flow dimension for the two methods.
The transmissivity estimates showed a larger discrepancy between the two
methods which is also dependent on flow dimension. However, for tests with
nearly cylindrical flow the two methods gave almost identical results. For
tests with spherical flow there was an approximately constant difference
between the methods.
For tests with linear and sub-linear (DF<1) flow the GRF-transmissivities
were generally 2-3 orders of magnitude higher than TM, c.f. the discussion
above of the physical meaning of the hydraulic parameters for such lowdimension tests in GRF-analysis.
The distribution of interpreted flow dimension for all tests together with the
relationship between the GRF-conductivities and transmissivities and flow
dimension is shown in Figure A.2.15. The figure shows that the distribution
obtained was strongly right-skewed with a majority of the tests exhibiting
radial (DF=2) to spherical flow (DF=3). This indicates a generally wellconnected fracture system but the tests with low flow dimensions also
indicate the presence of channel-like conduits (D Fs l). The mean and median
value of the interpreted flow dimension (192 tests) shown in Figure A.2.15
was 2.10 and 2.25, respectively and the standard deviation was 0.62. (Geier
and Doe 1992).
Due to the problem of defining the effective source radius in GRF-analysis
any calculated values on the specific storativity (Ss) from Eqn. (A.9) should
be regarded as highly uncertain, particularly in sections with low flow
dimensions. Also the estimates on hydraulic conductivity and transmissivity
according to Eqns. (A.6) and (A.8), respectively, suffer from this uncertainty
(but to a lesser extent). For cylindrical flow in porous media the effective
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borehole radius (rwl) can be estimated from the skin factor (s) according to
the following formula (e.g. Almén et al., 1986a):
r

«f = r* e " s

(A. 10)

where rw is the nominal borehole radius. Since the (true) skin factor generally
is negative in fractured rock this implies that the effective radius is larger
than the nominal radius in most cases. For example, a skin factor s=-5
corresponds to an effective radius of about 4 m in a 56 mm borehole
(diameter). Since the (effective) radius appears in the denominator in
Eqn.(A.9) the specific storativity may thus be significantly overestimated if
the nominal radius is used instead of the effective radius in this equation. A
low flow dimension (e.g. linear flow) may be associated with a negative skin
factor and thus a large effective radius.
For (pseudo)spherical flow in a porous medium the effective radius of the
source (rws) may be estimated according to the following formula (e.g. Almén
et al., 1986a):
L
rw =

(A.11)
2 ln(L/rw)

where L is the section length open to flow and rw is the nominal borehole
radius. For example, the effective (spherical) borehole radius is about 0.23 m
for L=2 m in a 56 mm borehole. However, this formula is questionable in
fractured rock due to the problem to define the effective (conducting)
thickness of the test section.
In summary, the evaluation of the hydraulic properties of discrete fractures or
flow conduits by taking the actual flow dimension (geometry) into account
by the analysis of constant head injection tests in crystalline rock, e.g. by
GRF-analysis, involves several difficulties. The major problem is to define
the conducting thickness of the test section and the effective size of the
source, i.e. the effective borehole radius. It is well known (e.g. Andersson
and Lindqvist 1989a and Osnes et al., 1991) that only a small number of
fractures in a test section in crystalline rock is conductive and thus the
conducting thickness should be very small in comparison to the length of the
section. Significantly different values on the hydraulic parameters may result
from GRF-analysis and analysis methods based on equivalent porous media,
particularly when the properties of discrete fractures are concerned.
A.2.9

Estimates of interpretational uncertainties for constant head tests
Potential errors depending on the choice of interpretation method have been
briefly discussed above for slug tests and pressure pulse tests. In this section
potential uncertainties (e.g. bias) associated with the interpretation of
constant head injection tests are discussed. Such an appraisal can be done by
comparing results from interpretation of real test data according to different
methods and by considering the specific assumptions made.
The duration of each phase of a short-time constant head injection test is
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generally about 10-15 min (600-900 s) and the time to achieve a constant
pressure during the injection phase is about 10-100 s. Since the injection
pressure generally is highly varying at the start of the test (due to the
pressure regulator) it may be difficult to correct the corresponding early-time
flow rate data properly for the varying pressure by the analysis. This means
that only about one log cycle on the time axis of the data curve may be
available for (transient) analysis of this phase from a short-time test. A long
time to achieve a constant pressure may thus result in an uncertain and
ambiguous analysis. On the other hand, borehole storage effects may distort
the first part of the data curve from the recovery phase, thus reducing the
portion of the curve available for analysis.
A comparison of K-values evaluated from steady-state analysis, using a
simplified form of Moye's formula (with C=l in Eqn. A.2), and from
transient (mainly straight-line) analysis for both the injection and recovery
phases, assuming cylindrical flow, was made for a large number of constant
head injection tests performed in the site investigation programme in Sweden
(Andersson and Persson 1985). Comparisons were made for sections
exhibiting a certain period of predominantly cylindrical flow to allow a
relevant transient analysis. In the steady-state analysis, K-values were
calculated at a test time of 15 mins as well as at 2 hours. The transient
analyses were based on a 2 hour injection period and a 2 hour recovery
phase in all cases.
On average, the K-values calculated from steady-state analysis of the
injection phase were about 2-3 times higher, and occasionally 10-20 times
higher, compared to the corresponding transient analysis. This is in good
agreement with the results of a theoretical study by Doe and Remer (1982).
The K-values from steady-state analysis of the recovery phase were on
average about 3-4 times higher (occasionally 15-25 times higher) compared
to those from the corresponding transient analysis. The largest differences
between steady-state and transient analysis can be expected when early
linear flow (transiting to cylindrical flow by the end of the test) and closed
outer boundary effects occur. In both cases the data curve has a relatively
steep slope. The K-values calculated from steady-state analysis at t=15 min
were (on average) about 1.5 times higher than those at t=2 hour. This can be
expected since the flow rate is generally decreasing during a constant head
test.
A comparison between calculated hydraulic conductivities from short-time
constant head injection tests in one borehole at the HRL at Äspö (Nilsson
1990) is shown in Figure A.2.16. On the vertical axis, conductivity values
calculated from the recovery period according to Cooper-Jacob's method (KJacob), assuming radial flow, are plotted. On the horizontal scale,
conductivity values from the injection period (K-Lugeon), assuming radialspherical flow, mainly calculated according to Moyes formula in Eqn.(A.2),
are plotted.
Figure A.2.16 shows that the K-Jacob values are (on average) higher by
about one order of magnitude than K-Lugeon. The reason for this
discrepancy is not obvious but could possibly be explained by the fact that
the K-Jacob values may be overestimated due to the assumption of radial
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flow consistently made by the evaluation, as discussed above, but that
predominantly spherical flow occurred during the tests. In fact, most of the
actual data curves from the recovery period were rather flat, indicating
higher-dimension flow. In addition, the K-Jacob values were frequently
associated with relatively high positive skin factors, which may possibly also
indicate pseudo-spherical flow.
If an evaluation model taking higher dimension flow into account (e.g. a
transient spherical flow model) was applied to the recovery data both the
calculated K-values and skin factors would most likely be lower and thus
agree better with the K-Lugeon values. This fact can be seen in the upper
plot in Figure A.2.14 in which K^-values evaluated in sections with high
flow dimensions with a consistent model (GRF-analysis), were even lower
than the K-Moye values.
An alternative explanation would possibly be that the calculated skin factors
are representative and accordingly, that most test sections were affected by
(positive) skin effects, either directly due to clogging effects or indirectly due
to flow restrictions between the test section and adjacent conductors. Skin
effects are considered by transient evaluation (e.g. K-Jacob) but not in the
steady-state analysis. Finally, a certain discrepancy may also be expected
between evaluations based on data from the injection and recovery phases
respectively, e.g. due to instrumental effects, non-linear flow effects etc.
This example indicates that the uncertainty in the evaluation according to the
different methods (and test phases) may (on average) be about one order of
magnitude, i.e. the differences in the geometric means of K in one borehole.
The same kind of uncertainty may also exist for the short-time constant head
tests in other boreholes at the HRL at Äspö.
Figure A.2.17 shows the discrepancy (relative bias) between calculated
conductivity and transmissivity values according to Moye's formula and from
GRF-analysis, respectively, of short-time constant head tests at Finnsjön
discussed above. The figure shows that the distributions of the differences of
the logarithm of conductivities and transmissivities, respectively from the two
methods have mean and median values close to zero but the tails of the
distributions are substantial (Geier and Doe 1992). As discussed above, the
largest discrepancy between the two methods occur in sections with low flow
dimensions. In these cases TGRF is higher than TMoye. This fact can be seen in
Figure A.2.14 which also shows that a relatively large discrepancy occurred
between the transmissivity estimates for high flow dimensions. In this case
TGRF is lower than TMoye, c.f. discussion of Figure A.2.16.
From the results of the examples discussed above (and Figure A.2.17 in
particular) the application of a model based on radial flow to all tests without
considering the actual flow geometry, as was done for the constant head tests
at the HRL (and to some extent for the tests in the site characterization
programme), can be assessed. For tests with a flow dimension close to 2
(radial flow) consistent results should be obtained from the test evaluation.
However, the evaluated values in sections exhibiting higher flow dimensions
will be successively overestimated as discussed above. According to the
observed responses during the recovery period (on which period the
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evaluation is based at the HRL) sections with higher flow dimensions are
likely to dominate also at the HRL as was the case at Finnsjön.
On the other hand, the calculated hydraulic conductivity in sections
exhibiting lower flow dimensions will be underestimated if a model based on
radial flow is applied. As at Finnsjön, such sections are expected to be
relatively few at the HRL. However, if interconnected, such potential flow
conduits may be very important from a safety analysis point of view. Since
sections with high conductivities are likely to exist both in the region of high
and low flow dimension, the calculated K-values in these sections will either
be overestimated or underestimated if models based on radial flow are used
by the evaluation.
Considering the above examples an uncertainty within about one order of
magnitude in the geometric mean of interpreted K-values in different sites
may be expected, mainly due to interpretational uncertainty. However, for
individual sections the uncertainty may be as high as 3 orders of magnitude.
In addition, the results of tests with hydraulic conductivities close to the
lower and upper measurement limits, respectively of the equipment systems
used are particularly uncertain due to instrumental errors and constraints as
discussed below.
Finally, constant head tests at the HRL showed rather good agreement
between the cumulative transmissivity calculated from 3m sections and the
corresponding 30 m sections in three boreholes (Nilsson 1989). However, the
statistical distributions and mean values of the hydraulic conductivities
calculated for the 3m and 30 m sections were quite different due to the
differences in section length and the number of no-flow sections in the two
populations.
A.2.10

Estimates of measurement errors for constant head tests
The accuracy in the determination of the hydraulic properties from singlehole tests depends on both the quality of the instrumentation and the ability
to carry out a test in a proper way. The primary errors derived from the
equipment are inaccuracies in the recording of pressure and flow rate.
Potential sources of error, related to the performance of constant head
injection tests, are discussed above. Two main sources of error can be
identified for this kind of test. Firstly, constant head conditions cannot be
applied instantaneously in practice. A certain time is required for regulation
of the head and flow rate according to the actual hydraulic conditions in the
tested section. It may take 10-100 s to achieve a constant head in the
section. In addition, since the constant head is maintained by regulation of
the instantaneous flow rate at discrete time intervals, which flow rate may
not be representative for the time interval between two sampling points.
Secondly, there is an uncertainty in the magnitude of the applied injection
head. As this head is referred to the actual groundwater head in the tested
section immediately before start of injection, the uncertainty in the applied
head is normally higher in low-conductive sections since it takes longer time
for the initial head to stabilize before the test in such sections. Since the time
allowed for pressure stabilization is the same for all tests, the background
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pressure (and thus the injection head applied) may thus vary slightly during
the test. In low-conductive sections the recorded flow rate data is generally
also very scattered. Furthermore, in very high-conductive sections only small
injection heads (a few decimeters) are normally achieved due to limitations
of the flow rate capacity of the system. Thus, the accuracy of the applied
head will decrease in such sections due to small (natural or induced) pressure
fluctuations always occurring during testing.
The total error in hydraulic conductivity (25 m section), stemming from
instrumental and test procedure errors for constant head injection tests carried
out in the site characterization programme in Sweden, was estimated to 1322 percent, depending on whether the hydraulic conductivity is greater or
lower than 10"9 m/s (Osnes et al., 1991). The error calculation was based on
the following estimated errors:
Instrumental errors
Flow meter
Pressure transducer
Packer spacing
Do
D:o

AQ/Q<5%
AP/P<2%
AL/L<0.04%
<0.1%
<0.2%

(the whole range)
(the whole range)
(L=25 m)
(L=10 m)
(L=5m)

Total 7.0-7.2%

Test procedure errors
Flow rate regulation
Injection head (magnitude)
D:o

5%
<1%
10%

(K>10~9 m/s)
(K<10*9 m/s)

Total 6.0-15%
The above calculations are based on the pipe string system. For the umbilical
hose system the errors were estimated to be somewhat higher, particularly
the error in the packer spacing due to the stretching of the hose as discussed
in Section A.2.7.
The definition of the lower and upper measurement limit of the equipment
system constitutes a special problem. The lower measurement limit for the
injection phase of a constant head test is generally governed by the
resolution and accuracy of the flow meter used. According to Almén et al.
(1986b) and Almén and Zellman (1991) the accuracy of the flow meter in
the lower range is +/-0.4 % of the flow rate and +/- zero stability 9 x 10"5
1/min both for the pipe string and the Umbilical Hose System.
The total error (uncertainty), expressed as a percentage of the actual flow
rate, due to these two factors at certain flow rates is shown in Figure A.2.18.
The figure shows that if an error of 20 % of the flow rate can be accepted
the lowest measurable flow rate is about 0.5 ml/min (8.3-10~9 m3/s). This
flow rate corresponds to a (steady-state) hydraulic conductivity of 1.410 10
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m/s for a 3 m section. For lower flow rates the error increases drastically. If
an error of about 100 % is accepted a minimum flow rate of slightly less
than 0.1 ml/min (1.710"9 m3/s) can be measured corresponding to a
hydraulic conductivity of 2.8-10" m/s.
The lower measurement limit for the injection phase depends, apart from the
hydraulic conductivity of the tested section, also on the specific storativity,
the duration of the test and skin effects and on the stiffness (including
packers) of the test equipment.
For the recovery phase with a fixed duration (e.g. 10 mins) the lower
measurement limit also depends on the duration of the period affected by
borehole storage. For example, Cooper-Jacob's method requires that
(approximately) radial flow has developed after the borehole-storage
dominated period. This means that the lower measurement limit may be
different for the injection and recovery phases since the former phase is not
affected by borehole storage effects.
The upper measurement limit is generally governed by the flow rate capacity
of the system to create a significant head change in the tested section. In
tum, the flow rate capacity depends on several factors, e.g. the capacity of
the injection pump and flow meter, the diameter of the pipe string and flow
tubings and friction losses in the system including the downhole tool. Thus,
for the pipe string system the upper measurement limit depends on the depth
to the test section whereas for the Umbilical Hose System this limit is
independent of the depth since the entire hose always is active during testing.
For the pipe string equipment the maximal flow rate capacity can be
estimated to about 25 1/min (4.2-10"^ m3/s) for a pipe string length of about
200 m considering the friction losses in the pipe string and head los:>es in the
downhole test tool. If the lowest detectable injection pressure (considering
the scatter in the data) is assumed to 2 kPa (0.2 m) these values correspond
to an upper measurement limit regarding (steady-state) hydraulic
conductivity of about 610"4 m/s in a 3 m section.
For the new version of the Umbilical Hose System (with double injection
hoses) the maximal flow rate capacity is in the order of 5 1/min (8.3-10'5
m3/s) independent of the depth of testing. With the above assumptions this
value corresponds to a (potential) upper measurement limit of K=10~4 m/s in
a 3 m section. For the old version of the Umbilical Hose System (with a
single injection hose) this limit is about 5 10 5 m/s. For both versions the
upper measurement limit is strongly dependent on the performance of the
automatic pressure (and flow rate) regulation system.
For the constant head injection tests performed at the HRL at Äspö about the
same instrumental and test procedure errors can be expected as described
above, c.f. Almén and Zellrnan (1991). However, it should be observed that
the estimated lower measurement limit (for the injection phase) regarding
hydraulic conductivity is higher for these tests, mainly due to shorter time
allowed for packer sealing before start of injection (possible creeping
effects). Thus, the lower measurement limit is in this case not directly
constrained by the accuracy of the flow meter but rather by the packer
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sealing operation.
The above listed measurement errors are, in general, probably of minor
importance compared to errors (uncertainties) associated with the evaluation
of the tests, see below. However, the above listed errors are only those which
can be quantified. For example, misreadings, malfunction of the test system
and errors associated with conceptual problems, e.g. packer and rock leakage
discussed above, cannot be quantified in a general sense but depends on the
actual test conditions. Such errors may be much greater than those listed
above.
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A.3

MULTIPLE-BOREHOLE TESTS
Multiple-borehole tests are carried out by creating a pressure disturbance in
an active borehole, either by pumping or injecting water, and monitoring the
resulting pressure changes in surrounding observation boreholes. Other names
are cross-hole tests, interference tests or pumping tests. The duration of
multiple-borehole tests may vary from a few hours to a few months. The
most common multiple-borehole test is performed by pumping with a
constant flow rate from the active borehole but such tests could also be
performed by maintaining a constant head (drawdown) in the borehole. After
the pumping phase the recovery of the groundwater head is monitored.
Multiple-borehole tests with injection into the active borehole are less
common due to practical problems, e.g. clogging in the active borehole
(mechanical or chemical) and that a large water supply at the surface in
general is required for such tests.
A special kind of multiple-borehole test is the sinusoidal test in which the
flow rate is varied sinusoidally by alternately pumping and injecting water
from the active borehole. The resulting head changes are measured in
surrounding observation boreholes.
Multiple-borehole tests may be used to verify conceptual hydrogeological
models, to identify hydraulic connections and outer hydraulic boundaries
(boundary conditions) and to obtain hydraulic properties of the major
hydrogeological units. In addition, qualitative information on the flow
geometry and the homogeneity and anisotropy in the rock. Below, the
performance and interpretation of constant flow-rate drawdown tests are
discussed.

A.3.1

Performance
The simplest form of constant-flow-rate test (pumping test) is performed by
pumping with a constant flow rate from an open borehole and monitoring the
drawdown in open observation boreholes without packers. Such tests are
mainly used in sedimentary (porous) rock. The measured drawdown in the
observation boreholes will thus represent an average drawdown from
different levels in the boreholes. Tn fractured crystalline rock this form of test
is less convenient and tests in such rock are generally carried out by isolating
high-conductive sections in both the active and the observation boreholes by
packers. Thus, multiple-borehole tests are generally performed in fracture
zones in crystalline rock.
The abstraction from the active borehole section can either be carried out by
a submersible pump or by air-lift pumping. In the latter case nitrogen gas
(which is inert) is normally used not to disturb the natural hydrochemical
conditions. Several of the potential technical and conceptual problems for
single-hole constant head and constant flow rate tests described above are
also applicable to multiple-borehole tests. In multiple-section observation
boreholes a potential uncertainty may be hydraulic short-circuiting between
sections due to hydraulic communication along the boreholes. A further
discussion of potential uncertainties is provided below in the section dealing
with the interpretation of multiple-borehole tests.
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In the previous site investigations pumping tests were only performed in
percussion boreholes and the results thus represent the hydraulic conditions
in the upper part of the bedrock (Andersson and Hansson 1986). The tests
were carried out by pumping in an open active borehole and monitoring the
drawdown in a few isolated sections in surrounding observation boreholes.
This test design gives no information on the hydraulic properties at depth.
More sophisticated pumping tests were carried out at Finnsjön in Zone 2 in
the Fracture Zone Project (Andersson et al., 1989b). Three tests were
performed, i.e. in the upper and lower part of the zone and finally in the
entire zone by isolating the different parts by packers in the active borehole.
The resulting drawdown responses were measured in multiple-borehole
sections in the surrounding observation boreholes. In addition, the salinity
and temperature of the discharged water was registered continuously at the
surface.
Similar pumping tests have been performed at the HRL at Äspö. The most
important hydraulic conductors in the boreholes, identified from the spinner
surveys, were isolated in the active borehole and tested separately. The
pumping was created by a submersible pump installed in the reamed upper
part of the active borehole. The drawdown responses were measured in the
permanent multiple-section observation borehole configuration in the area. In
addition, the electric conductivity ow the groundwater was measured in-situ
at different levels in the observation boreholes together with the electric
conductivity and temperature of the discharged water at the surface. (Rhen
1989, 1990).
As a final test of the conceptual model of the area long-time pumping tests
(LPT) have been performed by pumping in an open core borehole and using
the same observation scheme of the drawdown and electric conductivity in
the observation boreholes as for the previous tests. During these tests, tracer
dilution tests in selected borehole sections were carried out before and during
the tests, see Chapter 3. The LPT-2 test was also combined with
conventional tracer tests.
Both constant-flow-rate drawdown tests and sinusoidal multiple-borehole
tests (large-scale cross-hole tests) have been performed in isolated fracture
zone sections at Stripa to document hydraulic connections across tlie SCV
block, to test conceptual models of fracture zones and to obtain hydraulic
properties of the major hydrogeological features (Ball et al., 1991).
Uncertainties associated with the registration of drawdown in multipacker
systems in observation boreholes are discussed in Section A.4. Instrumental
errors are considered to be small in comparison to the uncertainties by the
interpretation of multiple-borehole tests as discussed below.
A.3.2

Interpretation
Contrary to single-hole tests the interpretation of multiple-borehole tests is
generally based on a conceptual model of fracture zones or other important
hydraulic units. Furthermore, results from other cross-hole methods, e.g.
borehole radar, seismics and tracer tests, may be used by the interpretation of
multiple-borehole tests. The basic hydraulic parameters which can be
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obtained from multiple-borehole tests are the transmissivity (T=K b), the
storativity (S=SS b) and the hydraulic diffusivity (T/S) of the tested hydraulic
units, e.g. fracture zones. K denotes the average hydraulic conductivity, S s
the specific storativity and b the thickness of the hydraulic unit.
If hydraulic interaction with adjacent formations occurs during the test, i.e.
leakage inflow to the tested hydraulic unit, a measure of the hydraulic
conductivity of the adjacent formation perpendicular to the tested formation
(K) may also be estimated (by assuming porous media). In addition, the flow
geometry, i.e. the flow pattern between the active borehole section and the
observation section and qualitative information on the homogeneity and
isotropy of the rock may be obtained.
The interpretation of multiple-borehole tests is generally based on theories
for (equivalent) porous media. In crystalline rock this means, in most cases,
that only the hydraulic properties of the major hydraulic units, e.g. fracture
zones, can be evaluated by such methods. The possibilities to (quantitatively)
evaluate the hydraulic properties of the rock outside the major hydraulic
units from multiple-borehole tests in crystalline rock are limited, c.f. Section
5.1.
The simplest approach for evaluating constant-flow-rate tests is steady-state
analysis (Thiem's formula) by assuming that both the flow rate and the
pressure have eached a steady state in all borehole sections monitored. This
approach, which assumes radial flow in a porous medium, corresponds to
Moye's formula for single-hole constant head tests. The transmissivity (T=K
b) can be calculated from the following formula (e.g. Carlsson and Gustafson
1984):
0

r2
(

2 n (H 2 -H t )

)

()

r,

0 = flow rate (m3/s)
Hj= hydraulic head (m) at distance Tj (m)
H2= hydraulic head (m) at distance r2 (m)
This formula is not often used since a real steady state is seldom achieved in
practice. In general, transient analysis is performed. Two types of transient
analyses may be carried out, i.e. time-drawdown analysis and distancedrawdown analysis. In the first case the drawdown data for each section is
plotted versus real test time t after start of pumping (or t/r2 where r denotes
the radial distance from the active borehole section) in a (semi)-logarithmic
diagram. In the second case the drawdown in all observation sections at a
particular time, e.g. by stop of pumping, is generally plotted versus the radial
distance squared from the active borehole section in a logarithmic diagram.
In both cases, radial flow in a porous medium is assumed by the evaluation.
From a time-drawdown analysis in a logarithmic diagram assuming radial
flow in a porous medium (with no leakage inflow) the transmissivity (T=K
b) and storativity (S=SS b) can be calculated by type-curve matching by the
following formula (Theis' formula) if the coordinates at the match-point are
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chosen to W(l/u)=l and l/u=l on the Theis' type curve and sm and t^, or
on the data curve (e.g. Carlsson and Gustafson 1984):
7.95 1(T2 Q
T=

(A. 13)

4Ttm
S=

r2

(A.14)

sm and tm denote the drawdown and time values on the data curve at the
match-point, respectively. If t/r2 is plotted on the time scale on the data
curve the value (t/r2),,, at the match-point is simply multiplied by 4 T to
obtain S from Eqn.(A.14) The latter plot is useful means to study the
homogeneity of the rock. In a perfectly homogeneous and isotropic rock all
the drawdown curves in such a plot will merge to a common curve.
Basically the same equations can be used to calculate the transmissivity and
storativity from a corresponding distance-drawdown analysis in a logarithmic
diagram with s versus r2 if the coordinates at the matchpoint are chosen to
W(u)=l and u=l on the type curve and sm and izm on the data curve (e.g.
Carlsson and Gustafsson, 1984). Such a plot can also be used to study the
variations of drawdown at different distances.
If significant leakage inflow occurs to the tested hydraulic unit the TheisWalton's well function, W(u,r/B), must be used to calculate the hydraulic
parameters (e.g. Carlsson and Gustafson, 1984). There also exist theories for
evaluation of constant-flow-rate cross-hole tests in porous media for several
other test cases.
The basic problem by using such porous media solutions in fractured
crystalline rock is the heterogeneity of the rock which frequently causes
strong deviations from the idealized flow geometries, e.g. radial flow,
assumed in porous media. Therefore, the analysis of multiple-borehole tests
in crystalline rock is generally restricted to the major hydraulic units and
conductors in the rock in which the flow is likely to be (pseudo)radial on a
larger scale.
The quantitative analysis of multiple-borehole tests must be based on
conceptual models of fracture zones or hydraulic units. Appropriate analytical
(porous-media) models should at first be selected by the analysis. After
determination of the hydraulic parameters of the zone(s) numerical
simulations of the tests may be performed using these parameter values as
input data together with appropriate boundary conditions. Below, some
examples from multiple-borehole tests in crystalline rock in Sweden are
discussed.
The multiple-borehole tests in Zone 2 at Finnsjön were interpreted according
to a (hydraulic) conceptual model in which the zone was assumed to consist
of an upper and a lower high-conductive part separated by a less conductive
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part in the middle of the zone (two-aquifer system). The hydraulic
conceptual model was based on geological information about the genesis of
the zone and information from single-hole tests in the zone. By pumping
from the upper part (test 1) the lower part was treated as unpumped in the
analysis and vice versa when the lower part (test 2) was pumped. When the
whole zone was pumped (test 3) both parts of the zone was assumed to be
pumped. Appropriate analytical porous-media solutions were selected for the
analysis. Subsequently, numerical simulations of the tests were carried out
(Andersson et al., 1989b).
The test data showed that significantly different drawdown responses
occurred at different depths in observation boreholes located rather close to
(c.150 m) the pumped section and in more distant observation boreholes
(located more than about 300 m from the pumped section), see Figure A.3.1a
and b. Close to the pumped borehole (fig. A.3.1a) the drawdown responses in
the observation boreholes were markedly separated with a distinct (primary)
response in section(s) located in the pumped part of the zone. In the other
(unpumped) parts of the zone the responses were successively delayed and
attenuated.
In the more distant observation boreholes (Fig. A.3.1b) averaged drawdown
responses were obtained and all section responses more or less coincided to a
single curve assumed to represent the average large-scale hydraulic
properties of the zone. On this scale the zone behaved hydraulically as a
single continuum.
The responses close to the pumped borehole were fairly consistent with
theoretical type curves for such an idealized two-aquifer system. A problem
with the analysis arose due to the very fast primary responses in these
boreholes (a few seconds after start of pumping) leading to uncertain early
parts of the drawdown curves due to insufficient sampling density of data in
the very beginning of the tests. Another problem with the evaluation was that
effects of hydraulic boundaries, due to the fact that the zone is bounded by
other fracture zones of lower transmissivity in two perpendicular directions,
affected the measured drawdown data after a short time (about 10 minutes).
Subsequently, the drawdown responses were simulated by a numerical 2Dmodel assuming that the zone can be represented by a single continuum (a
plane), using the average values of the hydraulic parameters of the zone
obtained from the analytical analysis. As expected, good agreement between
measured and simulated responses was achieved for the more distant
observation boreholes (large-scale) whereas for boreholes more close to the
pumping borehole (small-scale) the agreement was not so good. In this
region a 3D-model would probably be required to accurately simulate the
different responses in the vertical direction in the boreholes.
In summary, the multiple-borehole tests in Zone 2 at Finnsjön showed that
the average hydraulic properties of the zone could be determined with fairly
good precision by analytical methods based on radial flow in an equivalent
porous medium on a large scale but in the small scale the analysis is
uncertain. On this scale the zone was found to have anisotropic properties
both in the lateral and vertical direction.
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At the HRL at Äspö both the multiple-borehole tests of the major hydraulic
conductors, isolated by packers in the pumping borehole, and the long-time
pumping tests have been evaluated under the assumption of radial flow in the
fracture zones using porous-media methods. The results depend to a large
degree on the quality of the conceptual model of fracture zones. The
measured drawdowns in the observation borehole sections are generally
highly scattered reflecting the heterogeneous nature of the rock.
This can be seen in a distance-drawdown diagram from LPT-2, see Figure
A.3.2 which shows the measured drawdown at stop of pumping in all
observation sections, both located in interpreted fracture zones and the rock
mass. The measured drawdowns represent different degree of hydraulic
connection to the pumping borehole. The position of the type curve in the
figure represents (approximately) the hydraulic properties of Zone EW-5 at
Äspö. If the entire rock volume were homogeneous and isotropic the
measured drawdowns should be clustered along a common type curve.
The conceptual (hydraulic) model of fracture zones in the area may be
checked by studying the response times of the different observation sections
and the magnitude of the measured drawdowns. The response time of a
section may be defined as the time (tt) after start of pumping when a
measurable drawdown in the section is obtained, say 0.05 m. To account for
the distance (R) to the pumping borehole a normalized response time (t/R2)
was calculated for all observation sections during LPT-2 (Andersson,
1991c). The normalized response time is (inversely) proportional to the
hydraulic diffusivity (T/S) in that direction. A high diffusivity can be
expected for sections located in fracture zones and a low diffusivity for
sections in the rock mass.
For LPT-2, low values on the normalized response time (high hydraulic
diffusivity) corresponded in most cases to sections assumed to be penetrated
by fracture zones and high response times (low hydraulic diffusivity) to
sections in the rock mass. This result was confirmed by tracer tests and
tracer dilution tests. Thus, the conceptual model of fracture zones at southern
Äspö was, to some extent, supported by the pumping test in combination
with tracer tests and dilution tests. This result is of course only valid for the
fracture zones and boreholes located within the radius of influence of LPT-2.
On the other hand, LPT-2 also indicated some deviations from the
conceptual model, e.g. the extension of Zone EW-5.
Evaluation of hydraulic parameters were only made for sections with a
distinct response, i.e. a short (normalized) response time, i.e. for the fracture
zones. No evaluation of hydraulic parameters was made in sections with high
response times. For such sections the assumptions of radial flow in an
equivalent single porous medium are probably not valid.
Other important results from LPT-2 were that the subhorizontal Zone EW-5
is probably more hydraulically important than expected and that fracture
zone NE-1 in the conceptual model proved to be a major constant-head
boundary, effectively distinguishing (or reducing) the drawdowns in
boreholes close to this zone. Finally, the combination of pumping tests with
tracer tests and dilution tests is highly useful by the evaluation of all the
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tests.
To conclude so far, standard analysis methods for multiple-borehole tests are
mainly restricted to radial flow solutions in porous media. These methods are
generally not sufficient for a quantitative evaluation of the hydraulic
properties of the rock mass between fracture zones in crystalline rock. The
generalized radial flow theory by Barker (1988) involving fractional
dimensions has been used by Ball et al. (1991) to evaluate the hydraulic
properties of fractured crystalline rock at Stripa. The average hydraulic
conductivity (K), specific storativity (Ss), hydraulic diffusivity (K/Ss) and the
flow dimension (n) were evaluated for each section by a non-linear least
square technique. The evaluation procedure for each section was repeated
with different values on K and S s and flow dimension until the root of the
mean squared residuals, i.e. the error, were minimized.
The distribution of the estimated flow dimensions for all sections was
apparently bi-modal with peaks at n=1.7 and 2.3. It was therefore argued
that the Theis1 method, which assumes a flow dimension of 2 (see above),
would not be a proper analysis method in this case (Ball et al., 1991). For
comparison, the same analysis was carried out by assuming a fixed flow
dimension of 2, i.e. radial flow. The comparison indicated large discrepancies
(several orders of magnitude) in the calculated hydraulic parameters
according to the generalized radial flow (GRF) analysis and the analysis
based on a flow dimension of 2. In particular, the values calculated for
sections in the rock mass were considerably lower for the GRF-analysis
compared to the case when a flow dimension of 2 was assumed. The former
analysis also indicated higher dimension flow in these sections. Finally, the
calculated errors in the fitting procedure was smaller for the GRF-analysis.
Figure A.3.3 shows the calculated hydraulic conductivity and specific storage
values together with the root means square errors (RMS) from the GRFanalysis plotted against the interpreted flow dimension. The hydraulic
conductivity and specific storativity values appear to be related to the flow
dimension whereas the RMS errors are apparently insensitive to the flow
dimension.
The basic conceptual problems with the fractional-dimension analysis are the
determination of the extent of the flow region and the flow dimension. For
one-dimensional flow, the extent of the flow region is defined as the square
root of the flow area. For two-dimensional flow it is the extent of the flow
region perpendicular to the flow, i.e. the thickness of the aquifer. For threedimensional flow the interpretation of the extent of flow is not defined (Ball
et al., 1991). In GRF-analysis the interpretation of the extent of the flow
region is problematic. This parameter should thus be a large source of
uncertainty.
Ball et al. (1991) also performed analysis in selected sections by type-curve
matching with fractional-dimension type curves. Finally, the responses in the
observation sections were analyzed in groups in t/^-diagrams assuming twodimensional flow. Finally, the performance and evaluation of sinusoidal tests
are also described in Ball et al. (1991).
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HYDRAULIC HEAD MEASUREMENTS
The hydraulic head distribution (both spatially and with depth) may provide
information on the regional groundwater flow pattern in an area. In addition,
the hydraulic head distribution in the upper part of the bedrock (groundwater
level) is generally used as the upper boundary condition in numerical models
or alternatively, for calibration of groundwater models. The hydraulic head
distribution in the vertical direction may also be used in the definition of the
lateral boundary conditions in such models.
The hydraulic head may be measured in different ways and at different
phases in the site characterization programme. Firstly, the vertical hydraulic
head distribution along boreholes can be measured in sections of the
borehole both during drilling (e.g. air-lift tests) and shortly after drilling (e.g.
constant head tests). Such values represent spot values at a particular time.
Secondly, long-term measurements of the hydraulic head can be performed.
These include water-table measurements in open boreholes and piezometric
head measurements in sections of boreholes with multipacker systems
(Almén and Zellman 1991). These measurements provide information on the
spatial distribution of undisturbed hydraulic head and variations in head with
time. From the latter time series the hydraulic properties of the rock may
also be estimated.

A.4.1

Measurement techniques
The hydraulic head in open boreholes is generally measured by manual
recording of the groundwater level. In inclined boreholes this value must be
converted to head from borehole deviation logs. By the calculation of the
head a constant density of the groundwater along the borehole is assumed.
The hydraulic head determined from constant head injection tests is generally
expressed as the pressure difference between the open borehole pressure at a
certain depth before packer inflation and the corresponding confined section
pressure. The latter pressure is either measured immediately before start of
injection or at the end of the recovery period when the pressure has
(approximately) stabilized. Since the pressures are measured by pressure
transducers a representative value of the absolute pressure at the top of the
section, accounting for differences in density of the water, is thus obtained.
For long-term monitoring of the hydraulic head in sections of a borehole a
multipacker system is generally used. Such measurements have been carried
out in a few boreholes at each site in the site characterization programme in
Sweden, including the Finnsjön site. At the HRL at Äspö a special
multipacker system has been developed for this purpose (Almén and Zellman
1991). In general, 4-6 sections are measured in the core boreholes and 2-3
sections in percussion boreholes. Each section is hydraulically connected to
the surface by tubes through the packers. To achieve rapid responses to
pressure changes, e.g. during pumping tests, a small packer is installed in the
tubes. A pressure transducer is installed in each tube. After installation, the
tubes are flushed to fill the tubes with representative formation water from
the actual section.
Most boreholes are connected to data loggers (see e.g. Nyberg et al., 1992).
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The recording interval is generally 2-4 hours but during hydraulic testing the
recording interval can be shortened. The observed pressure is calibrated by
manual recordings of the groundwater levels in the tubes at the surface at
certain time intervals, normally once a month. By this process, the small
packers in the tubes must be removed. The manual recordings are converted
to hydraulic head (m a.s.l.) from the true vertical depth to the water table
according to the deviation log and the altitude of the top of casing. The
logger data are then converted to hydraulic head by a linear calibration
equation.
The absolute pressure ?/• :..J top of a packed off section can be calculated
from the vertical dist. --. from the top of the section to the water table
measured in the Vi>- *, and the density of the water in the rubes. The density
of the water is opined from an empirical relationship between electric
conductivity : 4d density from measurements in boreholes at the site.
A.4.2

iincer*, > • . ^ s in hydraulic head measurements
Th. inain uncertainties in the hydraulic head measurements at the HRL at
\spo, under undisturbed conditions, are associated with errors in the
following measurements (Nyberg et al., 1992):
-

Pressure transducer registrations
Borehole deviation logging
Altitude of top of casing
Manual registration of groundwater level

By the determination of the absolute pressure uncertainties in the
determination of the density of the water in the tubes connecting the section
to the surface must also be considered. Relative pressures or pressure
differences, e.g. drawdown during pumping tests, are not affected by
(systematic) errors in the altitude of top of casing or errors in borehole
deviation. Errors in pressure transducer registrations and in manual
observations of the groundwater levels have a certain amount of randomness,
while errors in density determinations may be both systematic and random. A
compilation of estimated errors described above was made by Ekman et al.
(1989).
The total error in the determination of hydraulic head, under undisturbed
conditions, was estimated to +- 0.06 m for percussion boreholes and +0.15-1.2 m for packed off sections in core boreholes. The value of 1.2 m can
be regarded as an extreme case with disturbances in the instrumentation. The
error in the absolute pressure for a packed off section was estimated to + 0.7-1.8 m at about 100 m depth and +-2.7-3.8 m at about 800 m depth. The
estimated error in drawdown in a packed off section varied from +-0.020.08 m for total drawdowns of 1 m and 10 m, respectively.
In addition, errors due to failures in the mechanical/electronic devices of the
instruments may arise. Errors due to such factors may in some cases be
eliminated (if they are recognized).
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Figure A.2.1 Estimated ranges of hydraulic conductivity suitable for various single-hole
test methods for the listed constraints. The estimated radii of investigation
(re) for the methods at different times and hydraulic conductivities are also
shown. From Almén et al. (1986a).
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Figure A.2.2 Pressure and test conditions for various pulse response tests. From Almén
et al. (1986a).
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Figure A.2.3 Example of a slug test. Borehole KFI06 section 181-184 m. From Almén
et al. (1986a).
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Figure A.2.4 Example of a pressure pulse test. Borehole KFI06 section 181-184 m.
From Almén et al. (1986a).
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Figure A.2.6

Example of a transient injection test with constant flow rate, injection
phase. Borehole KFI06 section 178-181 m. From Almén et al. (1986a).

Figure A.2.1

Example of flow meter logging (right) showing the cumulative inflow to
the borehole together with the corresponding hydraulic conductivity log
from constant head injection tests in 3 m sections (left) Borehole KAS06
at Äspö. From Almén and Zellman (1991).
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Figure A.2.8 Example of a transient injection test with constant head, injection phase.
Borehole KFI06 section 190-193 m. From Almén et al. (1986a).
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Estimated radius of investigation at 15 and 120 minutes in a constant head
test in a homogeneous and isotropic medium for different hydraulic
conductivities and specific storativities.
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Figure A.2.10 (Upper). Pressure (P) and groundwater temperature in the test section (T2)
as a function of time (t) during the injection phase of a constant head test
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Figure A.2.12 Type curves for different flow dimensions in constant head tests for
generalized radial flow (GRF) analysis. From Doe and Geier (1990).
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Figure A.2.13 Examples of spatial integer flow dimensions and the corresponding
increase of cross-sectional area of the flow conduits in a porous
continuum and a fractured discontinuum. From Doe and Geier (1991).
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Figure A.2.16 Cross plot of calculated hydraulic conductivities from the recovery period
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minutes) in 3 m sections in borehole KAS07 at Äspö. From Nilsson (1990).
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B.I

INTRODUCTION
The hydraulic methods described in Appendix A can provide some
parameters needed for the hydraulic characterization of a rock mass, but
there are also other parameters needed to characterize the transport of
dissolved substances which may only be determined by using tracer methods.
Tracer methods have been used for over 100 years for the purpose of
studying the movement of water and transport of dissolved substances with
the water. Most of the studies performed until the mid 1970:s were focused
on connectivity, e.g in karst areas. During the last 10-15 years, an increasing
number of field and laboratory tracer tests have been performed as a result of
the need for data on radionuclide migration from underground repositories
for radioactive wastes.
The development of sophisticated computer codes and models for transport
of dissolved substances during the last decade has increased the need for
field data of good quality from tracer tests. Besides the tests performed in
Sweden, field tracer tests in fractured rock have been performed in USA,
Finland, Canada, France, and Switzerland.
In the Swedish site characterization programme tracer methods have not been
used as standard methods so far. The main reason for this has most probably
been that the methods have not been fully developed for application in
crystalline rock. Instead, tracer methods have been developed and used
within special investigations which have been run parallel to the site
investigation programme.
Single hole methods have been, and still are, developed for in situ
measurements of the groundwater flow in boreholes (Gustafsson 1984, 1986;
SKB, 1989). The methods were also used in the pre-investigation phase at
the Aspö Hard Rock Laboratory (Almén and Zellman, 1991). Cross-hole
methods were first developed at the Studsvik and Finnsjön sites (Landström
et al., 1978, 1983; Gustafsson and Klockars, 1981,1984) where tests of
different injection techniques and tracers were made. These test also involved
sorbing tracers. The methods were also applied for the characterization of a
major low-angle fracture zone at Finnsjön (Gustafsson et al., 1990;
Andersson et al., 1990). In the site investigation at Äspö, a large scale tracer
test was used to verify the conceptual model of the fracture zone geometry
(Gustafsson et al., 1992).
Tracer methods have also been developed for the local scale of a repository
within the Stripa Project. The studies included migration in single fractures
(Abelin et al., 1985, 1987; Andersson and Klockars, 1985, Andersson and
Gustafsson, 1991), migration in "local" fracture zones (Birgersson et al.,
1992a), studies of matrix diffusion (Birgersson and Neretnieks, 1983),
channelling experiments (Abelin et al., 1990), and studies of flow distribution
in combination with the borehole radar technique (Olsson et al., 1991).

B3
B.2

SINGLE-HOLE TRACER METHODS

B.2.1

General
Below a brief description of the most common single-hole tracer methods
available is given. Errors and uncertainties are in many cases very similar for
both single- and multiple-hole methods and they are therefore discussed in
Section B.5.
There are two main types of single-hole methods; the dilution tests and the
injection-withdrawal tests. In the Swedish programme only the dilution
method has been applied so far.

B.2.2

Dilution tests

B.2.2.1

General
The point dilution method enables the determination of the magnitude of
groundwater flow in situ, in fractures and fracture zones. The method relies
upon the use of a tracer which is introduced as a homogeneous pulse into a
borehole, or a borehole section sealed off by rubber packers.
The dilution method has been developed for use in boreholes in crystalline
rock within the Swedish site investigation programme. Methods and
equipment have been developed and tested for different types of boreholes
and borehole section lengths (Gustafsson, 1984; Gustafsson, 1986;
Gustafsson and Andersson , 1991). The method is currently used at the Äspö
site (Ittner et al., 1991, 1992; Andersson et al., 1992). The method has also
been applied in deep boreholes in Switzerland (McNeish et al., 1991).

B.2.2.2

Objectives
The main objective of performing dilution tests is to determine groundwater
fluxes in situ. These fluxes may then be used for calibration/verification of
groundwater flow models. Dilution tests performed under induced gradients
may also be used as indicator of connectivity between fractures/fracture
zones.

B.2.2.3

Parameters determined
The dilution of the tracer is directly proportional to the groundwater flow
through the borehole/borehole section. Indirectly, some other parameters may
be calculated namely;
Groundwater velocity
Darcy flux
Fracture aperture
Hydraulic conductivity
Hydraulic gradient
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B.2.2.4

Experimental technique
A point dilution test is performed by injection of a tracer in a borehole or an
isolated part of a borehole. The tracer will be diluted by the native
groundwater from the fracture zone flowing through the borehole. The
dilution of the tracer is proportional to the water flow through the borehole
section.
Within the borehole section, the tracer must be completely mixed at all times
and the concentration is measured as a function of time. This is done either
by measuring the dilution in situ with a dilution probe (Gustafsson, 1986) or
by circulating the water in the borehole section via the ground surface taking
samples (Gustafsson and Andersson, 1991; Ittner et al., 1991, 1992;
Andersson et al., 1992). The latter method is currently being applied in the
site characterization at Äspö.
The borehole point dilution method has been developed as a part of the SKB
R&D Programme. Development of a new point dilution equipment for 56
mm boreholes down to 1000 m depth is underway (SKB, 1989). Figure B.2.1
shows the principle of flow determination with the dilution technique and an
outline of the equipment. This type of equipment enables the determination
of groundwater flow in a number of sections along a borehole. The other
type of equipment, shown in Figure B.2.2, is more suited for steady borehole
installations, like the ones at Äspö.

B.2.2.5

Evaluation and interpretation
The groundwater flow rate through the borehole section is calculated from
the water volume of the section and the dilution as a function of time
according to Equation (B.I) which is the solution of the equation of
continuity for the dilution of a homogeneously distributed tracer solution in a
constant volume, V, at steady state groundwater flow.
Q = -V ln(C/Co)/t
where

(B.I)

Q = groundwater flow rate (m3/s)
V = volume of water in the borehole section (m3)
C = tracer concentration at time t
0)= initial tracer concentration
t = time (s)

The dilution as a function of time is obtained from a semi-logarithmic
diagram of normalized tracer concentration versus time. In the ideal case the
relation is linear.
It is important to notice that the values given by Equation (B.I) only
represents the flow through the borehole section which may differ
significantly from the flow through the undisturbed rock. The relation
between the flow through the borehole section and the flow in the rock has
been investigated by several authors (Gustafsson, 1986; Rhen et al., 1991;
Bidaux and Tsang, 1989). There are two factors which must be taken into
account, namely the contraction factor, a, and the angle between borehole
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and flow direction. For further details see above mentioned authors.
B.2.3

Injection-withdrawal test
The injection-withdrawal test has not been used in the Swedish programme.
The method relies upon the injection of a tracer followed by a pumping in
the same borehole. Analysis of the breakthrough curve from the pumping in
combination with groundwater flow data from dilution tests may give values
of dispersion, flow porosity, transmissivity, and also matrix diffusion and
sorption if proper tracers are selected.
Although not used so far in the Swedish programme, the method may still be
suitable when the distance between boreholes are too long for multiple-hole
tracer tests, e.g in boreholes placed outside the repository area (regional
boreholes).

B6
B.3

MULTIPLE-HOLE TRACER METHODS

B.3.1

General
Below a brief description of the multiple-hole tracer methods available is
given. The description of each multiple-hole tracer method is subdivided into
five subsections; (i) a general description, (ii) objectives, (iii) parameters
determined, (iv) experimental technique, and (v) evaluation and
interpretation. Errors and uncertainties are in many cases very similar for
many of the methods and they are therefore discussed separately in Section
B.4.
The methods currently being used are usually named in relation to the flow
geometry created or used during the test, with exception of the flushing
water test which is a combination of different flow geometries:
-

Converging test (radial or n-dimensional)
Diverging test (radial or n-dimensional)
Dipole test (recirculating or not)
Flushing water test
Natural gradient test

The different flow geometries are illustrated in Figure B.3.1. All of these test
types have been used foi site characterization within the Swedish
programme.

B.3.2

Converging test

B.3.2.1

General
The converging test is the most common type of multiple-hole tracer method
due to the simple geometry and the simple concept; pumping in one hole and
injection of a tracer in another hole, or other holes, at some distance away
from the pumping well. This type of test has been performed in fractured
rock at many different sites all over the world at least since the early 60:s.
Most of the tests have been performed in sedimentary rocks but during the
last decade several tests have been made in crystalline rock within site
investigation programmes for disposal of nuclear waste, e.g. in France,
Switzerland, Finland and Sweden. In the SKB programme, converging tests
have been performed at Studsvik (Landström et al., 1978, 1983), at Finnsjön
(Gustafsson and Klockare, 1981, 1984; Gustafsson and Nordqvist, in prep.),
at Stripa (Abelin et al., 1985, 1987; Birgersson et al., 1992a,b) and at Äspö
(Gustafsson et al., 1992).

B.3.2.2

Objectives
The main objectives of performing the converging tests have been:
-

to determine transport properties of the rock and fractures/fracture zones
to study interconnections between fractures/fracture zones
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-

to verify the conceptual model of fractures/fracture zones
to develop techniques and tracers for future tracer experiments

In the Swedish programme large efforts have been -nade to develop tracers
and techniques and the tests performed at Finnsjön and Stripa have been
used for modelling excersises in international cooperative projects such as
INTRACOIN (SKI, 1986) and INTRAVAL (SKI/NEA, 1990).
B.3.2.3

Parameters determined
The evaluation and interpretation of a converging tracer test has been made
in almost as many ways as the number of tests performed. There is a wide
spectrum of transport models in 1, 2, or 3 dimensions. Some of the attributes
that may be determined from a converging tracer test are:
Dispersivity (longitudinal and transversal)
Kinematic porosity (flow porosity, effective porosity)
Hydraulic conductivity (fracture conductivity)
Fracture aperture
Residence time (first arrival and mean residence time)
Dilution factor
Retardation factor (for sorbing tracers)
Number of flow paths
The different concepts and evaluation techniques are discussed below.

B.3.2.4

Experimental technique
A converging test is performed by creating a sink by pumping a borehole or
an isolated part of a borehole. The test is often called radially converging
referring to the radial flow pattern theoretically established in a homogeneous
and isotropic formation. However, in strongly heterogeneous systems like
fractured crystalline rock, where flow is governed by the connectivity of
fractures/fracture zones, it is not likely that a radial symmetry is achieved.
Another factor that may affect the flow distribution significantly is the
influence of the natural, or background, hydraulic gradient. Knowledge of the
magnitude and direction of the natural gradient is essential for the
experimental design of all tracer methods.
In general, pumping is maintained long enough to create a near steady-state
flow field. Then, tracer is added in one or several boreholes or borehole
intervals located at some distance from the pumping well. The possibility to
use several injection points is a special advantage of the method as the
isotropy of a fracture/fracture zone may be assessed. The distance between
the injection and pumping is, in most cases, chosen based on the time limits
of the test. In crystalline rock this gives typical distances of 10-500 m in
fracture zones and 1-10 m in individual fractures. These distances gives
typical time frames from hours up to one year.
The injection of tracer may be performed either as a pulse or a continuous
injection. These two ways of injection can also be subdivided by the way the
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injection is made. The different techniques, their advantages and
disadvantages are discussed in Section B.4.2.1.
One major disadvantage of the converging test compared to other tracer
methods is the large dilution of the tracer which requires rather high
injection concentrations. This may cause chemical interaction as well as
density effects. However, by using tracers with extremely low background
concentrations in combination with very sensitive analysis methods, these
problems can be reduced. Spectrofluorometry, HPLC (High Performance
Liquid Chromatography), and ICP-MS (Ion-Coupled Plasma Mass
Spectrometry) are examples of relatively new analysis techniques which, in
combination with appropriate tracers, can be used and have been used at
Finnsjön, Stripa, and Aspö. The choice of appropriate tracers are essential for
the performance of any tracer test.
Sampling and monitoring of tracers in converging tests in crystalline rock is
limited to boreholes or isolated parts of boreholes. A special case is sampling
in tunnels and shafts. In large scale tests like in Finnsjön (Gustafsson and
Nordqvist, in prep.) and at Aspö (Gustafsson et al., 1992) the most practical
solution is to pump the entire thickness of a fracture zone or the entire
borehole length. This results in samples containing a mixture of tracers
entering the pumping well at different locations. Preferably the tracer should
be sampled at each major fracture, or fracture zone, contributing to the flow
into the well. If the flow distribution into the well is known, e.g. by
subsequent down-hole flow measurements (spinner), then breakthrough
curves for individual fractures may be obtained (Gustafsson et al., 1992).
Figure B.3.2 shows the pumping and sampling setup used for the large scale
converging test at Aspö.
In underground facilities, where the hydraulic head is high and pumping can
be made simply by releasing the pressure, sampling can preferably be made
in sectionized boreholes (Andersson and Klockare, 1985) or in sectionized
parts of tunnels or shafts (Abelin et al, 1987).
Another option that may give substantial contribution to the interpretation of
converging tests is to sample at different distances from the source. This may
give additional information about the heterogeneity of the system as well as
data on the scale and time dependency of transport parameters. This is done
in most of the converging tests performed in granular material but not in
crystalline rock. The obvious reason for this is the cost and the risk of
missing the tracer transport paths by hitting a "dry" spot.
B.3.2.5

Evaluation and interpretation
The evaluation of tracer tests have been made using a number of approaches.
The techniques vary from simple one-dimensional models to complex threedimensional ones. The primary interpretation of these tests usually involves
the estimation of some parameters characterizing the transport between
injection wells and sampling points, of which some may be considered
transport properties of the tested rock volume. In general, different evaluation
techniques often produce only moderately different parameter estimates,
which in itself would not be especially significant for a site characterization.
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On the other hand, significantly different models involving different transport
parameters may be equally successful in explaining results from a particular
tracer test. The latter has clearly been shown by the INTRAVAl project
(SKI/NEA, 1990). For the inference and interpretation of physical and
chemical transport processes from tracer test data, it is desirable to consider
the sensitivity of evaluation to different approaches. It is especially important
to describe how various factors (experimental and natural) can give similar
results, and what is needed to differentiate between these factors.
The most common way to evaluate a converging tracer test is by applying
solutions to the classical one-dimensional advection-dispersion equation, as
for example given by Van Genuchten and Alves (1984). It is usually
assumed that the fluid velocity is constant along a tracer flowpath, and the
governing equation is commonly expressed as:
RdC/dt = D,d2C/dx2 - vdC/dx

where:

(B.2)

D = dispersion coefficient
v = fluid velocity (m/s)
C = concentration of solute (kg/m3)
x = distance from injection point (m)
R = retardation factor
t = time (s)

The solution to Equation (B.2) varies depending on the assumptions made
regarding boundary conditions, but can be generally stated as:
C(x,t) = F x f(x,t,v,D,R)

(B.3)

where F accounts for a number of linear factors such as injection
concentration, dilution factor, incomplete tracer recovery, and in cases where
a borehole section is used to sample a tracer travelling via several different
pathways F also includes a weighing factor. In the latter case, the appropriate
form of Equation (B.3) is:
C(x,t) = 2 F, x C,(x,t)

(B.4)

where C, is the breakthrough curve for flowpath i. Equation (B.4) simply
says that a tracer sampled travelling through more than one significantly
different pathway, but collected in the same sampling volume, can be
expressed as a weighted sum of individual breakthrough curves for the
different flowpaths. A reasonable interpretation of the weighing factors is to
consider them as representing flow fractions of the total discharge from the
sampled tracer transport paths.
It is assumed here that the tracer tests are interpreted by some kind of
parameter optimization method, such as non-linear least squares regression,
producing parameter estimates that gives the best agreement between
theoretical models and experimental data. It can be noted that such methods
should also provide information about estimation errors. Besides that, it is
not important which method is used.
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The parameters in Equation (B.3) that can, in principle, be evaluated directly
from the tracer test are v (or alternatively tracer residence time), D and F. In
the case where a linearly retarding tracer is used (R is not equal to one),
these parameters are replaced by v/R, D/R and F. Thus, parameters for a
linearly retarded tracer can not be uniquely estimated from a single tracer
breakthrough curve. It is in this case necessary with one breakthrough carve
with a non-retarded tracer as well.
The estimation of F in the linear sorption case also requires knowledge about
the ratio between the injection concentrations of the retarded and nonretarded tracers, otherwise this ratio will constitute an additional parameter to
estimate. The traditional way of estimating R is to estimate v for a nonretarded and a retarded tracer, respectively, and take the ratio v/vR. However,
maximum information is gained by considering both (or more) tracer
breakthrough curves simultaneously, where v, D, R, and F can be estimated
directly. In principle, additional parameters may also be considered, such as
background concentration and initial concentration of tracer.
The various factors contained in the F parameter in Equation (B.3) can not
be estimated individually from the breakthrough curve > alone.
The parameters values obtained from the advection-dispersion equation
above are not in themselves necessarily of any greater significance for a site
characterization, as they are not truly physical parameters. Although the
dispersion coefficient often is regarded as a physical characteristic, the view
here is that it is only some test- and scale dependent measure of the spread
of tracer velocities around the average velocity, v. Usually the parameter
values are used to draw conclusions about the hydraulic connections along
the transport paths, calculations of certain flow and transport parameters
(which require further assumptions), or to infer transport processes other than
advection-dispersion.
The most interesting cases are often when tracer breakthrough curves cannot
be explained by a single adveaion-dispersion equation as those may give
information about physical or chemical processes, or preferential flow
occurring during the tracer tests. Commonly occurring phenomena are
excessive tailing of the curves and multiple peaks, which often can not be
explained by advection-dispersion only. There are a number of factors that
may affect the appearance of the breakthrough curves in similar ways. The
real problem of interpretation lies in distinguishing between such factors, of
which some will be reviewed below. To make such interpretation possible
for both the team conducting the test as well as other professionals, it cannot
be emphasized enough the necessity of careful and complete monitoring and
documentation of hydraulic conditions and experimental procedures during
tracer tests.
Boundary conditions
Equation (B.2) can be solved subject to variety of boundary conditions.
Usually a semi-infinite domain is assumed.
The inlet boundary conditions may be of two types (Javandel ct al., 1984):
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C(x=O,t) = f(t)

(B.5)

or
vC-DdC/dx =vf(t)

(B.6)

Equation (6.6) implies that a fluid with a concentration which varies with
time is injected into the upstream end of the transport domain. It also
includes dispersion across the boundary, and is generally considered to be the
most realistic of the two conditions (Parker and Van Genuchten, 1984).
When a tracer is sampled in a borehole section the question arises whether
the sampled is a measure of volume-averaged concentrations or flowaveraged concentrations. The variable C in Equation (B.2) is by definition a
macroscopic volume-averaged concentration. However, when sampling
outflow of water from a borehole section, it can be argued that this is
actually a flow-weighted average determined by the distribution of
microscopic flows adjacent to the borehole. Parker and Van Genuchten
(1984) shows that by using flow-weighted concentrations, the solution to
(B.2) actually turns out to be the equivalent to the solution using (B.5),
although with an interpretation that is still consistent with the notion that
(B.6) is the more realistic upper boundary condition.
The difference between the two solutions can be considerable. Using
Equation (B.2) with flow-weighted concentration can under certain
conditions give breakthrough curves characterized by relatively sharp peaks
followed by long tails. This effect may become significant at low Peclet
(D/vx) numbers (approximately of the order of one).
/elocity distribution
The assumption that the fluid velocity is constant along a flow path is very
likely not correct. The velocity may vary considerably in an unpredictable
way along a given flow path. Thus, such variations can not be taken into
account by simple models as in Equation (B.2). However, for radially
converging tests it is relevant here to consider another idealized flow field. In
a radially converging flow field the hydraulic gradient will increase towards
the well, and the fluid velocities will increase accordingly.
As for the discussion of boundary condiitions above, the difference between
the two velocity distribution models becomes significant at low Peclet
numbers. When a synthetic breakthrough curve using a radial flow field with
Pe=10 was fitted to a model assuming a linear flow field, the estimation
errors for v and D were 10 % and 20 %, respectively, while the correlation
coefficient between the synthetic data and the incorrect model was 1.0
(Nordqvist, pers. comm). As the Peclet number becomes even lower, the
effects of the assumed flow field on interpretation will be significant, and
may obscure any effects caused by other transport processes than advectiondispersion.
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Multiple flow paths
Due to the heterogeneity of the tested flow domain, the tracer sometimes
travels along more than one major flow path. Ideally, this may result in
tracer breakthrough curves with multiple peaks (pulse inputs) or multiple
steps (step input). In reality, the observed breakthrough often appears to be a
combination of the two. The occurrence of such behavior is of course not
negative in any way. On the contrary, it gives information of the
heterogeneity of transport in a rock formation, and the tracer test may even
be designed to capture such phenomena. There may be a variety of reasons
why the transport actually takes place in different flow paths from the
injection section to the sampling section. In the case where injection and/or
sampling sections are not point sources or sinks, it is reasonable to expect
that the possibility of multiple connections increases. For example, the
convergent tracer experiment in Finnsjön, (Gustafsson and Nordqvist, in
prep.) used a sampling section that essentially served as a 100 m hydraulic
line sink in the vertical direction.
When injection and sampling sections are designed to be point sources/sinks,
multiple-peak responses may occur as a result of excess injection pressure.
This causes the tracer to be pushed out, forming a tracer cloud around the
injection section. Moreno and Tsang (1991) demonstrated with a numerical
study of synthetic heterogeneous fracture planes that if injection not occurs
on a main flow paths, multiple peaks may be observed even if the injection
flowrates are low. On the other hand, if injection occurs on a main flow
path, a single peak will be observed almost independently of the injection
flow rate.
The main problem of interpretation in this case is to actually distinguish
between multiple flow path transport and other phenomena. For example,
multiple peaks can be equally well explained by an uneven injection rate. It
is therefore of crucial importance that independent information is collected,
that will support the existence of multiple path transport. In the mentioned
experiment by Gustafsson et al. (1992), there was actually independent
observations (other than the breakthrough curves themselves) of more than
one major flow path between injection and sampling. In general during this
experiment, no excess injection pressure was employed.
When injecting tracer under significant excess pressure in a section not on a
main flow path, there may be a number of small peaks with long residence
times. This may cause a relatively smooth excessive tailing in the
breakthrough curves, that is very difficult, if not impossible, to distinguish
from other processes.
Tracer injection
The effects of injection of tracer is one of the most important factors to
consider when interpreting injection tests. This is especially true for tests
where it is desired that the flow field around the injection location is not
significantly altered due to the injection of tracer. Converging tests are, more
or less by definition, in this category. In such tests the conditions in the
injection sections, such as clogging, incomplete mixing, etc, become very
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important as the tests to a large extent depends on ambient flow to remove
the tracer from the injection borehole (Gelhar, 1987). Even if the tracer
concentration in the injection section is measured, it may not be
representative for what amount of tracer actually enters the tested flow
domain (Gustafsson et al., 1992, in prep.). It is therefore of vital importance
that the injection of tracer is monitored in as many independent ways as
possible. This need to include concentration in injection section, injection
flow rates, and tracer mass injection rates. The tracer mass injection rates
may be the most important factor in many cases, as this is the only reliable
measure of the actual amount of tracer that enters the flow system.
Variable injection rates may for example result in breakthrough curves with
multiple peaks or steps that can not be distinguished from the effect of
multiple flow paths. Figure B.3.3a and B.3 3b shows an example from the
converging experiment in Finnsjön (Gustafsson and Nordqvist, in prep.),
where this situation occurs. Figure B.3.3a is shows an interpretation
assuming the injection is an ideal pulse and that two main flow paths
contribute to the tracer transport. However, in this case the real tracer
injection was not ideal. Figure B.3.3b shows an interpretation with a single
flowpath, but accounting for the observed tracer mass injection rates. Taking
into account that the observed mass injection rates in this case still is
somewhat approximate, it is strongly indicated that the second peak is due to
the variable injection. In fact, this example shows that it would have been
desirable with even more detailed information of the mass injection rates as a
function of time.
The previous example was for a case with an undisturbed pulse injection,
where the tracer is introduced into the injection section with no excess
pressure, and left to decay in an exponential fashion as the ambient flow
removes the tracer. When tracer is forced out around the injection section,
either as a pulse or a step input, the borehole effects should be less. On the
other hand, a tracer pulse with a chase fluid may ideally (in homogeneous
system) create an injection "ring" around the injection section and cause
double peaks in the breakthrough curves (Guvanasen and Guvanasen, 1987).
As mentioned above, tracer pushed out into heterogeneous tock may access a
number of larger and/or smaller flow paths causing multiple peaks or long
tailing of the breakthrough curves. Moreno and Tsang (1991) also concluded
that the magnitude of the injection flow rate may also affect the residence
times and peak concentrations.
Hydraulic conditions
In general for all experiments concerning solute transport, it is of
considerable importance to control, monitor and document the hydraulic
conditions across the transport domain. Various hydraulic conditions may
affect the resulting breakthrough curves in such ways that interpretation
becomes difficult.
Evaluation of tracer experiments with an induced flow field is commonly
made with the assumption that the natural flow field does not affect the
experiment. If a "regional" hydraulic gradient of significant strength exists,
this assumption will not be valid.
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A further assumption is usually that the flow field is stationary. Goode and
Konikow (1990) found that longitudinal spreading of a solute is not
significantly affected by transient changes in flow conditions, while
transverse spreading may increase considerably with only small fluctuations
in the flow direction along the tracer transport path. Rehfeldt and Gelhar
(1992) found in an analysis of unsteady flow in heterogeneous aquifers that
gradient magnitude variability leads to larger longitudinal dispersivities,
while gradient direction variability produces larger transverse dispersivities.
They argue that the ratio longitudinal/transverse dispersivity may vary
significantly from one tracer experiment to another. However, it is not clear
how important such effects are for the tracer experiments performed in the
Swedish bedrock. Indications from the converging experiment in Finnsjön
(Gustafsson and Nordqvist, in prep.) show that relatively long pump stops
causes a time shift in the breakthrough curves, and may also affect the
apparent dispersion somewhat. The effects of transient hydraulic conditions
during such experiments may need further investigation.
Matrix diffusion and stagnant zone storage
As matrix diffusion and sorption on the inner surfaces of the rock is one of
the potentially most important retardation mechanism for radionuclides, it is
of considerable interest to be able to quantify such processes by tracer tests.
In addition to the parameters in the advection-dispersion model in Eq.(B.2),
a parameter describing the diffusion of tracer into the rock matrix is needed.
The effects of matrix diffusion on tracer breakthrough curves can usually not
be separated from effects caused by other phenomena, such as hydrodynamic
dispersion, multiple flow paths, or tracer injection conditions. As pointed out
previously, independent information would be needed.
There are also a number of other reversible and irreversible sorption
processes and chemical reactions that may be important for tracer transport.
However, the emphasis in this report is to point out effects related to the
experimental technique or the induced flow field, that may introduce
difficulties in interpreting the breakthrough curve. Here it will suffice to say
that most of these processes will affect the breakthrough curves in similar
ways.
Recovery
Abelin et al. (1987) lists four possible causes for less than full recovery:
1.
2.
3.
4.

The tracer has partly moved into pathways that do not lead to the
sampling volume.
The tracer is still travelling in the mobile water.
The tracer has reacted "irreversibly" or been degraded.
The tracer has moved into stagnant volumes of water by molecular
diffusion.

Cause 1 is generally not any problem in tests with well controlled flow
geometry, like the radially converging test. However, experiences from tracer
experiments within the Stripa Project (Birgersson et al., 1992b) shows that in
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underground facilities, where a complex flow distribution may occur due to
the multitude of shafts and tunnels intersecting fractures at different
locations, great losses of tracer may result. Also, tracer injection using excess
pressure may cause tracer to disappear, c.f. Section B.4. Cause 2 may be a
problem in long term experiments where the hydraulic gradients are low or
travel distances are long, e.g. in natural gradient tests.
Irreversible reactions (sorption) and degradation can be avoided by means of
laboratory tests of the tracers. However, it may be difficult to obtain the
same conditions in the laboratory as in the field, e.g. mineral composition,
redox conditions etc.. Another way to diminish the risk of sorption or
degradation effects is to use combinations of two or more conservative
tracers at each injection occasion.
Molecular diffusion is likely to be a problem in long term experiments. Both
the effect of diffusion into more or less stagnant volumes of water (dead end
pores) and the effect of matrix diffusion may decrease the recovery of a
tracer. However, in most tracer experiments this is not likely to cause any
major losses of tracer.
Quantitative interpretation of hydraulic and transport properties
The interpretation of tracer breakthrough curves can be considered to be
divided into two parts. The primary interpretation, described above, involves
estimation of tracer residence time and the magnitude of dispersion,
assuming some quantitative model for solute transport. These are the only
properties that can be evaluated directly from the tracer breakthrough data. A
secondary level of interpretation uses the estimated residence time, along
with groundwater flow and head measurements, to evaluate properties such
as hydraulic conductivity of fracture flow paths, fracture aperture, flow
porosity and flow wetted surface area. Thus, the variables of direct use for
interpretation that are actually measured during the tracer experiment are
tracer concentration, and groundwater flow and heads in sampling and
injection sections.
The interpretation of conductivity, aperture and porosity can be made using
two basically different approaches. One approach uses measured flowrates
and heads only, which requires that a relationship can be defined between the
conductivity and the aperture (cubic law). The other approach uses residence
time and measured heads, and is not dependent on the cubic law for
estimation of the fracture conductivity. Ideally, the two approaches should
give identical results, if the transport path is homogeneous. Usually this is
not the case, and the differences in results from the two approaches may be
used to assess the heterogeneity along the transport path. In either approach,
greatly simplifying assumptions about fracture geometry and transport
properties are made. With such assumptions in mind, use of the obtained
values for transport predictions should be made with considerable caution.
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Hydraulic fracture conductivity
The hydraulic properties of a fractured crystalline rock aquifer can be
expressed as an average hydraulic conductivity for the whole thickness of the
aquifer or parts thereof, e.g. fracture zones. The hydraulic average
conductivity is then determined from single hole hydraulic tests or multiple
borehole pumping tests (interference tests).
The hydraulic fracture conductivity can be determined by two approaches.
Firstly, in a radially converging flow field the hydraulic conductivity of
actual flow paths can at steady state be evaluated as a function of geometry
and withdrawal rate, by assuming laminar flow in one or more plane parallel
fractures. Secondly, if a tracer is injected at some radial distance in this flow
field, the hydraulic conductivity of actual flow paths can be calculated with
the residence time as the basic variable.
The hydraulic conductivity calculated by the two methods mentioned above
will coincide only in the case of a plane parallel fracture. Both methods were
adopted by e.g. Gustafsson and Klockars, (1981), Andersson and Klockars,
(1985). They both found discrepancies in the hydraulic conductivity
determined with fluid flux (flow rate) or residence time (velocity) as the
basic variable.
Assuming that Darcy's law is valid the hydraulic conductivity for an aquifer
or a part thereof can be determined by:

K = Qln(r/rw) / (2-Jt-Ah-L)

(B.7)

The hydraulic conductivity for laminar flow between two smooth parallel
plates is governed by the square of the aperture and the kinematic viscosity
of the fluid (Snow, 1968).
K, = e 2 g/(12v)
where:

(B.8)

v = kinematic viscosity

If the flow in the aquifer is concentrated to one single fracture then:
T = K,e = K-L

(B.9)

Substitution with Equations (B.7) and (B.8) gives the hydraulic conductivity
for one equivalent single fracture, with the withdrawal rate as basic variable.
K,q = [(Q-ln(r/rw)-g1/2) / (2-Ä-Ah-(12v)w)]M

(

If a tracer is injected at some distance from a pumped well the hydraulic
conductivity of the actual flow paths can be calculated with the residence
time as the basic variable, assuming radial flow field (Gustafsson &
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Andersson, 1991).
K,1 = [(r2 - rw2) • ln(r/rj] / (2-vAh)

where:

(B.l 1)

t,, = residence time
r = distance to point of tracer injection
rw = well radius
Ah = hydraulic head difference

With tracers injected in many directions a comparison of the ratio Keq/Kel
will give a measure on the degree of heterogeneity of the fracture governed
by directional variations in the mean value of the square of the aperture,
along the actual flow paths.
Fracture aperture
The fracture aperture can be calculated from the tracer residence time, t,,, and
hydraulic head loss, Ah, as basic variables by substituting Equation (B.ll)
into (B.8), giving the relation between aperture and hydraulic conductivity
for laminar flow between parallel plates. This aperture is denoted frictional
loss aperture (Tsang, 1992) and is here symbolized by e\
e1 = (Ke'12v/g)1'2

(B.12)

Alternatively, the fracture aperture can be related to the transmissivity of the
fracture and calculated from flow rate, Q, and hydraulic head loss, Ah. Then
Equation (B.10) is substituted into Equation (B.7). This aperture is
symbolized by eq and is by Tsang (1992) denoted cubic law aperture.

e" = (K,M2-v/gr

(B.13)

The aperture calculated will thus be governed by the flux (cubic law) or the
velocity (square dependence). The aperture calculated with the flow rate as
the basic variable will thus coincide with that calculated from the velocity of
a tracer solute only in the case of parallel planar plates representing the
fracture surfaces (Brown, 1984). Hence, in a natural fracture where the flow
paths participating in the solute transport are mainly concentrated to interconnected patches of elevated aperture the ratio eq/e' will increase from unity
the more pronounced the fracture flow path differ from parallel planar plates.
Silliman (1989) concluded from his theoretical study that in a fracture with
isotropic aperture variation in two dimensions eq is larger than e1.
The mass balance aperture relates to the arithmetic mean of apertures in
the flow path, i.e. the pore volume of the fracture. It is derived from tracer
residence time, !<,, flow rate, 0 , and the assumption that the areal extent of
the water bearing fracture is known. In a radial flow geometry it is given by:
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c» = Qto / Wr 2 - rw2)]

(B.14)

By definition the cubic law aperture, eq, in a single fracture can be expressed
as a product of the square of the frictional loss aperture and the mass balance
aperture of the same fracture.
(e")3 = (e*)2 • em

(B.15)

However, it can be demonstrated (Andersson et al., 1989) that when a tracer
is injected in a fracture zone or main flow path, made up of a few parallel
plate fractures, the mass balance aperture, em, will on the one hand give a
measure on the sum of the apertures of all hydraulically active fractures in
the zone, i.e. pore volume of the zone. The frictional loss derived aperture,
e', gives on the other hand the aperture of the single fractures and hence, the
ratio em/e' gives the number of fractures constituting the main flow path or
fracture zone. In accordance with the result of Silliman (1989) the ratio em/eq
may give a better estimate of the number of fractures contributing to water
flow in a zone with a couple of rough-walled fractures of varying aperture.
These relationships can be utilized for estimates of the flow wetted surface
of a main flow path or fracture zone.
Flow porosity
The flow porosity of a rock is defined as the volume of pore space involved
in fluid transportation and is a part of the total porosity of the rock, as given
by Norton and Knapp (1977).

e T = ek + ed + e r
where:

0T = total porosity
6k = flow porosity
6d = diffusion porosity
0r = residual porosity

Besides the flow porosity the total porosity also includes the diffusion
porosity representing discontinuous (dead end) fractures and fractures and
parts of fractures of such small aperture that water cannot move under the
prevailing hydraulic conditions. The residual porosity includes all remaining
pore volumes and makes up more than 90 % of the total porosity. Residual
porosity, including micro fissures between mineral grains, is essential for the
matrix diffusion capacity of the rock adjacent to the walls of the water
conducting fractures.
Flow paths participating in the transport are mainly concentrated to
interconnected patches of elevated aperture in the single fracture, which in
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turn is a part of a system of interconnected fractures and zones. The
configuration of the participating flow paths, and thus the ratio between flow
porosity and diffusion porosity will depend on the flow boundary conditions,
i.e. change with the direction of the hydraulic gradient. Consequently, in
fractured rock flow porosity is a directional property.
The flow porosity can be expressed as the ratio between the average
hydraulic conductivity of the fracture zone, K, and the hydraulic fracture
conductivity of the flow paths, K^, providing that Darcy's law applies.

6k = K / K,

(B.17)

In Equation (B.17) the K^ value can be the one determined with the
residence time of a tracer as the basic variable, K^1, or with flow rate as basic
variable, K^.

The flow porosity can also be expressed as the ratio between the volume of
flowing water in the fracture zone and the total volume of the fracture zone.
In a radial flow field the ratio is:
6km = em / W

where:

(B.18)

W = thickness fracture zone

Note that by definition em and 6km will be equal if determined for a one
meter thick aquifer.
Contrary to the porous media case, values of porosity determined in a
heterogeneous rock aquifer from eqn. (B.17) or (B.18) are dependent on the
length of the interval where the hydraulic conductivity, K, was determined,
or on W being the assumed thickness of the aquifer contributing to the flow.
For example, this is the case for one single fracture (or a few closely spaced
fractures) in an otherwise low conductive rock mass.
Flow wetted surface
Flow wetted surface is an important parameter regarding radionuclide
migration since it constraints the capability for sorption and matrix diffusion.
It can be expressed in basically two ways. Surface area wetted by advective
flow of water per volume of rock, or surface area per volume of water.
Determination of wetted surface per volume of rock requires, if smooth
planar fractures is assumed, knowledge about fracture density and the areal
extent of the preferential flow paths within the fractures. In a fracture zone
with thickness W and n number of fractures the flow wetted surface is then
given by:
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a' = n 2 f / W
where:

(

n = number of fractures
f = fraction of preferential flow paths

The number of fractures, n, can be estimated either from geological data or
from the quotients em/e' and em/es. Several investigations indicate that the
fraction of preferential flow paths is lower than 1.0 in a natural fracture.
Preferential flow paths within a minor fracture zone was determined in the
Stripa Project (Andersson et al.,1989) with saline tracer injection and radar
difference tomography technique. The measurement indicated a fraction of
preferential flow paths of about 20 - 37 % in the investigated zone, in
which about 80 % of the injected tracer labelled water was flowing. Hence,
there is about 20% of mass flow in other parts of the zone where
interactions between rock surface and solute transported by water may take
place. In the low velocity case, i.e. repository conditions with a more linear
gradient picture, this flow fraction may increase. And also molecular
diffusion into stagnant parts of the fracture becomes more pronounced
resulting in larger surface area accessible for sorption of solutes transported
by the groundwater.
The flow wetted surface per volume of water is analogous to the inverse of
the hydraulic radius R used for decades in fluid engineering (Rouse, 1961). R
= A/P, in which P represents the perimeter of the wetted boundary, whereas
A refers to the cross sectional area of the flow channel. In a tube the wetted
surface is 2/r m2/m3. Applied to fracture flow it requires knowledge about the
single fracture aperture, e. If e « w, being the breadth of flow path, it can
be expressed by:
aw = 2 / e

B.3.3

Diverging test

B.3.3.1

General

(B.20)

The diverging test is performed by injecting a tracer with an excess pressure
large enough to create a diverging flow field. The tracer is detected in one,
or more often, several boreholes or parts of boreholes. The test has not been
used very often in heterogeneous rock. In a review of tracer tests performed
for the purpose of determining values of dispersivity, Gelhar et al. (1985)
lists only four different diverging tests performed in fractured media
(limestone and sandstone). One reason for this is the need for several
monitoring holes which makes the method more expensive than other tracer
methods. In the SKB programme, the test has been used at four different
occasions at Stripa. Andersson and Klockars (1985), and Andersson et al.
(1991) reports a series of small scale diverging tests. The method has also
been used in combination with the borehole radar to study the propagation of
a saline tracer within a fracture zone at Stripa (Andersson et al., 1989,
Olsson et al., 1991). In the latter experiments a distorted diverging flow field
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was used due to sampling in open boreholes.
B.3.3.2

Objectives
The main objectives of performing diverging tracer tests have been:
-

to determine transport properties of low conductive rock

-

to compare parameters determined from single-hole hydraulic tests with
results from tracer tests.

-

to study matrix diffusion processes in low conductive rock
to study the flow distribution in local fracture zones using the borehole
radar technique.

The method has only been used in relatively low conductive rock and in
smaller scales.
B.3.3.3

Parameters determined
The evaluation of a diverging test is in principle the same as for a
converging. Therefore, the parameters that may be determined from a
diverging test are mainly the same as for a converging test, see Section B3.2.
In addition, the use of remote sensing techniques like the borehole radar, in
combination with a diverging flow field has made it possible to study the
flow distribution in local fracture zones (Andersson et al., 1989, Olsson et
al, 1991).

B.3.3.4

Experimental technique
A diverging test is performed by applying an excess pressure to a borehole
or an isolated part of a borehole. In analogy with the converging test the
term radially diverging is often used. The heterogeneity of fractured
crystalline rock and the influence of the natural gradient are factors that
certainly affects the radial symmetry of the flow field and the term radially
may not be appropriate to use, as discussed in Section B3.2.
Before injecting the tracer, injection of groundwater from the formation is
made to ensure that near steady-state conditions are prevailing. Tracer is
then added either as a pulse or continuously in analogy with the converging
test. The injection pressure applied in a radially diverging test is limited by
the possibility that hydromechanical effects occur. This is a factor that
restricts the scale in which the method can be applied. Another limiting
factor is that the farther away from the source the larger is the risk that the
tracer cannot be found due to influence of heterogeneity and natural
gradients.
The sampling strategy is very important for a diverging test. Due to the
excess head created, sampling in an open borehole is not favorable as this
will create a sink and thereby a more dipole like flow field. Instead, the
sampling should be performed at ambient pressure either by subtracting very
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small amounts of water (Andersson and Klockars, 1985) or by using in situ
monitoring (Olsson et al., 1991). This also implies that the water has to be
mixed inside the monitoring interval otherwise the tracer may pass through
undetected.
B.3.3.5

Evaluation and interpretation
Evaluation techniques for diverging tests are similar to the converging tests,
see Section B3.2.5.

B.3.4

Dipole test

B 3.4 1

General
The dipole test, often referred to as the two-well test or the doublet test, has
been used since the early 70:s (Webster et al., 1970). The test has not been
as widely used as the converging test, but recently dipole tests have been
used at several occasions in crystalline rock. In fact, most of the tests
performed so far has been made in fractured rock, both in large scales, 500
m (Webster et al., 1970) and in small scales, 3-10 m (Frick et al., 1988). In
the Swedish site characterization programme, only one dipole test has been
performed at the Finnsjön site between two boreholes 170 m apart
(Andersson et al., 1990) .

B.3.4.2

Objectives
The main objectives of performing dipole tests have been to determine
transport properties of fracture zones or individual fractures. Raven et al.
(1988) used the dipole test to test the application of a transient solute storage
model and to study the scale effect of dispersivity by varying flow and
distance in the same fracture. Novakovski (1988) used the test to compare
fracture aperture widths determined from tracer tests with those determined
from hydraulic tests. In the Grimsel Laboratory the dipole test is used for
studies of sorbing tracers (Frick et al., 1988).
The objective of the Finnsjön test (Andersson et al., 1990) was to test the
applicability of the method in highly conductive fracture zones by
comparison with previously performed converging tracer tests.

B.3.4.3

Parameters determined
The parameters determined from a dipole test are primarily the same as
given for the converging test, c.f. Section B3.2.3.

B.3.4.4

Experimental technique
A dipole test is performed by creating a sink in one borehole and a source,
preferably of equal strength, in another borehole (or in an isolated part of the
boreholes). There are two different ways of doing this, either by pumping in
one borehole and injecting the same water in the other borehole, a so called
recirculating dipole, or by injection and withdrawal without recirculation.
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The only advantage with the use of the recirculating test is the possibility to
inject large volumes of water. Another possible advantage is that the
injection and withdrawal flow rates are exactly the same. Otherwise, the
non-recirculating test is preferable regarding the analysis and interpretation
of the test. The recirculation often makes it difficult to interpret the
descending part of the breakthrough curve due to the interfering breakthrough
of the recirculated tracer.
Before injecting a tracer solution into the dipole system the
injection/withdrawal is performed for some time in order to create a steadystate situation regarding flow and hydraulic head. Tracer is then added to the
injection hole, in general as a pulse of short duration. The injection should
preferably be made in the borehole as close to the fracture/fracture zone as
possible in order to avoid dispersive effects caused by the transport within
the pipe system. This may be difficult to do in practice and in most of the
tests performed so far, the tracer has been added at the ground surface. The
tracer residence time and dispersion within the pipe system is then important
to determine and account for in the analysis of the test.
The scale of a dipole test varies considerably. Webster et al. (1970)
performed a dipole test in crystalline rock with a spacing between the
boreholes of 540 meters. The major problem with having such a spacing is
that the radius of influence of the injection and withdrawal respectively may
be too small. The natural gradient may have a significant effect on the flow
field as illustrated by model simulations performed for the purpose of
designing a dipole test at the Finnsjön site (Andersson and Andersson, 1987).
Dipole tests have also been performed in small scales, down to meter-scale
in the Grimsel Laboratory (Frick et al., 1988).
The sampling procedure is mainly the same as for the converging test.
However, the dipole flow field makes it easier to use additional sampling
points/holes located in between the injection and withdrawal hole. This
arrangement was used by Andersson et al. (1990) at the Finnsjön site. The
sampling in these additional points has to be made either by in situ detection,
i.e radioactive tracers, or by "undisturbed" sampling as applied by Andersson
et al. (1990). The latter sampling technique is in principle the same
arrangement as for the "undisturbed" injection.
The use of additional sampling holes also makes it possible to use these
holes for tracer injection which may be valuable as a tool for validation of
conceptual models and for the determination of the heterogeneity of the
system.
B.3.4.5

Evaluation and interpretation
The evaluation of a dipole test is in general very similar to the converging
test. Commonly, the tracer breakthrough is only monitored in the pumping
hole which means that the breakthrough curve is composed of a number of
flow paths diverging from the injection point and converging again in the
pumping hole. In cases where tracer breakthrough also is monitored at
sampling points located between the injection and withdrawal points, these
breakthrough curves may be treated as individual flow paths and modelled as
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one-dimensional transport according to the techniques described in Section
B.3.2.5.
Another complication for the evaluation is when a recirculating system is
used. This means that tracer is recirculated several times and eventually,
when the system is completely mixed and no losses of tracer occurs, the
tracer concentration reaches a constant level.

B.3.5

Natural gradient test

B.3.5.1

General
The natural gradient test has not yet been used in fractured crystalline rock.
In a review of tracer tests presented by Gelhar et al. (1985) there are 32
tracer tests performed under natural gradient and only two tests performed in
fractured media (sandstone, limestone). There are two main reasons for this;
i) the direction and magnitude of the natural gradient has to be well known,
and ii) the time needed to perform the test is too long. Both these factors
also have implications on the costs of performing a natural gradient test.
Most of the tests reported involved studies of contaminants in shallow sand,
gravel or alluvium deposits. In the Swedish programme, a natural gradient
tracer test was suggested within the Fracture Zone Project at Finnsjön
(Gustafsson et al., 1987) but the test was canceled.

B.3.5.2

Objectives
The objectives of natural gradient tests are of course similar 10 other tracer
test methods, namely to determine transport properties. An additional
objective associated with the test is the verification or validation of the
conceptual geohydrologic model of flow and transport.

B.3.5.3

Parameters determined
The parameters determined are the same as listed in Section B.3.2 with the
addition of the direction and magnitude of the natural gradient in the
investigated domain.

B.3.5.4

Experimental technique
The natural gradient test is in principle very simple to perform as there is no
need to apply any pumping or injection of water to the system. Instead, one
of the main difficulties associated with the test is to maintain undisturbed
natural gradient conditions for a relatively long period of time. The other
main difficulty is that the magnitude and direction of the natural gradient has
to be well established prior to the test. The limited number of boreholes
normally available to characterize a site makes it very difficult to determine
the direction and magnitude of the natural gradient. In addition, effects of
heterogeneity, anisotropy and preferential flow paths makes it difficult to
design an experimental setup for this type of test.
In order to overcome some of the problems stated above, the experimental
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setup for the injection and sampling has to be carefully designed. This may
be achieved by:
-

use of several injection points
releasing the tracers over a long period of time
not applying excess pressure during injection
using multilevel, multiborehole sampling
increasing the sampling radius by "local pumping"

Evaluation and interpretation
The evaluation methods are similar to the ones used for converging tests, c.f.
Section B.3.2.5. However, natural flow distributions and gradients are
sensitive to the selected boundary conditions and these are more difficult to
determine than in a stressed flow field. Also, local heterogeneities are
important to consider.
Another difference compared to the converging test evaluation is that linear
flow need to be considered. This also implies that the analytical solutions
used for evaluation of transport parameters need to be modified for linear
flow.
Thus, for linear flow, the hydraulic fracture conductivity according to
Equations (B.10) and (B.ll) becomes:
K." = [(QL)g 1/2 ) / (AAh(12v)1/2)f 3
K,' = L2 / (to-Ah)

(B.22)

Where L is the length of the flow path and A is the cross sectional area
where flow occurs.
Equations (B.21) and (B.22) can then also be used to calculate fracture
apertures according to Equations (B.12) and (B.13).

B.3.6

Flushing water test
During the drilling of a diamond core borehole, like the ones in the Swedish
site characterization programme, large volumes of drilling fluid is used in
order to cool the drill bit. The drilling fluid is usually water from a nearby
supply well in the same geological formation as the hole being drilled. In
Sweden, the drilling fluid is labelled with a fluorescent dye tracer, Uranine,
in order to determine the content of drilling fluid in water samples taken
from the borehole. Hence, the drilling fluid may be used as tracer by
studying the movement of labelled drilling fluid.
Ahlbom et al. (1986) presents a flushing water test where the interconnection
between the drilled well and the water supply well could be established over
a distance of 440 m in crystalline rock. Interconnections between the water
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supply well and two other, more closely situated, wells could also be
established. The method also enables rough estimates of transport properties,
like dispersivity and flow porosity, giving valuable input for further tracer
testing in the area.
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B.4

EXPERIMENTAL ERRORS AND UNCERTAINTIES

B.4.1

Single hole tests
The errors involved in the determination of groundwater flow with the
dilution method may be divided into two categories, instrumental errors and
"hydrologic" errors. The instrumental errors, which in this case is errors in
the determination of tracer content are estimated to be less than 5%
independent of which method and tracer being used. Larger errors may occur
when precipitations or other solids, e.g. drilling debris, are present in the
borehole. Drilling debris or precipitations may cause some of the tracer to
sorb onto the particles and, if optical methods of detection are used, cause
apparent losses of tracer. However, the measurements in crystalline rock
performed so far indicate waters with low particle content. If fluorescent
dyes are used the exposure of samples to sunlight, which may cause a
significant decrease of concentration, can be avoided by storing the samples
in dark boxes.
If samples are taken to determine the decrease of tracer concentration, the
sampling will also contribute to the total flow through the section since the
volume removed from the borehole section contains tracer. Therefore, the
removed amounts of tracer should be measured in each dilution measurement
and, if necessary, taken into account when the flow is calculated.
An important factor for calculation of the flow is to determine the section or
borehole volume correctly (see Equation B.I). Since the flow calculated is
directly proportional to the total section volume, including volumes in the
tubing and equipment, special efforts have to be assigned to make the
determination of the section volumes as exact as possible. In the case of
percussion drilled boreholes, caliper logging is recommended for a correct
determination of the borehole volume.
The "hydrologic" error is more difficult to estimate. The presence of the
borehole itself causes a disturbance of the flow distribution. The presence of
several water conducting fractures within the measured borehole section may
cause short-circuits between fractures with different hydraulic heads resulting in enhanced flow rates. At Äspö, the boreholes have been sectionized
based on the concept that each section should represent one hydraulic unit
(fracture zone) and therefore the hydraulic heads in different fractures within
the sections should be approximately the same. The flow in the fractures also
has spatial differences due to the uneven distribution of fracture minerals and
other heterogeneities. Consequently, if a borehole penetrates a highly conductive fracture in a location where the fracture minerals have high abundance it will show lower values of groundwater flow than if the borehole had
penetrated a "flow channel" in the fracture.

B.4.2

Cross-hole tests

B.4.2.1

Injection technique
One of the main uncertainties coupled with the injection is the delay and
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dispersion in tubing and, in particular, within the borehole volume due to the
mixing with ambient water. Tracer solution, which often has a slightly higher
density than the ambient water, may be trapped in stagnant parts of the
borehole volume. Tracer solution will then slowly "leak" out and this may
show up in the resulting breakthrough curve as a tailing effect which may be
misinterpreted as effects of matrix diffusion or multiple flow paths. The same
effect may occur when the tracer is injected with an excess pressure. Tracer
will then penetrate into more or less stagnant volumes of the fracture system
resulting in a similar tailing effect on the breakthrough curve. These
trapping, delay and dispersive effects may be diminished by applying the
method used in the converging tracer test at Finnsjön (Gustafsson and
Nordqvist, in prep.), later also used at the Äspö Rock Laboratory (Gustafsson
et al., 1992). They applied a constant mixing procedure where the tracer was
introduced during one cycle of circulation, see Figure B.4.1. The system also
made it possible to determine the actual flow through the injection interval
throughout the entire test.
In Table B.4.1 a summary of the most common ways of injecting a tracer is
given. From the table it is obvious that the injection technique is a factor that
may be of importance for the interpretation of the test. However, it is not
possible to give a general statement of which is the best method to inject
tracer. The choice of injection method has also been discussed by several
authors within the INTRAVAL project (NEA/SKI, 1990). Hautojärvi and
Vuori (1992) favors the short pulse injection while Goblet (1990) consider?
the continuous injection to be better.
Table B.4.1 Injection techniques used for the converging test.

Injection technique

Advantage

Disadvantage

Pulse applying excess pressure

Easiest to perform

Creates dispersion, tracer may be trapped
in stagnant zones

Decaying pulse

Controlled source term if decay
is monitored, no disturbance of flow field

Monitoring in injection bole needed

Intermittent decaying pulse

Controlled source term, no
disturbance of Dow field, gives
time for detailed monitoring

Monitoring in injection bole needed,
more difficult lo perform

Continuous applying excess pressure

Relatively easy to perform, easy
to choose injection concentration,
gives time for detailed monitoring

Variations in source term may occur,
more time for diffusion into stagnant
zones

Continuous no excess pressure

Controlled source term, no
disturbance of Dow field, easy to
choose injection concentration,
gives time for detailed monitoring

Extra equipment needed, more difficult to
perform, variations in source term may
occur

The method of injection has to be chosen depending on the purpose of the
test. If only verification of connectivity between structures is needed then a
pulse injection with excess pressure would be good enough. If the main
purpose is to determine the dispersive characteristics of the rock then a
method with a controlled source term would be more appropriate. In order to
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avoid any uncertainty about whether the pulse or continuous input should be
used, both methods can be applied simultaneously using two different tracers.
Another difficulty associated with the injection, especially with long term
continuous injections, is the clogging effects. Clogging results in either
increasing injection pressure or decreasing injection flow rate depending on
the experimental design. This often makes it necessary to alter the injection
pressure or injection flow rate which introduces an additional difficulty for
the interpretation and evaluation of the test. Beside the effects described in
Section B.3.6, the drilling debris injected into the fractures during drilling
operation may have effects on sorbing tracers due to the introduction of fresh
rock surfaces in the vicinity of the borehole.
Another uncertainty associated with the injection procedure is the delay and
dispersion of tracer in tubing and borehole volume due to the mixing with
ambient water. Andersson and Klockars, 1985, avoided these effects by
filling the injection volume with tracer before starting the injection. Another
way to diminish these effects is to apply the method used by Gustafsson et
al. (1992). Another problem that always seem to occur in most long term
injections is the clogging effect earlier discussed.
B.4.2.2

Sampling technique
The main uncertainty associated with the sampling procedure is the delay
and dispersion in the sampled borehole, tubing and sampling equipment.
These effects may easily be examined by injecting a tracer pulse in the
sampling borehole and monitoring the breakthrough in the sampling
equipment. In low conductive rock with long tracer residence times, these
effects are most often negligible. Another potential source of error linked
with the sampling procedure and the choice of tracer is apparent loss of
tracer mass due to chemical and/or biological degradation. As these effects
often are concentration dependent they may result, not only in a low tracer
recovery, but also in a different shape of the breakthrough curve. Almost
every tracer has its weaknesses and great care is required when tracers are
chosen for a particular experiment.
Converging tracer tests and inflow measurements performed in the Site
Characterization and Validation Project (SCV) at Stripa have shown that the
excavation of a drift has a dramatic effect on the flow distribution in the
vicinity of the drift. The redistribution of stress in combination with blasting
effects develops a "skin" zone with an unevenly reduced hydraulic
conductivity around the drift resulting in altered flow distribution and
decreased flow rate and transport velocity. Two-phase flow may also give
similar effects (Olsson et al., 1991). These factors are very important to
consider and if transport properties of fractures/fracture zones are the main
purpose of a test then sampling in boreholes would be preferable to sampling
in drifts or tunnels.
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B.5

APPLICABILITY OF TRACER METHODS TO SITE
CHARACTERIZATION

B.5.1

Single-hole tests
The groundwater flow through a repository is one of the most important
attributes for the safety analysis. The flow in the vicinity of the deposition
holes will be important as it affects the rate of radionuclides released in the
case of canister failure and also the stability of the engineered barriers, while
the regional flow field determines the radionuclide migration and the release
to the biosphere. The main concern is to predict the flow conditions for the
next 100000 years.
The Darcy flux, i.e. the flow per m2 crossectional area, is the key parameter
for calculations of the release to the biosphere for the sorbing nuclides. One
way of determining flow rates is by means of dilution tests.
Dilution tests in packed-off borehole sections have also been used at Äspö
(Almén and Zellman, 1991) with good results. Both natural flow rates and
flow rates during stressed conditions have been determined. Repeated
measurements during different stages of the site characterization can add
much information about connectivity, heterogeneity, and Darcy flux. Also,
the combination of different test methods like dilution tests, interference test
and tracer tests are recommended. Natural flow rates combined with water
chemistry sampling in regional boreholes can give important information
about the regional flow at a site.
The injection-withdrawal test has not been used in the Swedish
programme. The method relies upon the injection of a tracer followed by a
pumping in the same borehole. Analysis of the breakthrough curve from the
pumping in combination with groundwater flow data from dilution tests may
give values of dispersion, flow porosity, transmissivity, and also matrix
diffusion and sorption if tracers are selected properly.
Although not used so far in the Swedish programme, the method may still be
suitable when the distance between boreholes are too long for multiple-hole
tracer tests, e.g in boreholes placed outside the repository area (regional
boreholes).

B.5.2

Multiple-hole tests
The determination of flow and transport properties for the fracture zones in
the vicinity of a repository area will be of great importance for the safety
analysis of a site. Also the connectivity of the fracture system is important to
determine. Large scale interference tests are currently being performed in the
site characterization programme in order to determine hydraulic properties
averaged over larger volumes of the rock. By combining these interference
tests with tracer injections at selective locations in the observation holes,
valuable information about transport properties and connectivity of the
fracture system can be attained. This has also been done at Äspö (Gustafsson
et al., 1992). Thus, the converging test is highly applicable for site
characterization. The method is also applicable in underground facilities
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preferably in tests performed between boreholes rather than towards tunnels.
The method can also be applied in small scale tests in low conductive rock
but high gradients will be needed and time scales may be a limiting factor.
The diverging method is not suitable for large scale tests due to the lack of
control and possibilities to create diverging flow fields over large areas.
However, in low conductive rock and over short distances (0-10 m), where it
may be difficult to create large enough sinks by pumping, the method is
feasible to use.
Dipole tests have the advantage that they may be applied in almost any scale
and range of conductivity. They are easy and fast to perform and may
therefore be a good alternative to the commonly applied radially converging
test. The special advantage of a fast test is that it then may be possible to
perform a large number of tests using different borehole configurations and
flow rates. The high gradients created also makes it possible to use sorbing
tracers within acceptable time limits. The test method may give more
information about the heterogeneity and flow distribution if additional
sampling points are used within the dipole flow field.
Natural gradient tests have not yet been applied to fractured crystalline rock.
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Equipment and principle of flow determination with the dilution technique.
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Schematic of borehole instrumentation for dilution measurements. From
Ittner et al. (1991).
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Pumping and sampling equipment used for the large scale converging
tracer test at Äspö. From Gustafsson et al. (1992).
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Figure B.3.3a Regression estimate for Amino G assuming an instantaneous pulse input
and two main flow paths. From Gustafsson and Nordqvist, in prep.
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Figure B.3.3b Regression estimate for Amino G assuming one flow path and applying a
variable injection scheme, estimated from injection data. From Gustafsson
and Nordqvist, in prep.
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Finnsjön. From Gustafsson et al. (1990).
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