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Abstract

According to SKB some of the main objectives with the Aspo Hard Rock Laboratory is
reviewing and verifying the suitability of different investigations methods regarding bedrock
characterization, test methods for detailed site investigations and to evaluate factors of
importance for safety in realistic conditions. The SKB evaluation will result in a strategy
planned to be used in the forthcoming site selection of a repository for high level radioactive
waste.

This report presents an evaluation of the methods used by SKB in the prediction of the
bedrock prior to excavation. The prediction was based on the preinvestigations carried out
during 1986-1990. The review has followed the SKB classification of issue areas: geologi-
cal/structural model, groundwater flow, groundwater chemistry, transport of solutes and
mechanical stability. The review concerns SKB's objectives with the prediction and the
different criteria for selection of variables - considering the demands of the performance
assessment.

This report includes evaluation of two tunnel sections, 0/700 - 1/475 and 1/475 - 2/265,
comprising used data, prediction methods and prediction accuracy. By way of comparing
predictions before excavation and outcome in the tunnel, a strict validation was performed.
Based on the results from the validation, the applicability of different methods was estimated
and the predictability of different subjects was assessed.

It should be emphasised that the Aspo predictions have not been directly intended for
performance assessment purposes. However, it is of interest to see how the predictions relate
to the information needs of performance assessment. By this it is possible to identify areas
where more work needs to be done in the future, either in the operational phases at Aspo or in
other parts of the SKB program, thereby setting the predictions in an overall perspective from
the point of view of performance assessment.



Abstract (Swedish)

Några av de viktigaste motiven med Äspö HRL är enligt SKB att utvärdera och verifiera olika
undersökningsmetoders lämplighet för att karakterisera berggrunden, att testa metoder för
detaljerade undersökningar och att utvärdera viktiga säkerhetsrelaterade faktorer under
verkliga förhållanden. Utvärderingen kommer enligt SKB att utgöra ett underlag av flera vid
framtagande av ett undersökningsprogram som SKB avser tillämpa vid kommande arbeten
med att finna en slutförvarsplats för det högaktiva avfallet.

Denna rapport redovisar en utvärdering av de metoder som SKB använt vid predikteringen av
Äspö baserad på förundersökningar utförda 1986-1990. Utvärderingen följer SKBs indelning;
geologi, grundvattenflöde, grundvattenkemi, transport av lösta ämnen i grundvatten samt
bergets mekanisk stabilitet. Utgångspunkten för utvärderingen är SKBs målsättning med
prediktionen samt kriterier för valet av prediktionsvariabler - med hänsyn till säkerhetsanaly-
sens krav.

I rapporten redovisas för två tunnelsektioner, 0/700 -1/475 och 1/475 - 2/265, data och
prediktionsmetoder som använts samt prediktionernas osäkerhet och tillförlitlighet. Genom att
jämföra prediktion och verkligt utfall har en validering genomförts. Utgående från resultatet
av valideringen har olika metoders användbarhet värderats och olika prediktionsvariablers
predikterbarhet bedömts.

Omfattningen av SKBs predikteringen har inte direkt anpassats till säkerhetsanalysens
informationskrav - det är dock av stort intresse att utvärdera prediktionsinnehållet i relation
till säkerhetsanalysens krav. Detta möjliggör identifiering av områden där mer arbete krävs i
framtiden, antingen som en del av FoU arbetet i Äspö HRL eller som andra delar av SKB
program.
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Introduction

In the SKB Research and Development Program of 1986 (FoU-86), the idea of an under-
ground research laboratory was introduced as a key component in the overall program for
final disposal of spent nuclear fuel. The laboratory should, according to SKB, serve several
purposes; developing and testing methods for site investigations, investigating factors of
importance for safety in a realistic environment, demonstrating certain aspects of disposal and
developing methods for excavation and backfilling of a repository.

The proposal for the underground laboratory received support in the review of FoU-86, and in
1988 SKB decided that it should be located to Asp6, about 2 km north of the Oskarshamn
nuclear power plant. When necessary permits had been given by the authorities, SKB started
excavating the entrance tunnel to the laboratory in 1990. The construction phase of the project
was finalized in 1995 and the operational phase has started.

During the excavation and construction of the laboratory a large number of measurements and
tests have been performed. Especially there has been an extensive program for prediction of
characteristics of relevance for repository safety. Predictions made before the excavations
started have been verified during the construction phase.

The program for the Asp6 laboratory must be seen in the context of the overall SKB program,
which has passed a number of important milestones since 1986, e.g.:

• The repository program has been modified to include two phases. The first phase of
disposal is planned by SKB to start before 2010. The company plans to apply for detailed
investigations at one site before the year 2000.

• The site selection program has been specified to include overview studies, feasibility
studies in several communities, site investigations at two sites and detailed investigations
at one site.

• Overview studies on a national level have been accomplished and a comprehensive report
was published in 1995.

• Two feasibility studies have been completed in Storuman and Mala and three studies have
been initiated in NykOping, Osthammar and Oskarshamn.

• In a complementary report to SKB RD&D Programme 92, a number of site selection
factors were published in 1994. Of these factors, two groups are of interest for this report,
namely safety factors and constructability factors.

• The performance assessment project SKB-91 resulted in conclusions regarding the impact
of site characteristics on the evaluation of long term safety.



The Asp6 laboratory is thus an integrated part of the overall SKB program. Especially it
should support site selection and characterization as well as performance assessment.

The Swedish Nuclear Power Inspectorate (SKI) has the main responsibility to review the SKB
Program including the Asp6 laboratory. SKI is also the licensing body for nuclear installa-
tions and will thus review any SKB application to construct a repository and propose a
decision to the Government on approval or disapproval of the SKB application. In this role it
is important for SKI to evaluate achievements made within the Asp6 laboratory program.

As part of this work, SKI has given a contract to BERGAB and Karinta-Konsult to evaluate
methods used by SKB in predicting site characteristics at Aspo. The evaluation was to include
the following issues:

SKB objectives with the predictions and criteria for selecting prediction variables, taking
the demands of performance assessment into account,

data used for the predictions and prediction methods,

uncertainties and accuracy of the predictions,

applicability of methods to site specific characteristics,

evaluation of prediction results considering specified objectives.

The evaluation comprised the two tunnel sections 0/700-1/475 and 1/475-2/265, correspon-
ding to the division used by SKB in their predictions and evaluations published in a series of
reports (Figure 1.1). Although the field investigation efforts made on latter section were far
more extensive than the former and the conditions very different, we have tried to compare the
validation result of the two sections.

It should be emphasized that this evaluation is mainly limited to the predictions which have
been completed and reported by SKB, even though earlier phases of the Aspo1 program (siting
and site description) are taken into account when we discuss the usefulness of experiences
from Asp6 for the site selection program. The plans for experiments and demonstration in the
operational phase at Asp6 are not discussed in this report.

With these objectives given, the main part of this report is devoted to prediction methods,
measurement methods and comparisons between predictions and measurements. Chapter 2
gives an overview of the Asp6 program, including the selection of prediction variables. In
chapter 3 we give a survey of the predictions, methods and assumptions. Chapter 4 describes
prediction results in terms of comparisons between prediction and measurement outcome and
the SKB methods for validation. In chapter 5 the prediction results and used methods are
analyzed. In chapter 6 we link the Asp6 predictions to site selection factors and performance



assessment demands in order to elucidate the relevance of achievements made to the overall
SKB program. Finally, in chapter 7 we evaluate the predictions considering the SKB objec-
tives. Furthermore, we discuss these objectives in the context of the overall repository
program.

SKB ASPOHRL SITE AREA
8000

6500 .3

KX) 1500 2000 2500
EASTERN. ASPO-SYSTE1VI (m)

3000

Figure 1.1 Studied tunnel sections and boreholes drilled during the prediction stage at
Aspo HRL site (Stanfors et al, 1993).



2 Overview of the Aspo HRL program

Results from early phases and plans for the continued program for the Asp6 Hard Rock
Laboratory (HRL) have been reported in a number of reports, including the SKB Research
and Development Programs of 1986 and 1989 (R&D-86 and R&D -89) and the SKB Research
and Demonstration Program of 1992 (SKB RD&D Programme 92). Key reports for an over-
view are also Gustafson et al. (1988,1989), Wikberg et al. (1991) and Gustafsson et al.
(1991). The reports presenting the comparison between prediction and outcome are Stanfors et
al. (1993a, 1993b), Rhen et al. (1993a, 1993b, 1993c, 1993d), Wikberg et al. (1993a, 1993b).
For details several reports have been used which are included in the reference list.

2.1 The role of Aspo HRL in the SKB program

The reasons for the Asp6 HRL program have been stated in R&D-86 and R&D-89. The most
important motives were:

• to verify methods for surface and borehole investigations at depth
• to test methods for detailed site investigations in realistic conditions
• to evaluate factors of importance for safety (e.g. groundwater flow and radionuclide

transport) in a realistic environment
• to demonstrate certain aspects of disposal, e.g. interaction between technical barriers and

rock
• to develop methods for excavation and backfilling of a repository.

In general, the program includes both scientific investigations and issues of more practical
nature related to the excavation of a repository. With the above given objectives in mind, one
can conclude that an important overall aim with the Asp6 HRL was to use the laboratory as a
learning exercise for site characterization.

2.2 Program overview

2.2.1 General

To meet the overall SKB objectives, five stage goals were defined for the HRL program:

Stage goal 1 - Verify preinvestigation methodology

Stage goal 2 - Finalize detailed characterization methodology

Stage goal 1 - Test models for groundwater flow and radionuclide migration

Stage goal 4 - Demonstrate construction and handling methods



gtage goal 5_ - Test important parts of the repository system

In the RD&D Programme 95, the stage goals are reduced to 4 (earlier goals 4 and 5 now com-
bined).

The program was early divided into three main phases:

• Preinvestigation phase, addressing stage goals 1 and 3

• Construction phase, addressing stage goals 1,2 and 3

• Operational phase, addressing stage goals 2, 3,4 and S.

2.2.2 Preinvestigation phase (1986-1990)

The preinvestigation phase has been divided into three stages:

• siting stage (1986-1987)
• site description stage (1987-1988)
• prediction stage (1989-1990)

The siting stage included regional investigations based mainly on airborne geophysics and
topographical data. Geological mapping and geophysical measurements were also performed
in five potential areas for the HRL laboratory. In three of these areas (Aspo', Avr6 and
Laxemar) shallow percussion holes were drilled. On the basis of information from these
investigations, Aspo' was recommended for the HRL.

It is of great interest to study the initial geological predictions of Aspo', which were made
before results had been obtained from any cored boreholes (Gustafson et al., 1988). Major
fracture zones, their extent and other characteristics were predicted and a generic groundwater
flow model was set up. Also, groundwater chemical data were obtained from well records and
from the percussion drilled boreholes, and a generic model for groundwater composition was
constructed.

In the site description stage three deep cored boreholes were drilled at Aspo and more
detailed geophysical ground surface measurements were made. Revised conceptual models
were developed and the most suitable area on Aspo' was identified at the southernmost part of
the island. A new groundwater flow model was developed, which was later used to predict
results from a longterm pumping test and to calculate the impact of the excavation of the
laboratory on the ambient groundwater situation.



The prediction stage included two major activities; to accomplish a more detailed site
characterization and to set up predictions of important variables. The site characterization
included a number of activities, e.g.:

• drilling of four new deep boreholes in order to characterize fracture zones and other
structures

• a number of borehole measurements, including hydraulic interference tests
• drilling of a number of supplementary boreholes in order to investigate the area of the

access tunnel and to improve the information on certain fracture zones.

The predictions made are described in section 2.3.

2.2.3 Construction phase (1990-1994)

During the construction phase, the predictions made during the preinvestigation phase have
been tested according to a measurement program which have been carried through in parallel
with the excavation of the laboratory. This is described in detail in chapter 3. In general, the
construction phase has been performed with a number of subprojects set up to achieve the
specified stage goals:

Stage goal 1 - Verify preinvestigation methodology

• validation of conceptual models
• evaluation of preinvestigation methods

Stage goal 2 - Finalize detailed characterization methodology

• documentation and data collection
• characterization of weakness zones, injection methods
• rock volume characterization - localization of facility
• rock volume characterization - localization of experimental areas
• rock volume characterization - localization of canister positions
• analysis of constructability

Stage goal 3 - Test models for groundwater flow and radionuclide migration

• modelling, with an international task force
• redox experiment



2.2.4 Operational phase (1995- )

This phase is not part of our evaluation, but in general stage goals 3,4 and 5 will be
addressed. A number of experiments at site, block and detailed scale are planned as well as
activities to demonstrate construction methods and to test important parts of a repository
system.

2.3 Selection of prediction variables

The predictions are given in the report by Gustafsson et al. (1991). The selection of prediction
variables is based on the identification of five "key issues" covering important aspects of
layout, performance assessment and other safety related aspects. The key issues are:
geological-structural model, groundwater flow, chemistry, transport of solutes and mechanical
stability. Here the impact of these key issues are briefly summarized from Wikberg et al.
(1991):

Geological-structural model: a basis for the conceptual model of the site, of vital importance
for the design of a repository (avoiding major fracture zones)

Groundwater flow: influences canister life, the dissolution of spent fuel, the transport of
radionuclides

Groundwater chemistry: influences canister corrosion, dissolution of the spent fuel, the
transport of radionuclides

Transport of solutes: important for calculating radiation doses

Mechanical stability: necessary for repository construction, important for long term safety

For each of these key issues, a number of parameters were selected for prediction. There is no
detailed motivation to be found for each of the specific parameters, but there is in the report
Wikberg et al. (1991) a discussion about the relevance of the predictions. Obviously the
assessment of repository performance and safety is of utmost importance, but it is also
emphasized that a thorough understanding of site characteristics must be demonstrated. The
predictions must thus, according to SKB, be made in a broader context than just for
performance assessment. A third factor is the sequence of decisions that a repository
characterization and construction goes through. Each decision must be based on the best
possible information that can be achieved in that particular stage.

The predictions are made on four different scales:

Regional scale (»1000 m): This scale forms the basis for detailed site investigation, and
assessment on this scale can be used to select a suitable volume for a repository.



Site scale (100-1000 m): On the site scale major fracture zones and/or major flow paths can
be located. This information gives guidance in determining the depth of the repository as well
as the potential repository volume. Characterization on this scale is also needed to evaluate
groundwater flow through the repository and to the biosphere.

Block scale (10-100 m) will be used to position tunnels and canisters. The transport of
radionuclides from leaking canisters to major flow paths is evaluated at this scale.

Detailed scale (< 10 m): This is the scale of the "near field" surrounding canisters in a
repository with important geohydrological, chemical and mechanical properties.

2.4 Organisation of present study

The evaluation in the present study is divided into three sections:

The first section presents the structure and content of the SKB prediction as presented in
Gustafsson et al. (1991). For each scale and key issue, every predicted subject is described in
terms of estimated variable, measured variable and validation basis. This compilation is given
in Chapter 3.

The second section comprises a comprehensive compilation of SKB evaluation data for tunnel
sections 0/700-1/475 and 1/475-2/265. In this section we compare prediction and outcome
results in order to evaluate SKB predictability regarding each predicted subject. Based on our
professional judgements and the confidence intervals given by SKB, the SKB prediction
possibilities are assessed. This evaluation is presented in Chapter 4.

In the third section we present the prediction criteria for each subject in the different scales
and the applicability of the investigation methods used for collecting data and the
development of conceptual models being the base for the prediction. This compilation is
presented in Chapter 5.

In Chapter 6 we present the predictions in the context of site selection and performance
assessment and in Chapter 7 the results are discussed.



3 The prediction process

3.1 General

The SKB predictions comprised a set of descriptive qualitative models and calculations. In
Gustafsson et al. (1991) SKB summarizes the predictions at Aspo HRL prior the excavation
and the process of their validation. The background and the basis for the predictions are given
in Wikberg et al. (1991, 1993a), Stanfors et al. (1993a,b), Rhen et al. (1993a,b,c) and Wikberg
& Gustafsson (1993b).

The variables predicted were classified by SKB into the following five key issues:

1. Geological/structural Description of the rock mass in the target area as regards to rock distri-
model bution and structural pattern. Estimation how different rock types and

structures are likely to affect water inflow rates and excavation stability.

2. Groundwater flow Description of the ambient groundwater flow in the bedrock. Prediction
of hydraulic changes during excavation.

3. Groundwater Composition of the water in water-conducting fracture zones and in the
chemistry lithological units. Prediction of chemical changes during excavation.

4. Transport of solutes Variation in groundwater chemistry calculated as a part of the
geohydrological modelling.

5. Mechanical stability Classification of rock mass, rock support and direction and magnitude of
future movements in structures.

The SKB predictions were structured in the following three scales:

I. Site scale (500-1000 m) Prediction divided into four tunnel sections: 0/ 700-1/475,
1/475-2/265, 2/265-3/064 and 3/064-3/854

II. Block scale (10-100 m) Prediction made for 10 blocks distributed along the tunnel near
existing boreholes

HI. Detailed scale (1-10 m) Prediction made for four blocks (5-5 m) selected on basis of
geological data

The predicted variables and the geoscientific bases for the five key issues are summarized
below.

It must be noted that our study regarding the key issue of mechanical stability has been rather
limited and only the major findings and a few comments are presented.



3.2

3.2.1

Geological - structural model prediction

General

The main purpose of the geological-structural model prediction was to describe the rock mass
in the target area regarding rock distribution, structural pattern and how different rock types
and structures affect water inflow rates and excavation stability. The geological predictions
deduced from sample data were given as point estimates with confidence intervals. In cases
where samples were missing, professional judgements were used.

3.2.2 Site scale predictions

Predictions on site scale included position and character of major fractures zones and average
mineral composition of the main rock types, Table 3.2.1. The predictions of position, exten-
sion, strike and dip of major fracture zones (> 5 m wide) were based on the structural concep-
tual model, which was developed from geological surface and borehole data and geophysical
investigations. The character of the zones was estimated mainly from drill core and surface
data and geophysical logging in boreholes.

The rock type distribution and number of rock boundaries were based on calculations of an
average distribution of the different rock types in the borehole and on rock surface.

Table 3.2.1 Geological-structural model -predictions on site scale (from Gustafsson et al.,
1991, p. A3)

SUBJECT

Rock types /
Lithology

Rock mass /
Rock boundaries

Major fracture
zones

Fracture system

PREDICTION

Position and
extension of
lithological bodies

No of positions of
rock boundaries

Position, strike, dip
and extension

Width and
character, RQD for
crossings

(see detailed scale)

ESTIMATE

Maps of 100 m
slabs in tunnel

Maps of 100 m
slabs

L/Leg ±%

RMR for crossings
RQD for crossings

MEASURED
VARIABLE

Rock contacts

Rock contacts

Rock
boundaries

RMR and RQD
for crossings

VALIDATION
BASIS

Lithological
mapping

Lithological
mapping

Lithological
mapping

Pilot tunnel
investigations
(crossings)

The prediction of distribution of the main rock types comprised Smaland granite, Asp6
diorite, greenstone, fine-grained granite and mylonite-hybridized rock. The prediction was
mainly based on geological mapping on rock outcrops and drill cores. It must be noted that
the prediction comprised the distribution (in %) - not position and extension of lithological
bodies as indicated in Table 3.2.1.
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3.2.3 Block scale predictions

Predictions on block scale included rock distribution, minor fracture zones and other struc-
tures, Table 3.2.2. The prediction was mainly based on data from at least one cored borehole
penetrating the actual or adjacent block.

Table 3.2.2 Geological-structural model - predictions on block scale (from Gustafsson et
al.,1991,p.B3)

SUBJECT

Rock composition

Rock boundaries

Single open
fractures

Mylonite

Minor fracture
zones

Fracture system

PREDICTION

Occurrence and ex-
tension of greenstone
and fine-grained
granite in host rock

Number of rock
boundaries

Occurrence and
orientation of single
open fractures with
water flow

Occurrence and ex-
tension of mylonites

Occurrence and
extension of fracture
zones, orientation

(see detailed scale)

ESTIMATE

% / 50 m

Nos / 50 m

Nos / 50 m

Nos / 50 m

Nos / 50 m
Width distribution
Strike and dip

MEASURED
VARIABLE

% / 50 m

Nos

Nos / 50 m

Nos / 50 m

Nos / 50 m
Width
Strike and dip

VALIDATION
BASIS

Mapping

Mapping

Mapping

Mapping

Mapping

The distribution of rock types comprised Smaland granite, fine-grained granite and
hybridized-mylonitized rock. The predictions of rock types and rock boundaries were based
on surface and core mapping on the actual or adjacent block. Veins < 0.5 m wide and
diffusive contacts were excluded.

The prediction of minor fracture zones and single open fractures was based on surface and
core mapping on the actual or adjacent block.

3.2.4 Detailed scale predictions

Predictions on detailed scale were made for the four most frequent rock types observed;
Smaland granite, Aspo diorite, fine-grained granite and greenstone. The predictions were
concentrated to mineralogy, petrophysics and typical fracturing.
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The predictions on detailed scale were based on information from boreholes penetrating the
actual block volumes. According to Gustafsson et al. (1991), the blocks should be seen as
typical examples for the most frequent rock types based on average mineralogical composi-
tion and fracture pattern in boreholes and outcrops in the target area.

Table 3.2.3 Geological-structural model - predictions on detailed scale (from Gustafsson
etal.,1991,p.C3)

SUBJECT

Rock type
characte-
ristics

Fracture
system

PREDICTION

Mineralogical
composition

Alterations
- weathering
- hydrothermal

Petrophysics
- density
- porosity

For fracture sets

- orientation

- length distribution

- fracture spacing

- infilling minerals

ESTIMATE

IUGS
classification
Petrographic
description

IUGS
classification

Density
Porosity

Strike / dip

ML)SL

(m7m3)

Most frequent
infilling minerals

MEASURED
VARIABLE

Modal
composition
(volume %)

Mineral alteration

Density
Porosity

Strike / dip

L>0 .5m

(m/m2)

Infilling minerals

VALIDATION
BASIS

Sampling and
analysis

Sampling and
analysis

Sampling and
analysis

Fracture
mapping

Tracelength
mapping
Tracelength
mapping
Sampling and
analysis

3.3 Groundwater flow predictions

3.3.1 General

The main purpose of the groundwater flow studies was to describe the ambient groundwater
flow in the bedrock and to predict the change of pressure head during excavation.

3.3.2 Site scale predictions

Site scale predictions were made on the hydraulic characteristics of rock mass and water
bearing zones according to the compilation in Table 3.3.1 below.
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The prediction of hydraulic conductivity of the rock mass was based on analysis of 3-m
packer tests in KAS 02 and KAS 04-08, except for the prediction in the tunnel section 0/700-
1/475, where the relation between lithology and hydraulic conductivity (section 3.2 in
Wikberg et al., 1991) was used. According to SKB, the prediction in section 0/700-1/475
should therefore be considered more uncertain compared to the prediction on southern Aspo".
In the packer test analysis, the data was grouped in depth intervals according to Gustafsson et
al. (1991). The hydraulic conductivity value was scaled up to 20 m block sizes using a relation
given by Liedholm (1991b).

Table 3.3 1 Groundwater flow - predictions on site scale (from Gustafsson et al., 1991, p.
A4)

SUBJECT

Hydraulic
conductivity

Water bearing
zones

Boundary
conditions

Pressures

Flow

Flux
distribution

Inflow to tunnel

Salinity

PREDICTION

Distribution of
hydraulic conduc-
tivity in space

Position and trans-
missivity of
hydraulic
conductors

Head or gradients
at model
boundaries

Pressures in per-
cussion and cored
boreholes under
natural and distur-
bed conditions

Total inflow to
tunnel

Groundwater fluxes
at natural and
disturbed
conditions

Inflow from
identified zones
Inflow to tunnel
legs

Salinity in
boreholes and
inflows to tunnel

ESTIMATE

K(x,y,z)

T (x,y,z)

h (x,y,z)
dh/dt (x,y,z)

p at x sections for
t time steps

q at sections for t
time steps

Q FX at zones for t
time steps
QL for t time
steps

Salinity for t
sections SBH, SL

MEASURED
VARIABLE

K(x,y,z)

T (x,y,z)

h (x,y,z)
dh/dt (x,y,z)

P

Q™

C(t)

Q F X

Q L

SBH

SL

VALIDATION
BASIS

Pilot hole
investigations

Hydrogeological
mapping
Pilot hole
investigations

Groundwater
level
observations

Pressure
measured in
boreholes during
construction

Total pumpage
from tunnel +
vapour transport

Dilution tracer
tests at different
boreholes
sections

Inflow measure-
ments in
sections
Flow in sections

Salinity in
borehole
sections and
inflow sections
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The prediction of position and transmissivity of hydraulic conductors was based on the hydro-
geological conceptual model of Aspo presented in Wikberg et al. (1991). The model is SKB's
interpretation of a number of hydraulic tests, geophysical and geochemical investigations
which were integrated with the SKB geological-tectonical conceptual model. The analyses and
the development of the hydrogeological model were described in several SKB reports and
summarized in Wikberg et al. (1991).

The predictions regarding inflow into the tunnel and changes in pressure, flow and salinity in
boreholes and boundary conditions were based on calculations using the PHOENICS compu-
ter code (Svensson, 1991). The distribution of inflow along the tunnel was predicted with
assumption that grouting will reduce the inflow in any zone to a maximum of 3 L/s. Detailed
predictions are presented in Rhen et al. (1991c).

3.3.3 Block scale predictions

The block scale predictions comprised frequency, inflow and pressure distribution of
conductive structures, see Table 3.3.2.

Table 3.3.2 Groundwater flow - predictions block scale (from Gustafsson et al., 1991, p.
B4)

SUBJECT

Conductive
structures

Flow in
conductive
structures

Axial flow in
disturbed zone

PREDICTION

Frequency distribu-
tion of conductive
structures

Inflow distribution
around identified
conductive struc-
tures into side track
drifts

Pressure around
conductive structure
close to drift wall
(scoping calcul.)
Axial flow (scoping
calculations)

ESTIMATE

Expected distance
between structures
with transmissivity
greater than T

q

P

q

MEASURED
VARIABLE

T-sections

q
Qw

P

t, travel time
entry points

VALIDATION
BASIS

Pilot boreholes,
pressure build-up
tests

Inflow mapping
and weir flow

Pressure measure-
ments in pilote
and cored bore-
holes
Tracer tests in h-
holes

The prediction regarding conductive structures was based on the hydraulic conductivity distri-
bution and the frequency distribution of conductive structures; the distance between conduc-
tive structures was based on analysis of 3-m packer tests in KAS 02-08 (section 3.2 in
Wikberg et al., 1991).

14



The prediction basis of the 10 blocks is summarized in Section 4.2 in Gustafsson et al. (1991).
The hydraulic conductivity was based on average point estimates calculated with different
methods (Liedholm, 1991a) and scaled up to 20 m block size according to Liedholm (1991b).

The prediction of flow in conductive structures was based on scoping calculations with a
finite element model (Liedholm, 1991b).

The prediction of the axial flow in the disturbed zone and the pressure around conductive
structures was based on scoping calculations. In the calculations of axial flow the Darcy
equation was used assuming a hydraulic conductivity of MO'9 m/s, a flowing area of 10-200
m2 and a gradient of 0.1 -1.

The prediction on pressure distribution around conductive structures was based on numerical
modelling. The flux in the structures was predicted on basis of scoping calculations.

3.3.4 Detailed scale predictions

The detailed scale predictions comprised hydraulic conductivity, leakage characteristics and
some hydraulic properties of the disturbed zone, see compilation in Table 3.3.3.

Table 3.3.3 Groundwaterflow - predictions on detailed scale (from Gustafsson et ah, 1991,
P-C4)

SUBJECTS

Hydraulic
conductivity

Point leakage

Disturbed zone

PREDICTION

Conductivity
distribution

Flow distribution on
tunnel periphery for
4 rock types
Inflow
characteristics

Pressure distribu-
tion around tunnel
Conductivity
changes (scoping
calculations)
Axial flow (scoping
calculations)

ESTIMATE

M ink. S lnk

q distribution

Spots (Nos/m2)
Lines (m/m2)
Moist areas (m2/m2)

p distribution

MEASURED
VARIABLE

Hydraulic
conductivity

q (classes)

Spots
Lines
Areas

P

VALIDATION
BASIS

Pilot holes pressure
build-up tests

Geohydrological
mapping + Qlcg

Mapping

Pilote holes and
pressure
measurements

The prediction of detailed scale hydraulic conductivity was based on analysis of 3-m packer
tests in KAS 02-08, scaled up according to Liedholm (1991b; 19). The analyses were made on
separate lithological groups according to Liedholm (1991b;29).
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The prediction of point leakage was mainly based on professional judgement and to some
extent on data in Axelsson et al. (1990) as for Smaland granite and fine-grained granite.

The predictions of the disturbed zone were based on scoping calculations. For details see
Gustafsson et al. (1991).

3.4 Groundwater chemistry predictions

3.4.1 General

The predictions of the groundwater chemistry comprised chemical composition of water in
water-conducting fracture zones and in different lithological units.

3.4.2 Site scale predictions

The predictions on site scale included the chemical composition of water in conductive
fracture zones, see Table 3.4.1.

The content of Na+, K+, Ca2+, Mg24, Cr, HCO3\ SO4
2 and Fetot was calculated based on

analysis of groundwater on Asp6 (Wikberg et al., 1991). The variation range was based on
professional judgement.

Table 3.4.1 Groundwater chemistry - predictions on site scale (from Gustafsson et al.,
1991, p. C4)

SUBJECT

Zones

PREDICTION

Chemical properties
of groundwater in
fracture zones

ESTIMATE

Cl, Eh, pH, Ca
distribution

MEASURED
VARIABLE

Cl, Eh, pH, Ca
distribution

VALIDATION
BASIS

Measurement
of groundwater
in fracture
zones

3.4.3 Block scale predictions

No specific predictions were made, except for a general prediction of the redox conditions
(Gustafsson et al., 1991, p. B5).

3.4.4 Detailed scale predictions

The detailed scale predictions of groundwater chemistry for Smaland granite, Asp6 diorite
greenstone and fined-grained granite are summarized in Table 3.4.2.
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Dissolution and precipitation of fracture minerals in the vicinity of the tunnel due to mixing of
different waters discharged into the tunnel was expected. Oxidation is assumed to take part in
the fractures intersecting the tunnel. Prediction of these phenomena was based on semi-
quantitative calculations.

Table 3.4.2 Groundwater chemistry -predictions on detailed scale (from Gustafsson et al,
1991, p. C5)

SUBJECT

Redox
conditions

Weathering

PREDICTION

Movement of oxida-
tion zone from fresh
tunnel surface

Weathering and
deposition of fracture
minerals behind and
on tunnel wall

ESTIMATE

Weathered compo-
nents and amount.
Precipitated and
dissolved minerals

MEASURED
VARIABLE

Fracture
minerals

VALIDATION
BASIS

Mapping -
sampling
analysis

3.5 Transport of solutes predictions

3.5.1 General

The predictions of solute transport were based on observation of variation of groundwater
chemistry and on geohydrological modelling. The prediction take into account salinity,
chemistry and isotope composition of elements and natural tracers in the groundwater. No
predictions were given on block and detailed scale - these studies are planned to the
operational phase of Asp6 FIRL.

3.5.2 Site scale predictions

Prediction of flow paths on the site scale was focused on the position of the saline interface.
The prediction was performed as a part of the geohydrological modelling. For the other
subjects, scoping calculations were made (Rhen et al., 1991c), see Table 3.5.1.
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Table 3.5.1 Transport of solutes -predictions on site scale (from Gustafsson et al., 1991, p.
A6)

SUBJECT

Flow paths

Arrival time

Saline interface

Natural tracers

PREDICTION

Flow trajectories
from x points in
tunnel

(Scoping
calculations)

(Scoping
calculations)

(Scoping
calculations)

ESTIMATE

Input at x points
give inflow of
tracers at point x

C(t)

[Cl] at different
positions (x,y,z)
and time steps

Isotopic signature
at different
positions and time
steps

MEASURED
VARIABLE

Points x

C(t)

[Cl], electric
conductivity

"O.D.T.HCC^,
SO4) K, Ca, Mg,
Na,Sr

VALIDATION
BASIS

Tracer inflow
to tunnel

Tracer travel
time
measurements

Water samples
in boreholes
and tunnels

Water samples
in boreholes
and tunnels

3.6 Mechanical stability predictions

3.6.1 General

The predictions of the mechanical stability were mainly based on rock stress measurements in
three boreholes, strength parameters obtained from laboratory tests on cores and on the
geological-structural conceptual model. The predictions made on the different scales are
summarized in Tables 3.6.1-3.

3.6.2 Site scale predictions

Table 3.6.1 Mechanical stability - predictions on site scale (from Gustafsson et al., 1991, p.
A7)

SUBJECT

Rock quality

Rock stress

Long term
stability

PREDICTION

Rock Mass Rating

Vertical stress

Zones of potential
movement

ESTIMATE

RMR

°Hmin> °Hmax> ° v

Zones

MEASURED
VARIABLE

ixRMR

0Hmin» 0HmaM ° v

x,y,z

VALIDATION
BASIS

Mapping

Stress
measurement

-
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3.6.3 Block scale predictions

Table 3.6.2 Mechanical stability - predictions on block scale (from Gustafsson et ah, 1991,
p.B7)

SUBJECT

Rock
quality

Rock stress

Stability

PREDICTION

Rock Mass Rating

In situ stresses
- vertical stress
- max horiz. stress
- min horiz. stress

Block instability

ESTIMATE

RMR

oH max / orientation
oH min / orientation

Mechanism of
failure

MEASURED
VARIABLE

RMR

oH max / orientation
oH min / orientation

Number of blocks

VALIDATION
BASIS

Mapping

Stress measurement
Stress measurement
Stress measurement

Mappmg

3.6.4 Detailed scale predictions

Table 3.6.3 Mechanical stability - predictions on detailed scale (from Gustafsson et ah,
1991, p. C7)

SUBJECT

Mechanical
characteristics

Fracture
surface
properties

Long term
stability

PREDICTION

- Rock strength
- Elastic parameters
- Ductility

For fracture sets
- Roughness
- Slickenside

Potential
movements in
fractures

ESTIMATE

°«
E,v
Ductility

JRC
Direction

Open fractures

MEASURED
VARIABLE

E,v
Ductility

JRC
Slickenside

VALIDATION
BASIS

Lab analyses
•I

ii

Mapping
n

Scoping
calculations

3.7

3.7.1

Assumptions, generalizations and calculations in the
prediction process

Geological-structural model

The main objective with the geological-structural prediction was to characterize the bedrock
in terms of rock type distribution and structural pattern. The prediction on site, block and
detailed scales was based on sampled data from surface and core mapping. The prediction
comprised point estimates and confidence interval calculated from available data. When data
was missing professional judgement was used.
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The prediction of position of major fracture zones was based on the geological-structural
conceptual model of Aspo' HRL (Wikberg et al., 1991). The conceptual model was developed
on basis of geological mapping and geophysical measurements.

In the prediction of rock boundaries at block scale, veins less than 0.5 m wide were excluded.

3.7.2 Groundwater flow

The prediction of groundwater flow comprised two main subjects; (1) hydrogeological basic
characteristics of the rock mass and the hydraulic structures at different scales, and (2)
different hydrogeological parameters related to the influence of the tunnel.

The hydrogeological characteristics of the rock mass, which are more or less independent of
the tunnel work and the tunnel itself, comprise the distribution of bedrock hydraulic conduc-
tivity on different scales and position and transmissivity of hydraulic conductors.

The prediction of the rock mass conductivity was primarily based on analysis of the 3-m pac-
ker tests in cored boreholes and calculated dependency of scale and lithology. The test was
performed as a 10 minutes injection at 200 kPa followed by a 10 minutes fall-off phase before
the straddle packer was moved. In some cases, when testing sections with very high conducti-
vity, a lower injection pressure was used. In the analysis of the injection test, Lugeon formula
was used for the injection phase and the semilog approximation (Jacob) of the Theis well
function for the fall-off phase. In cases when the injection flow was too low to measure,
analysis of the well bore storage was used for calculating a relevant flow.

The validity of the analysis with the Lugeon formula and the Jacobs approximation is based
on several assumptions, e.g. homogenous, isotropic and uniform thickness of the confined
aquifer, no pressure gradient prior to the test and radial flow conditions. The Lugeon formula
additionally assumes no skin and steady state conditions.

The prediction of position and transmissivity of hydraulic conductors was based on the hydro-
geological conceptual model for the AspS HRL (Wikberg et al., 1991). The model is based on
the geological/structural description of the rock mass and on evaluation of hydraulic tests as
e.g. spinner surveys, injection tests, pump tests, interference tests and tracer tests.

Several different hydrogeological parameters directly or indirectly associated to the tunnel
were predicted for the different scales; e.g. pressure and salinity distribution at different stages
of tunnel excavation, inflow to the tunnel from rock mass and hydraulic structures and flow
and pressure in the disturbed zone. These predictions were based on scoping calculations.

On site scale, the predicted boundary conditions, pressure and flux distribution, flow and in-
flow to tunnel and salinity were based on numerical simulations presented in Svensson
(1991). The numerical model was developed from the hydrogeological conceptual model of
Aspo' HRL. The bedrock of Aspfi island was subdivided into three different geological blocks
(northern and southern granite blocks separated by a central shear zone) for which hydraulic
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conductivity values were assigned. Position and transmissivity of the hydraulic conductors
were according to the conceptual model.

For natural conditions, groundwater pressure, flow and salinity distribution were calculated.
Model calibration gave an infiltration rate of 3.1 mm/yr if the upper 20 m of the bedrock was
assigned a hydraulic conductivity of 10"9 m/s. Pump test data was used for calibration the
model. The calibration resulted in adjustment of the hydraulic conductivity field and position
of transmissivity of some conductive structures.

On block scale, the frequency of conductive structures and the block scale hydraulic conduc-
tivity were calculated from 3-m packer test data. The block conductivity was scaled up to 20
m block size using a scale-dependent relation determined by Liedholm (1991b).

Prediction on flow distribution in conductive structures and in the disturbed zone was based
on scoping calculations using a FEM model (Liedholm, 1991b). The model assumes homoge-
nous media and that the flow resistance close to the tunnel is represented by a skin value.

On detailed scale, predicted hydraulic conductivity was estimated from 3-m packer tests and
scale adjusted according to Liedholm (1991b). Prediction on the point leakage associated to
different rock types was based on professional judgement and on data in Axelsson et al.
(1990). For details see Gustafsson et al. (1991).

3.7.3 Groundwater chemistry

The prediction of groundwater chemistry was focused on water composition in water conduc-
tive fracture zones and on different lithological units. The prediction was based on analyses of
groundwater data sampled in boreholes on Aspo" (Wikberg et al., 1991). The predicted varia-
tion was estimated on basis of professional judgement.

The pH was calculated from the concentrations of bicarbonate and calcium, assuming the
water to be in equilibrium with respect to calcite. The Eh was calculated assuming the system
to be controlled by dissolved ferrous ion concentration and ferric oxy-hydroxide. The varia-
tion was based on results from all SKB-KBS measurements of Eh in deep groundwaters.

The groundwater predicted for the ramp tunnel (0/700-1/475 ) was based on sampled water
from the KBH 02 borehole. For the tunnel section 1/475-2/265, the NNW fractures were
assumed to reduce the concentration of main constituents to 50% by dilution.

3.7.4 Transport of solutes

The prediction of transport of solutes was restricted to the site scale and included estimates on
flow paths, arrival time, saline interface and natural tracers. Detailed predictions are presented
in Rhenetal. (1991c).
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The main part of the prediction was results from calculations performed with the PHOENICS
code. The numerical model being used is in accordance with the conceptual model described
in Wikberg et al. (1991). The model is 3-dimensional and handles flow and salinity. The data
set, which is based on the conceptual model, hydraulic tests etc, is presented in Rhen
(1991a,b).

The conductive structures in the model were deterministic and in the rock mass in between
these structures the hydraulic conductivity was distributed stochastically. The model was
calibrated with several pumping tests before the predictive simulation was made (Rh6n et al.,
1991c).

The predictions of water inflow to the tunnel, piezometric head etc, were made as a sequence
of steady-state calculations (Rhen et al., 1991c). The inflow to the tunnel in any conductive
structure was limited to a maximum of 3 L/s. This is in the model handled by introducing a
skin in the rockmass - tunnel contact.

It was anticipated by SKB that the pressure distribution and inflow to the tunnel probably
were good approximations, while calculated salinity values were uncertain since the redistri-
bution of the salinity was assumed to be a slow process compared to the excavation of the
HRL.

The prediction of changes in groundwater composition in packed off borehole sections was
based on estimates and rough calculations regarding fracture zones, direction of flow and
different waters involved.

3.7.5 Mechanical stability

The predictions of mechanical properties were based mainly on data from rock stress
measurements in three boreholes and strength parameters obtained from laboratory tests on
cores (Gustafsson et al., 1991). Predictions of classifications of rock mass, rock support and
likely location and direction of potential future movements in structures were based on the
geological-structural model.

It was predicted by SKB that small changes in magnitude or orientation of the present hori-
zontal stress field will be sufficient for releasing movements in existing zones (Gustafsson et
al., 1991).
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3.8 Summary of prediction

The predictions, which are made on three different scales, comprise several estimates (see
Table 3.8.1).

Table 3.8.1 Predictions prior to excavation (compiled after Gustafsson et al. ,1991).

Key issue

Geological/structural
model.

Groundwater flow

Groundwater chemistry

Transport of solutes

Mechanical stability

Site scale

Position and extension
of lithological units
Rock boundaries
Major fracture zones.
Fracture system

Hydraulic conductivity
of rock mass
Transmissivity of water
bearing zones
Boundary conditions
Pressure and flux distri-
bution
Inflow to tunnel
Salinity

Major elements, pH and
Eh of water in fracture
zones

Flow paths
Arrival time
Saline interface
Natural tracers

Rock quality
Rock stress
Long term stability

Block scale

Greenstone and fine-
grained granite in host
rock
Rock boundaries
Single open fractures
Mylonite
Minor fracture zones
Fracture system

Conductive structures
Flow in conductive
structures
Axial flow in disturbed
zone

Redox front changes

Studies to be carried out
in the operational phase
of the project

Rock quality
Rock stress
Long term stability

Detailed scale

Rock type:
Mineralogical
composition,
alteration and
petrophysics

Fracture sets
orientation, length
distribution, frac-
ture spacing and
fracture infilling
minerals

Hydraulic
conductivity
Point leakage
Properties of
disturbed zone

Redox front
changes
Weathering

Studies to be
carried out in the
operational phase
of the project

Mechanical
characteristics
Fracture surface
properties
Long term
stability
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4 Validation

4.1 Background

In this chapter we present a comprehensive compilation of the SKB evaluation data. For
details regarding prediction and outcome data we refer to the listed SKB reports. Please note
that the key issues of transport of solutes and mechanical stability are included in the sections
of groundwater flow and geology and tectonics, respectively.

The concept of validation is clarified in Gustafsson et al. (1991) comprising the following
three elements:

a systematic comparison of prediction and outcome
a scrutiny of the underlying structure and process
a judgement whether the prediction is good enough

4.2 Geology and tectonics

The comparison between prediction and outcome of sections 0/700-1/1475 and 1/475-2/265
was based on data presented in Gustafsson et al. (1991) and Stanfors et al. (1993a,b). The
comparison follows the three scales; site, block and detailed scales.

4.2.1 Site scale

The general geological-structural documentation in the tunnel comprised the following
investigation data:

• rock distribution
• structural analysis
• fracture fillings
• relative fracture lengths
• fracture intensity and fracture arrays
• fracture zones and faults

4.2.1.1 Lithology

Prediction of the average distribution of the different rock types for section 0/700-1/475 was
principally based on data from the borehole KBH 02, which was drilled almost parallel with
the tunnel. Additional information was given from boreholes (KAS 09-11) and surface
mapping in the Hal6-Asp6 area. The surface data was based on mapping along profiles
trending N-S across the island of Aspo'.
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The prediction for tunnel section 1/475-2/265 was based on surface mapping and borehole
information (KAS 02, KAS 05-08, KAS 12-13). The data was corrected with respect to a
mean estimated orientation for fine-grained granite and greenstone dykes.

Prediction and outcome for the two sections are summarized in Table 4.2.1. A better corre-
spondence was certified for section 1/475-2/265 compared to section 0/700-1/475. Further-
more, it seems like a better correspondence was obtained for the dominating rock types of
Asp6 diorite and Smaland granite than for the less occurring fine-grained granite, greenstone
and mylonite-hybridized rock. The reason given by SKB for the significant deviation is the
very irregular occurrence of these rock types. This seems to be a plausible explanation.

Table 4.2.1 Compilation of prediction and outcome regarding rock composition
based on Stanfors et al. (1993 & 1994). Note that the prediction for
section 1/475-2/265 sum up to 103%. AE=\Pred. value - outcome value].

Lithological
unit

Smaland granite

Asp6 diorite

Greenstone

Fine-grained gr.

Mylonite-hybr.

Total

Section 0/700 -1/475

Prediction
(%)

25 (±5 W

50(±5W

8(±2W

14 (±3 W

3 (±1W

100

Outcome
(%)

30

48

2,5

19

0,5

100

Error, AE
(%)

5

2

5.5

5

2.5

Section 1/475-2/265

Prediction
(%)

25 (±5 W

50(±5W

14(±3W

12(±3W

2(±1)«*

103

Outcome
(%)

24

53

8

14

1

100

Error, AE
(%)

1

3

6

2

1

4.2.1.2 Rock boundaries

The prediction for section 0/700-1/475 was mostly based on data from the borehole KBH 02
and information from borehole and surface mapping in the Hal6-Asp6 area, while the predic-
tion for section 1/475-2/265 was based on borehole and surface data from Aspo\ Veins less
than approx. 0.5 m and contacts between the different variants of the Smaland granite and
Aspo diorite were excluded in the predictions.

Predicted rock boundaries per 100 m for section 0/700-1/475 was 10±3. The outcome was 8
boundaries, i.e. within the predicted interval. Predicted rock boundary numbers per 100 m for
section 1/475-2/265 was 9±3 and the outcome 10, i.e. within the predicted interval.

The number of boundaries is judged to be an important measure of the heterogeneity of the
rock mass and groundwater flow is often associated to contacts between different rock types.
Veins smaller than 0.5 m may however play an important role and must is some way be
included in the hydraulic prediction. This is clearly demonstrated in the summary report of the
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Fjallveden study site (Ahlbom et al., 1991), where thin lenses (0.2-14 m wide) of granite
gneiss is described as the most important rock component due to its conductivity.

4.2.1.3 Major fracture zones

The criteria for using the term "fracture zone" is defined in Backblom (1989). For the
mapping in section 1/475-2/265 the guideline was modified in order to exclude fractured fine-
grained granites by including a tectonic/kinematic constraint. The terminology "increased
fracturing" was used for "more than 5 fractures/m but no obvious tectonic/kinematic
influences". The term "major fracture zone" was used for features more than 5 m wide with
extension of several hundreds of metres. Features less than 5 m were classified as "minor
fracture zones".

The predictions for section 0/700-1/475 were principally based on data from the core borehole
KBH 02 and geophysical investigations. The strike, dip and extension of the zones were
mainly based on aerogeophysics and ground geophysical data combined with borehole
measurements (radar and VSP).

Due to interception with KBH 02 at section 0/955, the tunnel was moved 35 m further to east.
As a result of the changed layout, the sections given in the prediction have to be modified.
The differences given by SKB are; +6 m within section 1/000-1/500, +20 at section 1/700 and
+22 after section 1/800.

According to SKB's evaluation (Stanfors et al., 1993a), all predicted major fracture zones in
section 0/700-1/475 were identified in the tunnel and 9 out of 11 sub-zones were localized
(within the given intervals 20 m). Except for fracture zone NE-1, where two coreholes gave
supplementary data, the evaluation of the outcome was based on tunnel observations.

Our review regarding prediction and outcome data of the positions of the major zones display
however rather confusing results. It is difficult to follow changes in predicted positions pre-
sented in different reports (Gustafsson et al., 1991 and Stanfors et al., 1993a) and different
positions in tunnel (Stanfors et al., 1993a and Stille et al., 1993). Consequently, we will not
present any detailed analysis between prediction and outcome regarding position of major
fracture zones within the section 0/700-1/475. Since KBH 02 is drilled parallel and close to
the tunnel, a good predictability regarding position of major zones is expected, although
scaling up a fractured section in a core to a fracture zone may cause significant uncertainties.
The general impression is however, in spite of minor errors, that SKB has succeeded in
positioning the major fractured zones in section 0/700-1/475.

According to SKB, the estimated widths of the major fracture zones NE-3 and EW-3 corre-
spond with the outcome, while the predicted zone widths of EW-7, NE-4 and NE-1 were
significant less than the outcome. The divergency is judged by SKB to be an effect of discre-
pancy between core mapping (prediction basis) and tunnel mapping (outcome basis). We also
suggest difficulties with the definitions of the zones, since the evaluation is more or less only
based on tunnel mapping.
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In the section 1/475-2/265 two major fracture zones were predicted; NE-2 and EW-5. The
prediction of the major fracture zone NE-2 we judge as quite successful. I seems like the dip
prediction failed with 25-30° (not 5° as stated in Stanfors et al., 1993) influencing the
intersection with the tunnel. The width of the zone was overestimated and the zone should,
according to zone definition, be classified as a minor fracture zone. The predicted major zone
EW-5 was not found in the tunnel. No gently dipping zone could be found in the vertical
shaft, and in the tunnel only one single gently dipping zone was identified. SKB concludes
that the frequency of subhorizontal to gently dipping shear and fracture zones was
overestimated.

NNW-oriented structures were classified as minor fracture zones. Within the section 1/475-
2/265 several minor fracture zones were predicted. It seems like only one zone, with designa-
tion NNW-4, has been confirmed in the tunnel by two intersections.

Our analysis of prediction and outcome of major zones, indicates that the position of the zones
were reasonable well established in the prediction. An important exception is the gently
dipping zone EW-5 which was not verified in the tunnel. Predicted characteristics of the zones
(strike, dip and width) differ significantly in several cases with the outcome. Positions of
minor fracture zones seem difficult to predict in spite of information from several boreholes.

4.2.1.4 Mechanical stability

The prediction and outcome comprised Rock Mass Rating - RMR (5 classes; A-E), vertical
stress and long term stability, see Table 4.2.2-4.2.3.

Table 4.2.2 RMR - prediction and outcome. For definition ofAE see Table 4.2.1.

Class

A

B

C

D

E

Section 0/700-1/475

Prediction

20%

45%

30%

0%

5%

Outcome

11%

37%

40%

3%

9%

AE

9%

8%

10%

3%

4%

Section 1/475-2/265

Prediction

35%

35%

25%

5%

0%

Outcome

32%

45%

21%

2%

0%

AE

3%

10%

4%

3%

0

Prediction of rock stresses was based on measurements carried out in KAS 02 and KAS 03 by
hydraulic fracturing and in KAS 05 by overcoring technique. Rock stress measurements in the
tunnel were carried out using the overcoring technique - one measurement in each of the three
50 m blocks located in the tunnel section 0/700-1/475 and three measurements in block P 50-
04 located in section 1/475-2/265. See compilation in Table 4.2.3.
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Table 4.2.3 Rock stresses - prediction and outcome

Section 0/700-1/475

Stress

Magnitude

Orientation

Prediction

°V.pred

0.0265 z

°amax

(1.7-2.0)0 v

N30W±15°

CTH,min

(l.l-1.5)ov

N60E±15°

Outcome

°V, measur

1-lOv.pred

aH,max

3.0oViPred

N73W

cH,min

l-9ov > p r e d

N17E

Section 1/475-2/265

Stress

Magnitude

Orientation

Prediction

°V,pred

0.0265 z

°H,max

(1.6-1.7)av

N25W±15°

°HMn

(0.8-0.9) o v

N65E±10°

Outcome

a V, measur

l-ZOy.pred

°Hjnax

2.2ov>pred

N58W

OHmin

1-2crV,pred

N32E

For section 0/700-1/475 prediction of rock quality and rock stresses deviates significantly
from the outcome. The tunnel mapping yielded a poorer rock than was predicted which
probably is an effect of scale and occurrence of fractured fine-grained granite. For section
1/475-2/265 a better agreement between prediction and outcome was obtained.

The deviation between prediction and outcome regarding stress magnitude and orientation we
judged as rather large - much higher stress levels and a 20° error in orientation. SKB suggests
that stress predictions should be made with wide ranges for magnitude and orientation due to
large variations in the stress field. Furthermore, SKB suggests that measurements in three
boreholes are a too limited basis for evaluation of the stress field on the site scale. We suggest
that one reason for the problem with rock stress prediction, despite that large variation in the
stress field can be anticipated, is due to different measurement methods were used in the
investigations. According to SKB, the stress measurement will be subject of further studies at
a later stage.

It was predicted that potential movements along fracture planes will be concentrated to exis-
ting clay filled fracture zones or major weakness zones. No particular structure was identified
in the prediction. No movements were mapped in the tunnel.

4.2.1.5 Concluding remarks on prediction possibilities on site scale

Based on analysis of prediction and outcome for the tunnel intervals 0/700 -1/475 and 1/475-
2/265, we conclude that predictions of the distribution of main rock types and number of rock
boundaries reasonable well correspond with the outcome. For the less common rock types, the
predictions do not fall within the 60% confidence interval. This is especially the case for rock
types that occur as irregular bodies and lenses.
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Our analysis of prediction and outcome of major zones, indicates that the position of the zones
were reasonable well established in the prediction. Identified major fracture zones (with a
width >5 m) were however restricted to the section 0/700-1/475, where the position of the
zones principally was based on observations in KBH 02, which runs more or less parallel with
the tunnel. Within the section 1/475-2/265, two major zones were predicted while no major
zone was identified in the tunnel. Predicted characteristics of the zones (strike, dip and width)
differ significantly in several cases with the outcome.

Prediction of minor fracture zones at depth SKB judges as very difficult. To some extent the
zones can be identified and characterized at surface. Due to a small data base we find it hard
to evaluate the prediction ability of SKB.

Structures with increased fracturing, often associated with fine-grained granites without kine-
matic indicators, were not interpreted as fracture zones.

Prediction of rock quality deviates significantly from the outcome for section 07/00-1/465,
while a good agreement was obtained for section 1/47'5-2/265. The poor result for 0/700-
1/475 is probably an effect of scale and the occurrence of fractured fine-grained granite which
was not fully considered in the prediction.

A poor agreement between prediction and outcome was obtained regarding rock stress
magnitude and orientation.

The following information basis were according to SKB important for the prediction:

Rock type/lithology: - aero-geophysical measurements
- surface mapping
- core mapping

Rock boundaries: - sonic log
- magnetic susceptibility and gamma gamma logs

Major fracture zones: - aero-geophysical measurements
- ground geophysics
- borehole investigations (especially radar and VSP)
- core mapping

4.2.2 Block scale

Evaluation of the block scale was performed at three 50 m block; P 50-1/2/3 in section 0/700-
1/475 and in one 50 m block; P 50-4, in section 1/475-2/265. The general geological-
structural mapping/documentation at block scale comprised the following investigation data:

• rock composition
• rock boundaries
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single open fractures
mylonite
minor fracture zones
fracture system

4.2.2.1 Rock composition and rock boundaries

The prediction of rock types for block P50-01/02/03 was mainly based on data from KBH 02
and for block P50-4 on data from KAS 05 and KAS 13. SKB points out that Smaland granite
and Aspo diorite should be seen as one unit due to the difficulties to distinguish between the
two rock types. The result of the study is compiled in Table 4.2.4.

Significant deviations between prediction and outcome were observed for rock composition
and number of rock boundaries for the blocks within section 0/700-1/475. The poor result is
explained by SKB to be an effect of the change of tunnel layout in combination with the hete-
rogeneous rock mass at Asp6. SKB concludes that prediction of rock type composition in
block scale involves large uncertainties and that small changes in tunnel position may cause
big deviations in an inhomogeneous rock mass as on Asp6. In Stanfors et al. (1993a,b) we
find that the sections defining the border of different blocks have been changed - no conclu-
sive information about how and why has been given by SKB.

Table 4.2.4 Rock composition and rock boundaries - prediction and outcome for 50-m
blocks. Block position differs from prediction due to changes in tunnel layout.

Smaland granite

Asp6 diorite

Greenstone

Fine-grained granite

Hybr.-mylonitized

Pegmatite

Rock boundaries

P50-01

Pred.

15%

0%

0%

80%

5%

0%

7(±2)

Outc.

16%

23%

0%

59%

0%

2%

3

P50-02

Pred.

60%

30%

5%

5%

0%

0%

4(±2)

Outc.

-

91%

5%

4%

0%

0%

6

P5O-O3

Pred.

20%

60%

15%

5%

0%

0%

8(±2)

Outc.

-

80%

1%

19%

0%

0%

6

P50-04

Pred.

15%

25%

50%

10%

0%

05

6(±1)

Outc.

-

32%

55%

12%

0%

1%

6

30



4.2.2.2 Single open fractures

The definition used for single open fractures were "long and persistent fractures, normally
more or less water-bearing". A good agreement was obtained, with predictions of 2-3 (±1)
single open fractures (per 50 m) and an outcome of 1-3 fractures.

4.2.2.3 Mylonite

An overestimation in predicted mylonites was obtained. According to SKB, the reason for the
discrepancy could be that mylonite generally is much easier to map on drill cores compared to
mapping in the tunnel.

4.2.2.4 Minor fracture zones

The definition of a minor fracture zone is a zone less than 5 m wide. For the three blocks, 1-3
minor fracture zones were predicted. The most significant difference between prediction and
outcome was observed at block P 50-01, where three zones were predicted and one 40 m wide
more or less continuous "major" zone was observed.

4.2.2.5 Fracture system

The prediction comprised orientation of main fractures sets. For section 0/700-1/475 the
prediction was based on surface data and for section 1/75-2/265 on core mapping in KAS 05.
The best agreement between prediction and outcome in section 0/700-1/475 was obtained for
N-S and E-W fracture sets and in section 1/475-2/265 for N-S and NW-SE fracture sets.
According to SKB, the reason for that is probably the dominating character of these two sets
in the area.

4.2.2.6 Mechanical stability

The prediction comprised RMR classification, rock stresses and stability. The RMR classi-
fication comprised 5 classes (A-E), see compilation in Table 4.2.5. For details we refer to
Stille & Olsson (1990).

The large deviation for block P 50-1 is an effect of the incorrect prediction regarding minor
fracture zones - three zones were predicted but the outcome resulted in a 40 m long section
with increased fracturing. The agreement between prediction and outcome for the other two
blocks we judge as satisfactory.
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Table 4.2.5 Mechanical stability - prediction and outcome.

Class

P50-1

P50-2

P50-3

P50-4

Prediction

A

5

25

30

0

B

35

35

40

20

C

40

20

20

50

D

10

20

10

20

E

10

0

0

10

Outcome

A

8

16

8

23

B

17

42

50

69

C

17

42

42

8

D

0

0

0

0

E

58

0

0

0

The block P50-4 comprises mainly greenstone and diorite. The greenstone was often mixed
with other rock types like diorite. A weak correspondence between prediction and outcome
was obtained - a considerably less quality was predicted compared to the outcome. SKB
explains the deviation with a generally better quality of greenstone than was predicted even
though the fracture frequency was higher than expected.

Rock stress measurements in the tunnel resulted in significant deviations compared to the
prediction especially for blocks P50-02, P50-03 and P50-04. SKB proposes that the major
fracture zone NE-1 influences the orientation of the stress field in block P50-03.

Table 4.2.6 Rock stress - prediction and outcome.

P50-1

Stress

Magnitude

Orient.

O v

3.8 MPa

Prediction

°H,max

6.4-7.6
MPa

N30W

°H,min

4.2-5.7
MPa

N60E

Outcome

ov

2.4 MPa

°H,max

8.0 MPa

N53W

°H,min

5.3 MPa

N37E

P50-2

Stress

Magnitude

Orient.

O v

3.8 MPa

Prediction

°H,max

6.4-7.6
MPa

N30W

°H,min

4.2-5.7
MPa

N60E

Outcome

ov

4.5 MPa

°H,max

14.9 MPa

N63W

°H,min

7.2 MPa

N27E
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Table 4.2.6 Rock stress - prediction and outcome (Continuation)

P5O-3

Stress

Magnitude

Orient.

ov

4.3 MPa

Prediction

°H,mn

7.4-8.7
MPa

N30W

oH,imn

4.8-6.5
MPa

N60E

Outcome

ov

9.3 MPa

°H,miK

13.1 MPa

N76W

°H,min

10.7 MPa

N14E

P50-4

Stress

Magnitude

Orient.

Ov

5.9
MPa

Prediction

°H,max

8.9-11.3
MPa

N25W

°H,min

4.1-5.9
MPa

N65E

Outcome

ov

7.2 MPa

°H,max

13.3 MPa

N56W

°H,min

6.8 MPa

N34E

Based on RMR classification a support programme were proposed (Stille et al., 1990). Accor-
ding to the validation reports, less support was generally applied, with exception for class D
and E where a good correspondence was obtained.

4.2.2.7 Concluding remarks on prediction possibilities on block scale

A more detailed review on block scale cannot be given due to the change in tunnel layout and
that the prediction was not adjusted for this change. The review was also limited due to some
obscurities in the documentation which made it impossible to compare prediction and out-
come.

The results indicate that the prediction possibilities regarding occurrence of single open
fractures and orientation of dominant fracture sets are rather satisfying. We support the SKB
conclusion that it seems difficult to make block scale geological predictions - in the rather
heterogeneous rock mass at AspS - only based on sparse data.

Rather large deviations between prediction and outcome were obtained for rock quality classi-
fication and for rock stresses. Obviously, the rock quality prediction is very dependent of the
geological-tectonical model established for the block. The deviation of rock stresses seems
large, but not surprisingly large with respect to the stress measuring method used and the local
variations in rock stresses normally observed.
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4.2.3 Detailed scale

Evaluation of the detailed scale was performed at three 5 m block composed of Smaland
granite, AspQ diorite and fine-grained granite in section 0/700-1/475 (within the 50 m blocks
P50-01/02/03). In section 1/475-2/265 evaluation was performed at one block (P50-4) com-
posed of greenstone. The general geological-structural mapping/documentation at detailed
scale comprised the following investigation data:

rock type characteristics (mineralogical composition, petrophysical parameters)
fracture system
mechanical characteristics (fracture, stresses and elastic properties)

4.2.3.1 Rock type characteristics

The prediction of the mineralogical composition (mineral components and alteration) was
based on analysis of core samples and petrophysical parameters (density and porosity)
calculated from geophysical logs.

The agreement between prediction and outcome for fine-grained granite (block P50-01), Asp6
diorite (block P50-02) and Smaland granite (P50-03) was generally good, with exception for
biotite and minor minerals.

A poor agreement between prediction and outcome was obtained for greenstone mineral com-
ponents, (block P50-04), while a generally good agreement was obtained for petrophysical
parameters. SKB points out that the designation of greenstone has been used for all basic
rocks from fine-grained metavolcanic varieties to rocks of dioritic-gabbroid composition.

4.2.3.2 Fracture system

The prediction comprised postulates on fracture length, fracture spacing, main fracture set
orientation and fracture minerals.

For blocks P50-01 -02 and -03, a relatively good correlation was observed regarding fracture
minerals and main fracture set orientation, especially the two dominating N-S and W-E frac-
ture sets. Significant deviation was found regarding fracture spacing and length (only two
blocks). For block P50-04 (greenstone) a relatively poor agreement was obtained, especially
regarding fracture spacing and fracture length.
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4.2.3.3 Mechanical characteristics

The prediction comprised rock strength, elastic moduli, Poisson's ratio, brittleness, rock
stresses and fracture data as JRC, JCS, RQD and fracture frequency. The prediction was
mostly based on data from borehole KBH 02 (0/700-1/475) and samples from borehole KAS
02 (1/475-2/265).

For the blocks P50-01, -02 and -03 a generally good agreement was found between prediction
and outcome. Exceptions are the JRC and JCS values - higher values were measured compa-
red to prediction. According to SKB, the result will be further analyzed and an improved
methodology will be established. Large deviation between prediction and outcome was also
found regarding RQD values of fine-grained granite. The explanation for the deviation is that
the fine-grained granites are associated with the highly fractured zones of NE-1 and NE-3.

For block P50-04 a poor correspondence between prediction and outcome was achieved for
rock strength and elastic moduli while a good agreement was found for Poisson's ratio and
brittleness. Significant differences were found for JRC and JCS values and rather good agree-
ment was found for fracture frequency and fracture density. Regarding fracture frequency and
density, different classes were used in the prediction and the compilation of outcome implying
an adaptation to the RMR classification system.

Significant deviation between prediction and outcome of rock stresses were found. SKB are
planning to continue the study. One important question is whether or not it is possible to pre-
dict rock stresses on a detailed scale in a heterogeneous rock mass with a reasonable accuracy.

4.2.3.4 Concluding remarks on prediction possibilities on detailed scale

The prediction possibilities on detailed scale is summarized in Table 4.2.7. The judgement
should not be generalized since some of the results are based on rather sparse data. The pre-
diction possibilities regarding the mechanical characteristics of the rock is judged as rather
good and observed deviations will probably not have any practical influence on tunnel
stability. However, the prediction possibilities of fracture surface properties are poor. SKB has
plans to further investigate the problems related to JRC, JCS and rock stresses.

Prediction of geological and mechanical characteristics regarding greenstone seems to be
difficult in a detailed scale. With respect to the observed variation in greenstone the number of
data used in this study were too few.
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Table 4.2.7 Analysis of prediction possibilities for the two tunnel intervals.

Tunnel section 0/700-1/475

Rather good prediction possibilities

Major rock minerals, except biotite and minor
minerals

Alteration

Density

Rock strength

Elastic moduli and Poisson's ratio

Brittleness

Fracture frequency and density

Rather poor prediction possibilities

Fracture spacing

Fracture length

Porosity

JRC and JCS

RQD (fine-grained granite)

Rock stresses

Tunnel section 1/475-2/265

Rather good prediction possibilities

Alteration

Density

Porosity

Main fracture orientation (except for sub-
dominant fracture sets)

Rock strength, elastic moduli

Rather poor prediction possibilities

Mineral components

Fracture length

Fracture spacing

Poisson's ratio, brittleness

JRC and JCS values

Rock stresses

4.2.4 Summary and comments

According to SKB's evaluation, the deviation between prediction and outcome is less within
section 1/475-2/265 where much more extensive preinvestigations have been carried out. The
result of our review does not unambiguous support this conclusion - at least not for some
parameters on site scale. The geological and tectonical conditions vary a lot between the two
tunnel sections, which do also the investigation data. The conclusions of our review are
compiled in Table 4.2.8.
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Table 4.2.8 Concluding remarks according to predictability for different parameters for the
two tunnel sections (good, less good, satisfactory, poor, varying)

Scale

Site scale

Block scale

Detailed scale

Parameter

Lithology

Rock boundaries

Major fracture zones

Mechanical stability

Rock composition

Single open fractures

Mylonite

Minor fracture zones

Fracture system

Mechanical stability

Rock types charact.

Fracture system

Mechanical charact.

0/700-1/475

Dominating rock:
satisfactory
Minor rocks: poor

Good predictability

Position: satisfactory
Character: less good

Rock quality: poor
Stress: poor

Not evaluated

Good predictability

Less good

Poor predictability

Good predictability

RMR: satisfactory
Stress: Poor

Satisfactory

Satisfactory

Varying

1/475-2/265

Dominating rock:
good
Minor rocks: poor

Good predictability

Position: satisfactory
Character: less good

Rock quality: good
Stress: poor

Good predictability

Good predictability

Less good

Poor predictability

Good predictability

RMR: Poor
Stress: Poor

Satisfactory

Satisfactory

Varying

Unfortunately, due to some obscurities in the documentation and changes in tunnel layout,
results for some parameters were not possible to evaluate.
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4.3 Groundwater flow

The comparison between prediction and outcome regarding the geohydrology at Aspo HRL
for section 0/700-1/475 and 1/475-2/265 was based on data in Gustafsson et al. (1991) and
Rhen et al. (1993a, 1993c). The comparison follows the three scales; site, block and detailed
scales.

4.3.1 Site scale

The general groundwater mapping/documentation comprised:

• geohydrological mapping of water conductive fractures in the tunnel (seepage rate, wet
length, inflow character and type)

• pressure build-up tests in probe holes drilled from the tunnel
• groundwater level monitoring in boreholes mainly drilled from the surface
• measuring of seepage at measuring weirs

measuring of water transported by the ventilation

Supplementary investigations were:

• percussion and core holes drilled from the tunnel
• pressure responses during drilling
• hydraulic testing, flow meter logging

4.3.1.1 Hydraulic conductivity

SKB considered the hydraulic data for tunnel section 0/700-1/475 not good enough for esti-
mation of the statistical distribution of the hydraulic conductivity, which instead was calcu-
lated on basis of predicted rock composition and related conductivity values (Gustafsson et
al., 1991) for the tunnel section and a measure of scale dependency (Liedholm, 1991a,b). The
predictions for section 1/475-2/265 were based on hydraulic data from KAS 02 and KAS05-
08 for depth interval 200-300 m (Liedholm, 1991a, 1991b).

The evaluation of the transmissivity was based on hydraulic tests in probe holes in the tunnel.
The hydraulic conductivity of the bedrock was calculated as the transmissivity for probe holes
divided with test section length (average length 14m). Prediction and outcome for the two
tunnel sections are summarized in Table 4.3.1. A much better result was obtained for section
1/475-2/265 than for section 0/700-1/475. In both cases a too low conductivity was predicted.
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Table 4.3.1 Hydraulic conductivity at site scale. The predicted values are scaled to 14 m.

Tunnel section

0/700 - 1/475

1/1475 - 2/265

Predicted conduc-
tivity

1.4- 10-9m/s

1.1 •lO-'m/s

Outcome condcuc-
tivity

6.0 • 10"7 m/s

7.2- lO'm/s

Absolute percentage
error, APE, Log10K

42%

9%

As can be seen in Table 4.3.1, the agreement between prediction and outcome of the hydraulic
conductivity for section 0/700-1/475 is poor. The main cause for the discrepancy is, according
to SKB, that broad fracture zones and high conductive N-S structures occur in the tunnel and
that a significant part of the probe holes were situated within these zones/structures. We
support this conclusions made by SKB, however, since the different zones were predicted the
hydraulic effects could have been considered in the prediction - alternatively, probe holes
representing zones should have been excluded in the analysis of bedrock conductivity.

4.3.1.2 Water-bearing zones

The transmissivity prediction of the different water-bearing zones were based on hydraulic
tests of varying types and quality, see Table 4.3.2. The actual transmissivity of the zones was
estimated from pressure build-up tests in probe holes as described above. It is a rather good
agreement for the zones NE-1, NE-2 and NE-4 while the agreement for EW-3, EW-7 and
NNW-4 is poor. Zone EW-5 was predicted but not found in the tunnel.

According to SKB, the main cause for the poor result regarding EW-7 was discrepances in the
geological-structural model. The prediction of transmissivity for EW-3, air-lift test, LPT2 test,
packer test and geological data gave conflicting results. We suggest that defining and positio-
ning the zones and interpretation of hydraulic tests were the main problems.

Zone NNW-4 was not included in the prediction report (Gustafsson et al., 1991) but in the
validation report (Rhen et al., 1993c). However, according to Rhen (pers. comm.) the zone
was predicted regarding position and transmissivity in a general sence (Wikberg et al., 1991).

Also the skin factor in the tunnel for the zones was predicted and the outcome measured.
However, since the study in section 0/700-1/475 was based on rather few data, we give no
comments on this topic. A rather good agreement between prediction and outcome of skin
factors for the fracture zones was obtained in section 1/475-2/265.
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Table 4.3.2 Transmissivity of water-bearing zones; prediction, outcome, Absolute Per-
centage Error (l°Sio "0 and prediction bases. Zone EW-5 was not found in the
tunnel. An inconsistency in predicted transmissivity for NE-1, NNW-2 and
NNW-4 was found (Gustafsson et al, 1991 andRhen et al, 1993a). Prediction
bases according to Gustafsson et al. (1991).

Zones

EW-7

NE-4

NE-3

NE-1

EW-3

EW-5

NE-2

NNW-1

NNW-2

NNW-4

Predicted transm.

14 • 10"5 mVs

35- 10"5m2/s

14- 10"5m2/s

30 • 10-5 m2/s

0.05 • lO"5 m2/s

2-10-5m2/s

0.4 • 10"5 m2/s

1.5-10"5m2/s

4.0-10"5m2/s
or 8 • 10"5 m2/s

4- lO'nrVs

Outcome transm.

0.5-10-5m2/s

35-105m7s

45 • 10"5 m2/s

45 • lO"5 m2/s

0.4 • lO"5 m2/s

0.66 10"5m2/s

4.4 • 10"5 m2/s

5.8 • 10"5 m7s

30 • lO5m2/s

APE

27%

0%

15%

5%

17%

4%

11%

4%
3%

25%

Prediction bases

KBHOl-air lift test

KBH 02-air lift tests

KBH 02-air lift tests

KAS 02,07,08,09 and 14 -
hydraulic tests

KAS 06-air lift test
KAS 07-injection tests,LPT2
geologic interpretation

KAS 02, 05,06, 07, 09, 11
and 14-hydraulic tests
geologic interpretation

geologic interpretation
KAS 08-air-lift test

KAS 02,06 - pump tests

KAS 06-pump test
Interference from pumping
in NE-1

KAS 09,14-pump tests
KBH 02-pump test
HAS 18-interference

4.3.1.3 Water table

Prediced water table at different stages of the tunnel excavation, was calculated using a nume-
rical model based on the conceptual model of Aspo' (Wikberg et al., 1991). The outcome was
measured in several boreholes, preferably situated on the southern and central parts of Aspo.

A general agreement between prediction and outcome of water level can be found with the
tunnel face at sections 1/475 and 2/195. The difference between prediction and outcome is
shown in Figure 4.3.1.
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Figure 4.3.1 Differences between prediction and outcome regarding water table for tunnel
sections 0/700-1/475 and 1/475-2/265.

41



At section 1/475, the predicted level is higher than the outcome (max. 9 m), while at section
2/195, the predicted level is lower (max. 50 m) than the outcome. According to SKB, the
reason for the discrepancy in the first case is a higher inflow into the tunnel than was predic-
ted and in the latter case that the inflow was lower than predicted. The pronounced anisotropic
drawdown due to the NNW structures that was predicted for section 1/475 - 2/265 was not
observed.

4.3.1.4 Piezometric levels

Prediction was given for four depth intervals. Predicted levels at different stages of the tunnel
excavation were calculated using a numerical model based on the conceptual model of Asp6
(Wikberg et al., 1991). The outcome was measured in several packed-off borehole sections.

During excavation of section 0/700-1/475 a general c. 5 m decline of the piezometric level
was observed on southern Aspo", except in KAS09, KAS10, KAS11, KAS14 and HAS 13
where a decline of 10 m or more was measured (Rhen et al., 1993a). Compared with the
prediction, the measured drawdown was more continous than was predicted. According to
SKB, the main reason is that the N-S structures along the tunnel ramp cause a better hydraulic
connection with southern Asp6 than was predicted. The general picture is that the predicted
piezometric levels are higher than measured. According to SKB, the main reason is that the
inflow of groundwater to the tunnel was higher (c. 50%) than was predicted.

A general good agreement between prediction and outcome of piezometric levels was obser-
ved when the tunnel face was at section 2/195. In the upper parts of the bedrock, predicted
piezometric levels were lower than outcome and at depth, both lower and higher levels were
observed than was predicted. The most significant deviation was observed north of the tunnel
spiral section 1/800. The casuses for discrepances are according to SKB a lower inflow into
the tunnel than was predicted, uncertainties of fluid density in the measurement pipe in the
packer system and effects from local near-tunnel structures not included in the numerical
model.

4.3.1.5 Flow into tunnel

The inflow prediction was based on result from the numerical modelling. The cumulative flow
in the tunnel is shown in Table 4.3.3. The predicted inflow for section 0/700-1/475 is about
65% of outcome, while for section 0/700-2/265 about 90%.
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Table 4.3.3 Cumulative flow in tunnel

Section

(m)

700-1475

700-2265

Prediction (lO'mVs)

SK=0

15.0

27.5

SK=10

14.0

24.5

Outcome

(•10-3m7s)

23.2

29.7

APE (inflow) (%)

SK=0

35

7

SK=10

40

18

The flow into the tunnel was predicted for 150 m long sections refered as "legs". The flow
was measured in dams at every corner in the tunnel spriral. In the ramp tunnel, rather few
dams exist which make only rough flow estimates possible, see compilation in Table 4.3.4.

Table 4.3.4 Water inflows to tunnel legs - prediction, outcome and Average Percentage
Error for different skin factor values (Rhen et at., 1993c).

Leg

(No)

1

2

3

4

5

6

7

8

9

10

11

Section

(m)

700-850

850-1030

1030-1160

1160-1310

1310-1460

1460-1584

1584-1745

1745-1883

1883-2028

2028-2178

2178-2357

Prediction (10-3m3/s)

SK=0

4.0

4.1

0.06

4.7

1.8

0.3

0.3

7.9

1.9

1.8

1.2

SK=10

4.0

4.0

0.03

4.6

1.4

0.07

0.4

5.4

1.8

1.7

1.2

Outcome

(•10-3m3/s)

2.90

6.77

1.54

7.54

2.04

0.54

0.50

0.50

0.58

0.80

0.57

APE (%)

SK=0

38

39

96

38

12

44

40

1480

230

125

110

SK=10

38

41

98

39

31

87

32

980

210

110

110

The reasons given by SKB for the large differences between prediction and outcome are;
actual fracture zones were not included in the numerical model, missing site-specific data (the
hydraulic conductivity value used for the tunnel ramp area was based on tests on Asp6) and
that the conductive structures NNW-1, NNW-2 and EW-5 not provided predicted flow (not
found in the tunnel). Since rather few and uncertain data has been presented we refrain to
comment on water inflow from fracture zones.
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4.3.1.6 Concluding remarks on prediction on site scale

Significant deviation between prediction and outcome was observed regarding hydraulic con-
ductivity especially for section 0/700-1/475. However, the SKB prediction for the access ramp
was based on very few area-specific hydraulic data. For section 1/475-2/265, a better data
base was available and a rather good agreement between prediction and outcome was
obtained. It must however be emphasized that the geohydrological conditions differ a lot
between the two sections; the ramp section includes several hydraulic important major
fracture zones while no major zones was identified in section 1/4765-2/265. This make a
comparison between results and investigation extent not fully relevant.

Possible reasons for the discrepancy in hydraulic conductivity are, according to SKB, scaling
effects (3-m tests in boreholes and 15-m tests in tunnel), representativity errors (tested bore-
holes not representing the conditions in the tunnel) and different orientation of boreholes and
probe holes in tunnel (vertical holes was used for the prediction and subhorizontal holes were
used for evaluation of outcome). We support the SKB conclusion; "To provide reasonable
statistics of the hydraulic conductivity within the volume it is therefore necessary to have
hydraulic tests in appropriate testscale within the volume".

A comparison between prediction and outcome of water-bearing zone transmissivity, shows
both poor and good agreements. In some case the zone seems to be correctly positioned and
hydraulically characterized while in some case no zone was found or the zone was wrongly
characterized. We find it difficult to perform a strict comparison since in the prediction diffe-
rent positions for structures were presented in the geohydrological and geological-structural
models, while in the outcome the geological interpretation was defining the zone.

The total inflow for section 0/700-2/357 corresponds rather well with the prediction. How-
ever, for section 0/700-1/475 predicted inflow was much lower than outcome and for section
1/475-2/357 much higher than outcome (in spite of the predicted conductivity being too low).
The inflow influences the drawdown, consequently, the actual drawdown on Asp6 was lower
than predicted. There are several possible reasons for the discrepancy; e.g. effects from grou-
ting is difficult to predict and evaluate, wrongly predicted transmissivity values, and actual
inflows from NNW-1 and NNW-2 less than predicted.

The result of water table prediction was rather satisfactory. However, a possible cause for
certain poor results regarding measurement of water table is the hydraulic function of the
upper part of the observation boreholes. Inflow of near-surface water, especially in connection
with rain and thaw, or influences from the sea (positive hydraulic boundary) may disturb the
water level in the borehole believed to represent the water table in the bedrock.
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4.3.2 Block scale

The mapping in block scale comprised:

• estimation of conductivity from tests in probe holes
• estimation of distance between conductive structures on basis of results from probe

drilling and pressure build-up tests
• measuring of inflow rates
• measuring of pressure in probe holes

4.3.2.1 Hydraulic conductivity

The prediction was based on evaluation of hydraulic injection tests in KAS 02, 05-08 and
from correlation between fracture frequency and hydraulic conductivity (Liedholm, 1991a,b).
The predicted conductivity for four blocks were compared to measured outcome, see Table
4.3.5. For the three first blocks (within section 0/700-1/475) the predicted values were much
lower than outcome. The confidence limit was large due to few samples within each block.
For block P50-4, located at section 1/570-1/620, a good correspondance was obtained.

Table 4.3.5 Hydraulic conductivity (K) in block scale - prediction, outcome and APE.

Block

P50-01

P50-02

P5O-O3

P50-04

Prediction (K)

2- 10-9m/s

2- 10'm/s

2- 10-9m/s

4-10-'m/s

Outcome (K)

2- 10^m/s

l-lO'm/s

4- 10-7m/s

1.6 10-9m/s

APE (LogI0K)

34%

20%

26%

5%

The reason for the extremely poor agreement between prediction and outcome for the three
first blocks seems to be an insufficient data base for estimation of the statistical distribution of
the hydraulic conductivity - the bedrock in section 0/700-1/475 was much more fractured and
conductive than the bedrock of Asp6. Furthermore, at least two of the blocks were located
within major fracture zones, which was not the condition in the prediction.

4.3.2.2 Conductive structures

The prediction concerns distances between conductive structures with transmissivity values
greater than 3 • 109, 3 - 1O7 and 3 • 10"5 m2/s. The prediction on Asp6 was based on core hole
sections representing each block. For block within the ramp tunnel, the point estimates were
the same as for the prediction for tunnel section 0/700-3/854, i.e. data from KAS 02-08.
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Evaluation of individual blocks has not been done since the number of samles were too small.
The predicted values were generally lower than outcome, however, the data quality must be
regarded as poor and no complete evaluation can be performed. The causes for the discrepan-
cies are according to SKB difficulties to identify conductive fractures in the probe holes and
in some cases too long probe holes given poor statistics.

Table 4.3.6 Geometric mean distance (DJ between zones with different transmissivity (T)
value intervals. Prediction qfDg was not made for each block. The measured
transmissivity was scaled down to 3 m before estimating the distances.

Prediction

based on:

0/700-
1/475

P50-4

Entire
tunnel

Outcome

based on:

0/700-
1/475

1/475-
2/265

1/475-
2/265

T > 3 10-9m2/s

Prediction

3m

16m

3 m

Outcome

l l m

20 m

20 m

T>3-10"7m7s

Prediction

6m

24 m

6m

Outcome

42 m

35 m

35 m

T > 3 - 10-5m2/s

Prediction

55 m

—

55 m

Outcome

32 m

-

—

4.3.3.3 Flow in conductive structures

The prediction concerned the inflow distribution around the tunnel was based on FEM-
simulation and professional judgements. The inflow at tunnel walls/roof was measured with a
direct method while the inflow at floor was calculated as total inflow minus inflow at
walls/roof.

Table 4.3.7 Flow distribution around the tunnel - prediction and outcome. Inflow at walls
and roof was seperated in prediction but not in outcome.

Section

0/700-1/475

1/475-2/265

Floor

Prediction

30%

30%

Outcome

65%

40%

Walls + Roof

Prediction

70%

70%

Outcome

35%

60%

Roof

Prediction

20%

20%

Outcome

-

—
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4.3.3.4 Pressures around conductive structures

Prediction was made for grouted and non-grouted zones. The pressure was measured in probe
holes. No outcome of non-grouted zones is available. The result is summarized in Table 4.3.8.

Table 4.3.8 Pressure around grouted and non-grouted conductive zones - prediction and
outcome.

Section

0/700-1/475

1/475-2/265

Grouted

Prediction

500-2000 kPa

500-2000 kPa

Outcome

900 kPa

1300 kPa

Non-grouted

Prediction

50-500 kPa

50-500 kPa

Outcome

-

-

4.3.3.5 Concluding remarks on predictions on block scale

A large discrepancy between prediction and outcome regarding hydraulic conductivity was
obtained for section 0/700-1/475, which is interpreted to be a result of the prediction metho-
dology used (see section 4.2.2.1). For section 1/475-2/265 a rather good agreement between
prediction and outcome was obtained. It was concluded by SKB that in order to yield a small
confidence interval a large sample is necessary for statistical evaluation of conductivity.

The study of distance between conductive structures and flow and pressure around structures
for section 0/700-1/475 was based on uncertain and non-complete data. We give no comments
on these issues. For section 1/475-2/265, no distance estimate between fracture zones with
transmissivity values > 310"5 m2/s was given. For lower transmissivity intervals, shorter
distances were predicted compared to the outcome.

4.3.4 Detailed scale

The mapping in detailed scale comprised:

• estimation of conductivity from tests in probe holes
• localization and characterization of water-bearing objects
• measuring of pressure in probe holes
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4.3.4.1 Hydraulic conductivity

Predictions were given for Sm&land granite (P5-01), Aspo" diorite (P5-02), greenstone (P5-03)
and fine-grained granite (P5-04). As can be seen in the Table 4.3.9, the predicted values are
generally lower than the outcome (determined from tests in prope holes in the tunnel). The
probable causes for the deviation are described in section 4.2.2.1.

Table 4.3.9 Hydraulic conductivity (K), prediction, outcome and Average Percentage
Error (APE).

Lithological
units

Smaland granite

Aspo" diorite

Greenstone

Fine-grained
granite

0/700-1/475

Prediction
•10-'m/s

0.7

0.3

5.0

5.0

Outcome
•10-9m/s

1850

470

-

7650

APE
%

60

50

-

62

1/475-2/265

Prediction
•10-9m/s

0.7

0.26

0.26

6.3

Outcome
•10-9m/s

29.0

5.9

8.4

43.0

APE
%

21

16

19

11

4.3.4.2 Point leakage

Predictions of wet tunnel area, inflow character and inflow type were given for the rock types
Smaland granite, Aspo diorite, greenstone and fine-grained granite.

The mapped wet tunnel area was in quite good agreement with prediction except for fine-
grained granite where the predicted value was considerably larger than the outcome. Also
regarding the inflow character, the outcome corresponds rather well with the prediction except
for fine-grained granite where the inflow was dominated by "drips" and "flows" instead of
predicted "mainly drips". Regarding inflow types a difference between prediction and out-
come was observed for the four rock types. In the tunnel "diffuse" leaking dominates the
mapped inflow type and "nodes" were less common than predicted. Leakege through "bolt
holes" was not predicted but included in the mapping.

SKB point out difficulties to identify which fracture or part of a fracture that is leaking.
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4.3.4.3 Pressure distribution in disturbed zone

The average pressure 4 m from the tunnel wall was predicted for Smaland granite, Asp6
diorite, greenstone and fine-grained granite.

Although there are some difficulties related to the evaluation of this issue, the results indicate
generally much higher pressure ranges for the rock types than was predicted. Data represen-
ting greenstone is missing.

4.3.4.4 Conductivity changes and axial flow in disturbed zone

The prediction comprised changes of conductivity parallel and perpendicular with the tunnel
axis and axial flow. From the tunnel only data regarding conductivity changes perpendicular
with the tunnel was available.

Comparison between prediction and outcome indicates that the relative change in hydraulic
conductivity for the disturbed zone was within the predicted range.

4.3.4.5 Concluding remarks on predictions on detailed scale

Validation in detailed scale is judged as difficult and it seems very hard to get a large enough
sample for statistical analyses. SKB points out a need for further studies regarding transfor-
mation of tests at different scales and influences of anisotropy.

4.3.5 Summary and conclusions

The result of our review for the two tunnel sections is summarized in Table 4.3.10. The
general impression is that a somewhat better result was obtained for section 1/475-2/265
compared to 0/700-1/475. According to SKB this is an effect of the extent and content of the
preinvestigation activities. We find this explanation very much reasonable, but we will also
stress that the geohydrological conditions differ significantly between the two sections - the
hydrogeological conditions in section 0/700-1/475 was in some aspects much more complex
than in section 1/475-2/265. This will of course influence the possibility to make good
predictions.
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Table 4.3.10 Concluding remarks according to the predictibility for different parameters for
the two tunnel sections (good, less good, satisfactory, poor, varying, unclear)

Scale

Site scale

Block scale

Detailed scale

Parameter

Hydraul. conductivity

Water-baring zones

Water table

Piezometric levels

Flow into tunnel

Hydraul. conductivity

Conductive structures

Flow in cond. struct.

Press, arnd cond. str.

Hydraul. conductivity

Point leakage

Press, in disturb, zone

Cond. change dist. z.

Axial flow in dist. z.

Section
0/700-1/475

Poor

Varying: good-poor

Satisfactory

Satisfactory

Poor

Poor

Satisfactory

Unclear

Satisfactory

Poor

Good-less good

Not evaluated

Satisfactory

Not evaluated

Section
1/475-2/265

Satisfactory

Varying: good-poor

Satisfactory

Satisfactory

Poor

Poor- Satisfactory

Satisfactory

Unclear

Satisfactory

Satisfactory

Good-less good

Good

Satisfactory

Not evaluated

It must be noted that a general problem with the interpretation of SKBs prediction ability is
that the geohydrological model very much is governed by the geological-tectonical model.
This is especially demonstrated in the validation reports where the geohydrological evaluation
is fully based on the geological-tectonical model, which was not always the case in the
prediction. In some case this seems to explain a poor outcome between prediction and
outcome.
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4.4 Groundwater chemistry and transport of solutes

The present comparison between prediction and outcome regarding hydrochemistry at Aspo*
HRL for section 0/700-1/475 and 1/475-2/265 was based on data presented in Gustafsson et
al. (1991) and Wikberg et al. (1993a,b). The comparison follows the three scales; site, block
and detailed scales.

4.4.1 Site scale

The prediction comprised assessment on major constituents and salinity for major fracture
zones. The salinity was calculated for steady state conditions using a numerical groundwater
flow model (Svensson, 1991).

The general mapping/documentation of groundwater chemistry and transport of solutes in
section 0/700-1/475 comprised:

• groundwater sampling from 81 locations in the tunnel
• flow, head and electric conductivity measurements in 5 straddled borehole sections

The general mapping/documentation of groundwater chemistry and transport of solutes in
section 1/475-2/265 comprised:

• groundwater sampling from 32 locations in the tunnel (probing holes, core drilled holes
and water conducting spots on the tunnel wall). Some boreholes were selected for a second
sampling campaign which was carried out more carefully than the first one and more
parameters were analysed.

• flow, head and electric conductivity measurements in 5 straddled borehole sections

4.4.1.1 Major constituents

The general picture for section 0/700-1/475 is that measured concentrations were considerably
higher than predicted. Furthermore, rather constant concentrations were observed for the
complete section while a gradual change was predicted. The actual chloride concentration was
within 5200-5300 mg/L to be compared with a predicted gradual increase from 2800 to 5300
mg/L along the tunnel. Similar disagreement was observed for calcium. Better agreement bet-
ween prediction and outcome was obtained for sodium, potassium and magnesium.
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Prediction on major constituents in section 1/475-2/265 was given for the zones NE-2, EW-5
and NNW. The general picture is a significant disagreement between prediction and outcome,
in most cases higher concentrations were measured than predicted. No outcome from EW-5 is
available since the zone was not found in the tunnel.

The reason/reasons for the disagreement will be studied by SKB at a later stage. Potassium
and magnesium concentrations are difficult to predict and must be based on professional
judgement, but sodium, calcium and chloride concentrations are intercorrelated. In saline
groundwaters, increase in Ca concentration and depletion of Na concentration occurs due to
albitization of plagioclase (Davisson and Criss, 1996). This is shown in Figure 4.4.1 - a plot
of Na-deficient vs. Ca-excess (in meq/L, calculated with the ratio of the element and chloride
in seawater times the measured chloride) for the Asp8 groundwaters in the tunnel, predicted
and measured chemistry of the fracture zones encountered. All Asp6 groundwaters plot close
to a 1:1 slope, similar as most other data from shield areas and sedimentary basins. The two
predicted data points with negative Na deficient values correspond to the EW-7 and NE-4
fracture zones, with "good" predicted Na values according to SKB (section 0/700 -1/475).
Negative Na deficient values imply that the bedrock released sodium to the saline ground-
water, which is unlikely. Actually, the other Na predictions are better in terms of water
chemistry but as the Cl concentration is not accuratly predicted the outcome is poor.

4.4.1.2 Redox conditions

It was assumed that the redox conditions can be qualitatively evaluated from the iron concen-
tration. No Eh measurements were performed. In all analyses total iron is equal to the
ferrous iron content. The ferric-ferrous system have been found to control the Eh and hence
the oxida-tion potential in the waters (Grenthe et al., 1992). Based on analyses from water
sampled in section 0/700-1/475 and 1/475-2/265 it was shown that reducing conditions
prevailed, which was in accordance with the prediction. For section 0/700-1/475 the iron
concentration was much higher and the sulphide concentration much lower than was
predicted, accordingly. For section 1/475-2/265, no sulphide analyses were made and only a
few analyses performed to determine the redox state of iron.
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Figure 4.4.1 Na-deficient vs.Ca-excess values in meq/Lfor the Aspo groundwaters
encountered in both tunnel sections. Circles = groundwaters from the tunnel
sections, stars = predicted values for fracture zones and triangles = measured
values for fracture zones.

4.4.1.3 Bicarbonate and sulphate

Measured concentrations of bicarbonate was much higher than predicted in section 0/700-
1/475 and somewhat higher in section 1/475-2/265. For the ramp tunnel section, the bicar-
bonate values varied within a rather large interval.

Predicted sulphate concentration was much higher than the outcome for both tunnel sections.
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According to SKB, high bicarbonate content sometimes correlates with low sulphate content
(figure 3-3 in Wikberg et al., 1993a). We find the correlation weak, although bacterial (dissi-
milatory) sulphate reduction most likely occurs; the bacteria responsible for this reduction
have been found in the Aspo" groundwaters. SKB is planning to look into this problem in the
future, which have vital importance for the safety analysis (the sulphide formed by the process
could corrode the canisters). Hence it is vital to know where it occurs and to what extent.
Wikberg et al. (1994) suggested that the dissimilatory sulphate reduction is related to the
bottom sediments of the Baltic Sea, because it occurs only in the tunnel section 0/700-1/475.
The assumption of inflow of Baltic seawater in this section is supported by hydrogen and
oxygen isotopes, tritium concentration as well as overall chemistry. Application of sulphur
isotope analysis on a few of the waters would clarify the extent of dissimilatory sulphate
reduction further, because this process is the only process that can fractionate sulphur isotopes
to any larger extent at Earth surface conditions. It is of course vital to know if it occurs
elsewhere.

4.4.1.4 Transport of solutes

The prediction in Gustafsson et al. (1991) comprised the salinity field and water fluxes distri-
bution based on numerical simulations. Changes in chemical composition in five borehole
sections were used for indication of groundwater flow and transport of solutes. The investi-
gation comprised dilution measurements for calculation of flow and hydraulic head obser-
vation for interpretation of flow directions. The sections are in the SKB conceptual model of
Asp6 associated to conductive fracture zones.

For section 0/700-1/475 generally higher concentrations of the major constituents and bicar-
bonate were measured than predicted and a more stable situation was measured than predic-
ted. For section 1/475-2/265 generally higher concentrations of major constituents and
sulphate were measured than were predicted. Predicted redox conditions and bicarbonate
concentration were similar to the outfall.

Five borehole sections representing major fracture zones were straddled and within these
sections flow rate was measured and water sampled for analyses of Cl, Na, Ca and HCO3. The
sections are summarized in Table 4.4.1.

The prediction for section 0/700-1/475 involved no changes in water chemistry but for section
KAS 06-F5, believed to be intersected by the fracture zone NNW-1 and possibly by EW-5.
Chemical responses seem to have occurred in sections KAS 02-B4 and KAS 06-F5.
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Table 4.4.1 Straddled sections and associated fracture zones according to SKB conceptual
model. () = uncertain conditions.

Borehole

KAS02

KAS02

KAS04

KAS06

KAS06

Section

B4

B2

D2

F5

Fl

Length (m)

309-345

800-854

332-392

191-249

431-500

Fracture zone

EW-5

NE-1

NE-2/(EW-l)/(EW-5)

NNW-l/(EW-5)

NNW-2 / (EW-5)

According to Wikberg et al. (1993b), the prediction on transport of solute for section 1/475-
2/265 was in accordance with outcome for four out of five investigated borehole sections.
SKB concluded that the procedure adopted was successful. However, according to Wikberg et
al. (1994), we find that the measurements comprised only Cl concentration at three sections
and HCO3 at two sections. Furthermore, the outcome did only agree with the prediction at
section KAS 02-B2, where no change was predicted.

As can be seen in Table 4.4.2, significant differences were obtained between predicted flow
rates and measured flow rates. When comparing measured flow rates in Oct. 1989 and July
1990, before the start of tunnel excavation, much higher flow rates were obtained. The reason
for this is not reported in Wikberg et al. (1993a). However, taking all into consideration, the
flow rate prediction must be considered poor or unclear and need to be studied further.

The straddled borehole sections being investigated intersect, according to the SKB conceptual
model of Asp6, fracture zones EW-5, NE-1, NE-2, NNW-1 and NNW-2 and possibly also
EW-1. It most be noted that zones EW-5, NNW-1 and NNW-2 were not found in the tunnel,
however there are indications from borehole measurements of two NNW oriented structures
within the HRL with positions in accordance with prediction regarding NNW-1 and NNW-2.
According to geological documentation (Stanfors et al., 1993b), the actual dip of fracture zone
NE-2 differs 25-30° from prediction, i.e. section KAS 04-D2 does not penetrates the zone.
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Table 4.4.2 Compilation of prediction and outcome regarding groundwater chemistry
and flow rate in borehole sections associated to section 0/700-1/475 and
1/475- 2/265. Predicted flow rate at skin factor 1 and 10, respectively, fin =

failed measurement, nm = not measured.

0/700-1/475

Section

KAS 02-B4

KAS 02-B2

KAS 04-D2

KAS 06-F5

KAS 06-F1

Flow rate measured when tunnel front at sections 1/210 and 1/620.

Cl, Na and Ca

Prediction

No change

No change

No change

Decrease

No change

Outcome

Decrease

No change

Minor
decrease

Decrease

Influence

HCO3

Prediction

No change

No change

No change

Increase

No change

Outcome

Increase

No change

No change

Increase

Influence

Flow rate (ml/min)

Prediction
1450 m

47/33

380/120

15/41

440/410

1700/1600

Outcome
1210/1620

1.0/0.5

3.0/2.5

4.7/4.3

3.0/2.5

96/119

1/475-2/265 Flow rate measured when tunnel front at section 2/200.

Section

KAS 02-B4

KAS 02-B2

KAS 04-D2

KAS 06-F5

KAS 06-F1

Cl, Na and Ca

Prediction

Decrease

No change

Decrease

Decrease

Decrease

Outcome
onlyCl

Increase

No change

nm

nm

No change

HCO3

Prediction

Increase

No change

Increase

Increase

Increase

Outcome

nm

No change

nm

nm

Increase

Flow rate (ml/min)

Prediction
2195 m

3800/1800

840/190

5200/2900

540/264

7800/2200

Outcome
2200 m

105

40-80

fin

nm

93

According to SKB (Wikberg et al., 1993a), the following subjects need to be revised and
further studied: prediction of flow rates, hydraulic gradients, definition of undisturbed versus
disturbed chemical conditions and the use of tritium, D, 18O and Cl concentration for ground-
water characterization. We would like to add sulphur isotope determinations for identification
and verification of bacterial sulphate reduction.
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4.4.2 Block scale

The sampling was not carried out specifically in relation to different scales, but whenever
possible. Prediction was presented regarding the redox front. Prediction of transport of solutes
is planned to the operational phase.

A study of penetration of redox front indicates that the actual process proceed slower than pre-
dicted. Detailed observations show that oxidizing water only appeared at a few distinct spots.

4.4.3 Detailed scale

The sampling was not carried out specifically in relation to different scales, but whenever
possible. Prediction was given regarding redox conditions and weathering. Prediction of
transport of solutes is planned to the operational phase.

For block P5-01 (Smaland granite) predictions of Fe2+, S2', pH and Eh were given. The
outcome was based on sampled water from one probing hole. The iron content was much
higher than predicted and the sulphide content much lower.

Concentration of iron precipitation on dioritic rocks was expected, however, observations did
not verify this prediction.

4.4.4 Summary and conclusions

The possibilities to successfully predict groundwater chemistry parameters seem to be rather
limited. The result of our review is compiled in Table 4.4.3 and it is obvious that poor
predictability and uncertain outcome dominates. Only for a few parameters such as redox
conditions, and a few chemical constituents good predictability has been documented.

The reason for the poor result for tunnel section 0/700-1/475 is that rather constant concentra-
tions of all the major constituents were measured while a gradually increase towards Aspo"
were predicted. Obviously, inflow of geochemically modified Baltic seawater occurs and
could cause lack of predictability. The important issue is then; Is the predictability poor due to
a) grouting (effect of tunnel works), b) modelling effects or c) that the geological, hydro-
geological and/or hydrochemical model for Aspo" is not correct. Of course, predictions for the
tunnel section 0/700-1/475 cannot be made on the basis of investigations on Asp6, but too
many parameters show lack of predictability to be called successful.
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Table 4.4.3 Concluding remarks according to predictability for different parameters for the
two tunnel sections.

Scale

Site Scale

Block scale

Detailed scale

Parameter

Na, K, Mg

Ca,Cl

HCO3, SO4, Fe

Redox

pH

Transport of solutes

Redox front

Redox conditions

0/700-1/475

Good predictability

Poor predictability

Poor predictability

Good predictability

Poor predictability

Uncertain outcome

Poor predictability

Uncertain outcome

1/475-2/265

Poor predictability

Poor predictability

Poor predictability

Good predictability

Poor predictability

Uncertain outcome

Uncertain outcome

Uncertain outcome

The rather homogenous flow in the bedrock seems to be the reason for the rather poor result
for tunnel section 1/475-2/265. The prediction on groundwater chemistry was based on the
conceptual model of Asp6 which was established from a large amount of borehole and surface
data. The groundwater chemistry is very sensitive to the conceptual model used in the predic-
tion, which make a validation process both very difficult but also very interesting for testing
the model.

The disagreement between prediction and outcome is however not surprising - at some tests
performed in the preinvestigation phase rather significant non-conformities have been presen-
ted, e.g. tracer tests and dilution tests. According to Wikberg et al. (1993b) SKB has future
plans to analyse the disagreements identified regarding groundwater chemistry and transport
of solutes.

Very few parameters were studied in block and detailed scale. The prediction comprised redox
changes and redox conditions. Only very few results have been collected.
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5.1

Analysis of prediction

Preinvestigation organization

The preinvestigation comprised three stages; siting, site description and prediction. The siting
stage (regional scale) was carried out during 1986-1987 and the site description stage (Asp6-
Halo" scale) during 1988-1989. The investigations were related to geology, geohydrology and
geochemistry, see Table 5.1.1.

Table 5.1.1 Overview of investigation (from Stanfors et al, 1994)

Stage

Siting

Description

Geology

Geohydrology

Geochemistry

Geology

Geohydrology

Geochemistry

Investigation methods

Airborne geophysical survey (magnetic, EM, radiometric, VLF)

Gravity measurements

Petrophysical measurements (density, susceptibility, IP, etc)

Interpretation of lineaments (LANDSAT, digital terrain models)

Mapping of solid rock

Characterization of main tectonic zones (mapping, ground geophysics)

Percussion boreholes investigations at Aspo, Avro and Laxemar

Compilation of available data; regional hydrology, hydraulic conductivity

Hydraulic tests (air-lift, interference) in 27 percussion boreholes at Aspo,
Avrd and Laxemar

Generic modelling

Compilation of available data on groundwater chemistry in the Kalmar
County

Groundwater sampling in shallow percussion drilled holes on Aspo, Avro
and Laxemar

Mapping of solid rock and petrographic studies along trenches on Aspo

Ground geophysical measurements (VLF, resistivity, magnetic, radio-
metric, seismic refraction/reflection)

Analyses of ductile brittle structures

Borehole investigations in 8 percussion holes and 14 cored boreholes

Lithology (detailed petrographic mapping, studies of thin sections, modal
and chemical analyses)

Fractures (frequency, RQD, mineral filling, relative and absolute orient.)

Geophysical (10-13 different logs)

Rock stress measurements (hydraulic fracturing and overcoring in 2 holes)

Hydraulic tests in 14 coreholes and 20 percussion holes
- air-lift, injection and interference tests
- flow meter survey
- dilution tests

Numerical modelling

Complete chemical characterization of groundwater in 4 deep holes

Sampling and analyses in conjunction to hydraulic pumping tests

Sampling during drilling in connection to air-lift tests

59



5.2 Predicted parameters

The prediction comprised five key issues; geological-structural model, groundwater flow,
groundwater chemistry, transport of solutes and mechanical stability.

The geological-structural model illustrates a simplification of the "physical medium" of the
bedrock. The geological model is the basis of the general conceptual model and the geohyd-
rological and geochemical models are very much governed by the geological model. The
geological model is also vital for repository position and layout since major fracture zones and
major hydraulic conductors must be avoided. Predicted subjects in different scales related to
the geological model are summarized in Table 5.2.1.

Groundwater flow is the basis for calculation of nuclide transport from the repository to the
biosphere and is important for the service life of the canister and dissolution of spent fuel.
Predicted subjects in different scales related to groundwater flow are summarized in Table
5.2.1.

Groundwater chemistry is a key issue since it reflects the chemical situation at a repository
site. The chemistry influences the corrosion of the canisters and is a basis for calculation of
nuclide transport from the repository to the biosphere. Predicted subjects in different scales
related to groundwater chemistry are summarized in Table 5.2.1.

Transport of solutes is important for calculation of radiation doses. Predicted subjects in
different scales are summarized in Table 5.2.1.

Mechanical stability is a necessary condition during construction and, in long-term aspects,
for identifying potential movements within the repository and for providing stable geohydro-
logical and chemical conditions. Predicted subjects in different scales related to mechanical
stability are summarized in Table 5.2.1.

5.3 Data used in the predictions

The concept of a prediction is to present a set of calculation results that can later be compared
to the measured response of the system (Gustafsson et al., 1991). Predictions are not only
made by means of computer models but also, for instance, generated from a descriptive
qualitative model such as the geological structural model. A compilation of prediction criteria
for the different key issues is presented below.

The predicted subjects summarized in Table 5.2.1 comprise point estimates with a variability
at a certain confidence level. The point estimates and confidence intervals are based on
analyses of sample properties. In some cases professional judgement was used to include a
subjective probability estimate into the prediction and the probability distribution of the
variable. Consequently, the confidence interval represents both statistical and professional
uncertainties. A measure of accuracy adopted in the SKB reports is the absolute error (AE).
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For quantitative analyses a 95% confidence interval was mostly used, in the professional
judgement predictions, 60% or 75% confidence intervals were commonly used.

Table 5.2.1 Predicted subjects for different key issues and scales (from Almen et al.,
1994. (x) = minor extent. Please note som obscurities regarding predicted
subjects in this table compared to information in chapter 3-6.

Key issues

Geological -
structural model

Groundwater
flow

Groundwater
chemistry

Transport of
solutes

Mechanical
stability

Subjects

Rock type
Rock boundaries
Major fracture zones
Rock composition
Single open fracture
Mylonite
Minor fracture zone
Rock type characterization
Fracture system

Hydraulic conductivity
Water bearing zones
Conductive structures
- frequency (transmissivity)
- flow distribution

Head at boundary
Pressure in boreholes
Flow into tunnel
-total
-zone
- tunnel parts (legs)

Groundwater flux
Salinity
Point leakage
Disturbed zone
- axial flow
- pressure

Groundwater composition in
- major fracture zones
- in rock types
Quality changes
Redox conditions
Weathering

Flow paths
Arrival time
Saline interface
Natural tracers

Rock quality
Rock stress
Long term stability
Mechanical stability
Mechanical characterization
Fracture surface properties

Regional/
site scale

X
X

X
X

X
 

X
X
 

X
X

X
X

X

X

X
 

X
 

X
 

X
X

X
X

Block
scale

X

X
X
X
X

(x)

X
X

X
 

X
 

X
X

X

X
X

(x)

Detailed
scale

X
X

X

X

X

X

X

(x)

X
X
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5.3.1 Geological structural model

Prediction of rock type distribution and rock composition was given for site, block and
detailed scales and was based on statistical evaluation of sampled data from boreholes and
outcrops in the target area. Prediction on block scale was based on data from at least one core
borehole penetrating or close to the actual block.

Prediction of number of rock boundaries was given for site and block scale. The predicted
distribution was based on calculation of average distribution of different rock types in bore-
holes and on outcrops in the actual area. Prediction on block scale was based on data from at
least one core borehole penetrating or close to the actual block.

Prediction ofmajor fracture zones was given for site scale. The prediction was based on inter-
preted data from geophysical measurements, geological field observations and borehole data.
The characterization of the zones was estimated from core and mapping data and geophysical
logging in boreholes.

Predictions of single open fractures and mylonite were given for block scale. The prediction
were based on evaluation of data from at least one core borehole penetrating or close to the
actual block.

Prediction of minor fracture zones was given for block scale. The prediction was based on
evaluation of data from at least one cored borehole penetrating or close to the actual block.

Predictions of rock type characterization and fracture system were given for detailed scale.
The predictions were based on calculation of the average mineralogic composition and
fracture pattern of the most frequent rock types found in boreholes and on outcrops in the
target area. The positions of the predicted blocks were based on information from boreholes
penetrating the actual block.

5.3.2 Groundwater flow

Prediction of hydraulic conductivity on regional, block and detailed scale was based on
evaluation of injection tests in several cored boreholes.

The hydraulic conductivity on site scale was calculated as the evaluated transmissivity value
divided by the test section length. The values were divided into separate depth intervals and
scaled up to 20 m blocks (Liedholm, 1991b). For tunnel section 0/700-1/475, the predicted
rock composition and a relation between different rock types and hydraulic conductivity was
used.

The predicted hydraulic conductivity on block scale was estimated using several methods
involving information of lithology, hydraulic conductivity and correlation between fracture
frequency and hydraulic conductivity (Liedholm, 1991a). The values were scaled up to 20 m
blocks (Liedholm, 1991b).
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Predicted conductivity values on detailed scale was based on 3-m injection tests in KAS 02-
08. The values were scaled up to 20 m blocks (Liedholm, 1991b) and divided into separate
lithological groups (Liedholm, 1991a).

Prediction of water bearing zones in regional scale comprised transmissivity values for the
zones included in the geological-tectonical model. The transmissivity values were evaluated
on basis of pumping tests and geological data.

Prediction of conductive structures in block scale comprised the distance between conductive
structures and the inflow rate distribution on tunnel roof, walls and floor. The predicted
distances were based on data from KAS 02 and KAS 03-08 (Liedholm, 1991a). The
prediction of inflow distribution around the tunnel was based on FEM-simulations and
professional judgement.

Predictions of head at boundary and pressure in boreholes in site scale were based on
numerical calculations using the PHOENICS computer code (Svensson, 1991).

Prediction of flow into tunnel regarding total inflow, flow in zones and tunnel parts (legs) was
based on numerical calculations using the PHOENICS computer code (Svensson, 1991).

Prediction of the groundwater flux distribution was based on numerical calculations using the
PHOENICS computer code (Svensson, 1991).

Prediction of salinity was performed on site scale. The prediction was based on numerical
calculations using the PHOENICS computer code (Svensson, 1991).

Prediction of point leakage was performed on detailed scale and based on professional judge-
ment and some indications of the flow distribution for Sm&land granite and fine-grained
granite (Axelsson et al., 1990).

Prediction of the disturbed zone comprised axial flow on block scale and pressure on detailed
scale. The prediction was based on scoping calculations and professional judgement (for
details see Gustafsson et al., 1991; pp 19-20).

5.3.3 Groundwater chemistry

Prediction of groundwater chemistry in major fracture zones was based on a multivariant pro-
cedure using data from sampled waters in boreholes. The estimated range of variation was
based on professional judgement. For tunnel section 0/700-1/475 data from KBH 02 was
used. In the prediction for tunnel section 1/475-2/265 it was anticipated that the NNW
structures act as recharge conductors and that the concentration of the main constituents only
are 50% of the calculated concentrations.

Prediction of groundwater chemistry in rock types in detailed scale was given for Sm&land
granite and Asp6 diorite.
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Prediction of quality changes comprised penetration of the redox front. No specific block
related prediction was made.

Prediction of redox conditions comprised the movement of the oxidation zone from the tunnel
surface. The prediction comprised estimation of weathering components and amount of
precipitated and dissolved minerals. The phenomenon was predicted in a semi-quantitative
manner.

5.3.4 Transport of solutes

Prediction of the variation in groundwater chemistry regarding natural tracers, salinity and
isotopes was carried out as a part of the geohydrological modelling. The predicted saline
interface should be seen as a generic modelling. Prediction on arrival times and flow paths
was based on numerical simulations using the PHOENICS code (Rhen et al., 1991c).

5.3.5 Mechanical stability

Prediction regarding classification of the rock mass was based on the geological-structural
model of the area. The prediction of mechanical properties was based on data from stress
measurement in boreholes and laboratory tests on cores.

5.4 SKB evaluation of investigation methods

Evaluation of investigation methods has been presented by SKB regarding the key issues
geology, groundwater and groundwater chemistry. The evaluation comprised methods for
regional and site scale (Wikberg et al., 1991). A comprehensive review of the usefulness of
the different methods used can be found in Almen et al. (1994).

The SKB evaluation was performed on basis of the knowledge gained during the interpreta-
tion of the preinvestigation phase resulting in conceptual models presented in Wikberg et al.
(1991). In 1997 SKB will present an evaluation of methods and methodology based on
experiences gained from the construction phase.

5.4.1 Regional / Site scale

The investigation methods used for site scale geological characterization were principally a
number of geophysical methods, lineament interpretation and ground mapping. According to
SKB, the following methods were judged most valuable, see Table 5.4.1.
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Table 5.4.1 SKB judgement of usefulness of different investigation methods at site scale
(from Almen et al, 1994).

Subject

Rock type/rock
boundaries

Major fracture zones

Minor fracture zones
and single open frac-
tures

Hydraulic conductivity

Water bearing zones

Head at boundaries/
Pressure in bedrock

Flow in tunnel

Groundwater flux

Salinity

Chemistry in major
fracture zones

Flow paths/Arrival
times

Natural tracers

Rock quality

Rock stress

Long term stability

Very useful

Airborne magnetic1

Surface mapping
Core mapping

Airborne magnetic1

Lineament interpret.
Seismic refraction
Structural mapping

Seismic refraction
Detailed geological
mapping

Injection tests 3/30 m
Air lift tests
Pumping tests
Interference tests

Spinner measurements
Interference tests
Geological and
geophysical methods

Groundwater monito-
ring
Borehole deviation

Not evaluated

Dilution tests

SDD
Sampling in water
circulation sections

CCC

Tracer tests

Sampling during
interference tests
Monitoring in perma-
nently packed-off
borehole sections

Core logging
Water loss measure-
ment

Overcoring
Hydraulic fracturing

Based of number of
parameters

Useful

Gravity measurements
Petrophysical meas.
Borehole logging

Airborne VLF, EM
Ground VLF2, magnetic
VSP
Ground radar invest.
Borehole logging

Core mapping
Borehole logging
Borehole radar3

VSP
Detailed geophysical
mapping*4

Available hydrogeol.
investigations

Drilling document.
Air-lift tests
Pumping tests
Interference tests

--

Not evaluated

—

Air-lift in packed-off
sections

Sampling in percussion
holes
SPT
Spinner survey

—

Terrain and topogra-
phic mapping
Seismic refraction

—

—

SKB Comments
1 Must be checked
with ground investi-
gation methods
2 Disturbed by saline
water

2 Disturbed by saline
water
3 Restricted due to
saline water
4 Must be checked by
field mapping

Data from a large
number of tests well
spread within the
area is necessary

Zones must be pene-
trated by several
boreholes

Packers should be
installed as soon as
possible after drilling

Some techn. limit.

Some technical
limitations

CCC at low/moderate
conductivity values
SPT at high conducti-
vity values

Test design and per-
formance are difficult

Several natural
tracers should be
used
C14 dating uncertain

—

—
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The investigation methods used for site scale geohydrological characterization were princi-
pally compilation of data from shallow percussion boreholes, which according to SKB, give
valuable hydraulic data for the upper part of the bedrock. Generic modelling was used for
study the hydraulic effects from the HRL and saline water body.

The investigation methods used for site scale geochemistry characterization were compilation
of data representing shallow water wells and surface waters from the area. The usefulness of
the investigation in regional scale is unclear.

According to Almen et al. (1994), seismic reflection and ground radar are used for identifying
low-dipping fracture zones. However, much more development is needed until the methods
can be regarded useful for fracture zone identification in crystalline rock.

A shortage in the geohydrological study was, according to SKB, that the undisturbed absolute
pressure in fracture zones not was measured with sufficient accuracy. This must be done in the
future since this measure is used in the geohydrological analysis.

5.4.2 Block scale

The investigation methods used for block scale geological characterization were principally a
number of borehole investigation such as core logging, geophysical borehole logging, seismic
refraction measurement and detailed surface mapping. According to SKB, the following
methods were judged as valuable, see Table 5.4.2.

Evaluation of investigation methods used for geohydrological characterization in block scale
was limited to conductive structures where injection tests were found useful. Other parame-
ters were not evaluated.

The investigation methods used for block scale geochemistry characterization were limited to
quality changes where CCC sampling was found useful.

Useful investigation methods regarding mechanical characterization were stress
measurements, core logging and water loss measurements, according to SKB.
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Table 5.4.2 SKB judgement of usefulness of different investigation methods at block scale
(Almen et al., 1994).

Subject

Rock type/rock
boundaries

Rock composition/
Mylonite
Rock type character.

Fracture orientation

Major fracture zones

Minor fracture zones/
Single open fractures

Conductive structures

Flow into tunnel

Disturbed zone

Quality changes in
groundw. chemistry

Rock quality

Rock stress

Mechanical stability

Very useful

Core mapping
Surface mapping

Detailed surface
mapping
Core logging

--

Seismic refraction
Structural mapping

Seismic refraction
Detailed geological
mapping

Injection tests - 3 m

—

—

Core logging

~

Not evaluated

Useful

Petrophysical
measurement
Borehole logging

Borehole logging
Petrophysicaf
measurements

TV logging, Televiewer

Ground VLF, Magnetic
Ground radar
Borehole logging

Core mapping
Borehole logging
Borehole radar1

VSP
Detailed geophysical
mapping^
TV-logging, Televiewer

—

Not evaluated

Not evaluated

CCC

Water loss measurem.

Overcoring
Hydraulic fracturing

Not evaluated

SKB Comments

~

1 Restricted due to
saline water
2 Resistivity and VLF
disturbed by saline
water

—

set Table 5.4.1

—

More measurements
are needed.

5.4.3 Detailed scale

The investigation methods used for detailed scale geological characterization were principally
the same borehole and surface investigations methods also used for the block scale investiga-
tions, see Table 5.4.3.

Evaluation of investigation methods used for geohydrological characterization in block scale
was restricted to hydraulic conductivity where 3-m injections tests were found useful. Other
geohydrological parameters were not evaluated.

Useful investigation methods regarding mechanical stability were different laboratory tests
and empirical references, according to SKB.
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Table 5.4.3 SKB judgement of usefulness of different investigation methods at detailed scale
(Almen et al, 1994).

Subject

Rock type/boundaries
Rock characterization

Fracture orientation

Hydraulic conductivity

Point leakage

Disturbed zone

Groundwater chemical
composition

Redox conditions

Mechanical charac-
terization

Fracture surface
properties

Very useful

Mineralogic investig.
of rock samples
Core mapping/logging
Surface mapping

—

Injection test - 3 m
Core mapping

Not evaluated

Not evaluated

Not evaluated

Compressive tests

Useful

Petrophysical measur.
Borehole logging

TV logging, Televiewer

—

Not evaluated

Not evaluated

Not evaluated

ccc
Empirical references

Shear testing
Graphical references
Empirical characteriz.

SKB Comments

—

—

—

—

—

SDP failed

Further studies on
rock burst

—

In Almen et al. (1994) some concluding remarks are reported regarding investigation stages,
key issues, modelling scales, integrating modelling and field experiences. A selection of SKB
conclusions is presented below.

Investigation stages

Key issues

| Integrated
| modelling

The three-stage approach for investigations (siting, site
description and prediction stages) is considered adequate.
However, the stages could have been divided slightly
different.

The five key issues seem to represent a satisfactory classi-
fication of the important aspects of the bedrock. Some
subjects have not been treated during the preinvestigation
phase, but will be addressed later in the Asp6 HRL project.

The simultaneous treatment of geological, geohydrological
and hydrochemical data has resulted in more robust models
than would otherwise have been obtained.
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I Experiences Identification and characterization of possible existence of
low-dipping structures (fracture zones) is still a problem -
careful evaluation of available geological data seems to
provide the most reliable information for this subject.

A drawback for the modelling of groundwater conditions and
circulation has been that no absolute pressure measurements
were made.

For obtaining an accurate picture of the location and intercon-
nection of major conductive structures, a good geological
model and pumping each structure individually with a large
number of observations sections is necessary.

In order to avoid interferences, drilling, hydraulic testing,
geophysical logging and groundwater chemical sampling
must be planned carefully.

In order to assess the hydraulic properties of the rock between
the major structures, a large number of tests in boreholes well
distributed within the rock volume are necessary for
obtaining representative samples.

5.5 Comments on investigation methods

The characterization of the Asp6 HRL and the region surrounding the site, has been carried
out on four different geometric scales; regional, site, block and detailed scale modelling. In
this report we have focused our study on the subjects included in the prediction before the
excavation of AspS HRL as presented in Gustafsson et al.(1991). The conclusions are based
on comparison between prediction and outcome, principally Chapter 4 in this report.

The only discussion of validation in a regional scale comprises a few notes regarding geology
and subhorizontal zones (Gustafson et al., 1989). However, these investigations were later
included in the site scale investigations (Wikberg et al., 1991).

5.5.1 Regional scale

Investigations of groundwater flow and groundwater chemistry in regional scale were very
sparse and more or less restricted to near-surface conditions. Since the validation on Aspo
very much concerns the conditions at depth we give no evaluation on these topics.
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Provided that the main objective with the regional scale study is to collect information for
siting purposes, some general observations about the usefulness of different investigation
methods can be given.

The geological investigation in a regional scale comprised mapping and several geophysical
investigation methods. By comparing the results from the regional scale investigations with
the subsequent preinvestigations and with outcome from the tunnel we find the following
methods valuable:

Gravity and aeromagnetic methods for localization of certain bedrock units
• Magnetic methods for localization of certain major fracture zones (although the zone

width may be overestimated)
• Rock outcrop mapping for geological modelling
• Lineament interpretation for structural modelling

It must be pointed out that the conclusions made for the Asp6 HRL study may not be relevant
for other areas with different geological conditions.

One of the apparent problems in a siting investigation is to identify, based only on surface
data, any major subhorizontal geological/tectonical zone influencing the rock at repository
depth. At Asp6 HRL attempts were taken to map larger fracture zones by means of a reflec-
tion seismic method (Gustafson et al., 1989 and Wikberg et al., 1991). One zone was indica-
ted at the depth interval 300-500 m along a profile located near the Aspo" HRL. However, no
major zone was found during construction of the HRL. In order to evaluate the seismic
method further studies are necessary.

5.5.2 Site scale

The preinvestigations in a site scale were used to establish conceptual models of Aspo which
formed the basis for prediction of the key issues. A validation has been performed for tunnel
sections 0/700-1/475 and 1/475-2/265.

Geological-structural model

In our evaluation of the outcome for section 0/700-2/265, we have found that the predicted
distribution of main rock types and positions of some major fracture zones reasonable well
correspond with the outcome. The predictions on main rock types were based on evaluation of
a combination of different kinds of data; e.g. surface mapping, borehole logging and core
mapping. The predicted positions of major zones were based on the structural model of Asp6
developed from interpretation of a large amount of different sorts of data; ground geophysics
(seismic, electric and magnetic methods), radar, VSP and borehole data (fractured section in
cored borehole and percussion drilled holes). The interpretation is one possible description of
the data but other alternative interpretations may be valid, consequently the selected model is
very much based on professional judgements.
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The possibilities to predict position of major zones differ significantly between the two
studied tunnel sections; in the access tunnel one pilot hole was available more or less in the
position of the tunnel while for the spiral, several subvertical boreholes were used for
establishing a 3-dimensional model. This fact, in combination with the observed outcome in
the tunnel, has the following implications:

• it is not possible to perform a strict comparison between the two tunnel sections due to
major differences in preinvestigation methodology

• a good predictability for some subjects is anticipated for the access tunnel part,
however a pilot hole may not be available in an actual case

The zone EW-5 was predicted a gently dip of 20-30° to NNW and believed to be associated
with a thrust trending c. ENE observed on shore c. 300 m east of southern Aspo". The zone
was assumed to comprise a series of more or less parallel fractures with stepped offsets in the
dip direction. The zone was judged to be "possible". The prediction was based on indications
in 7 cored boreholes and 2 percussion drilled boreholes and possibly indicated by reflection
seismic measurements. The zone EW-5 was not identified in the tunnel nor in the shaft. Since
no subhorizontal zone was found it is impossible to evaluate methods and methodologies used
by SKB in this important matter.

Predictions of rock types and rock boundaries were primarily based on statistical analyses and
interpretation of data generated by standard surface and core mapping. The investigation
methods and methodologies used seem to be appropriate for estimation of number of rock
boundaries and distribution of main rock types except for less common rock types.

Groundwater flow

The prediction of hydraulic conductivity in site scale for the two studied tunnel section
showed rather poor agreement with the outcome. The poorest result was obtained for section
0/700-1/475 where the conductivity value was estimated on basis of the predicted rock
composition and estimated scale dependency. The reason for the poor result seems to be that
fracture zones or high conductive structures interfered with the investigated rock units.

The prediction of transmissivity values in water-bearing zones seems not to be an obvious
matter to evaluate - both good and poor results were obtained. The prediction regarding zones
within the access tunnel was more or less based on rather uncertain data from the inclined
borehole KBH 02 - which we judged as insufficient for characterizing such a complex situa-
tion. More striking is the rather variable result in tunnel section 1/475-2/265 where the pre-
dictions were based on several good-quality hydraulic tests. It must be noted that much of the
prediction and the outcome was governed by the structural model - if the structural model was
wrong, so was the hydraulic conceptual model. We find, however, the hydraulic characteriza-
tion of the most important fracture zones and structures to be satisfactory.
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Prediction of water table, pressure in boreholes and flow into tunnel was based on numerical
modelling using the conceptual model of Aspfl and estimated flow restriction at tunnel wall.
The model is of course very sensitive to parameters affecting the water balance, grouting is
one of them.

Groundwater chemistry and transport of solutes

The prediction of chemical composition in major fracture zones did not agree well with the
outcome. We suggest the poor prediction being caused by grouting, poor modelling or that the
conceptual model for Asp6 is not correct. The geochemical model was developed from a large
amount of borehole and surface data, mainly on chemistry of samples for "complete chemical
characterization" (CCC). The CCC samples and samples "sampled during pumping tests"
(SPT) were considered to be most representative and much more extensively analysed than
samples "sampled during drilling" (SDP). SDP samples have been analysed only for major
elements, pH and drilling water content.

During pumping tests it has been noted that fresher less saline waters is entering deeper levels,
which implies that substantial dilution occurs (Glynn and Voss, 1996). On the southern part of
Asp6 we have noted that the difference in chemistry obtained during drilling later changed to
extreme homogeneity between different wells (at around 5000 ppm Cl). SDP samples could
therefore be judged to be a better representative of the true chemical conditions at a given
depth. Uncertainty of the drilling water content and type of water make however these
samples less useful. Use of drilling fluid could be another critical factor. For example if a
more surface derived water is used the groundwaters will be contaminated with oxygen, micro
organisms, organics and dissolved constituents not found in the groundwaters. In several
occasions at Aspo" it is not clear what drilling water that has been used.

As previously stated, the poor result for tunnel section 0/700-1/475 arise from the fact that
rather constant concentrations of all the major constituents were measured while a gradual
increase in concentration towards Asp6 was predicted. Inflow of geochemically modified
Baltic seawater in this section is supported by hydrogen and oxygen isotopes, tritium concen-
tration as well as overall chemistry. The rather homogenously fractured bedrock seems to be
the reason for the rather poor result for tunnel section 1/475-2/265.

Clearly, it would have been an advantage if SDP samples also been analysed in a larger che-
mical characterization program, as this might have changed the conceptual model, because the
predicted groundwater chemistry is very sensitive to the conceptual model. Furthermore, the
prediction should take into account that sodium, calcium and chloride concentrations are
intercorrelated.

However, the reason/reasons for the disagreement between predicted and determined ground-
water chemistry will be studied further by SKB at a later stage.

Also the predictions related to transport of solutes showed a rather poor agreement with the
outcome. Some of the problems appear to be related to the conceptual model used in the
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study. According to SKB the following subjects need to be revised and further studied: flow
rates, hydraulic gradients, definition of undisturbed versus disturbed chemical conditions and
the use of tritium, D, I8O and Cl concentration for groundwater characterization. Trace ele-
ments and certain isotope ratios would also be advantageous, like sulphur isotope determina-
tions for identification and verification of bacterial sulphate reduction.

Mechanical stability

The prediction was based on measurement with hydraulic fracturing complemented with a few
overcoring measurements while the outcome was measured with overcoring technique.
Prediction and measurements of stress seem rather uncertain probably due to few measure-
ments and that different measuring methods have been used. SKB is planning to study the
subject further in a later stage.

The prediction of rock quality was based on the geological and hydrogeological conceptual
models predicting the general conditions such as rock types, fracture system, fracture zones
and transmissivity. The conditions in the conceptual models were analysed from a stability
point of view by applying the RMR system. Prediction of RMR class D and E (poor quality)
differed from outcome in tunnel section 0/700-1/475, which was interpreted to be an effect of
that much more fractured fine-grained granite was found within the major fracture zone than
was estimated. The RMR prediction in tunnel section 1/475-2/265 was generally good and
methods and methodologies used for estimation on RMR seem satisfactory.

5.5.3 Block scale

The prediction comprised assessment of the key issues in four different blocks (50 • 50 m), of
which three were located in tunnel section 0/700-1/475. At least one cored borehole was loca-
ted within each block.

Geological-structural model

The geological mapping of the rock blocks (10-100 m) was performed according to a more
detailed program than the ordinary mapping in site scale. The rock composition was determi-
ned from at least 10 samples per block and fracture data was increased to comprise all fractu-
res longer than 0.5 m.

It is not possible to perform a full comparison between prediction and outcome due to the
following causes:

• the access tunnel was moved about 35 m east of the position that was used in the
prediction and SKB has not presented a revised prediction but state that "a rather small
change in the tunnel layout from the predicted route may cause a big deviation in an
inhomogeneous rock mass".

• obscurities in SKB documentation
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different classification were used in the prediction and in the documentation of
outcome

Every predicted parameter (rock composition, rock boundaries, single open fractures, mylo-
nite, minor fracture zones and fracture system) in the four blocks showed more or less devia-
tions from outcome - all dependent on different causes. SKB concludes; "based on general
information about a rock mass and only one-two cored boreholes it seems to be difficult to
make exact predictions on the block scale". This is of course especially valid in an inhomo-
geneous and complex rock mass such as on Aspo.

Groundwater flow

Specific predictions on block scale comprised hydraulic conductivity and distances between
structures. For the two tunnel sections general predictions were given for transmissivity of
hydraulic structures, flow in conductive structures and pressure around conductive structures.

We find it not meaningful to comment on the specific block predictions for section 0/700-
1/475 since only very sparse and bad quality hydraulic data was available. For block P50-4
(dominated by greenstone) in section 1/475-2/265, a good agreement between prediction and
outcome was given. However, it must be noted that very few data were involved in the evalua-
tion.

General outcome was presented for the rest of the predicted parameters. We conclude that the
outcome data was based on uncertain and non-complete data and for that reason we give no
comments on methods and methodology used.

Groundwater chemistry and transport of solutes

No comments due to sparse and uncomplete information. A great amount of investigation is
planned to the operational phase.

Mechanical stability

The prediction comprised RMR classification and rock stress for the four blocks.

The predictions on RMR differed considerably compared to outcome for two blocks, which
seems to be a result of an incorrect geological-structural model (block P50-01) and characteri-
zation of the greenstone (block P50-04). Despite very complex geological prerequisites, the
estimation of RMR in general seems rather successful. SKB is planning to study the rock
stress issue further in a later stage.
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5.5.4 Detailed scale

Predictions were carried out for four blocks consisting of Smaland granite, Aspo diorite, fine-
grained granite and greenstone.

Geological-structural model

The prediction comprised rock type characteristics and fracture system. Both prediction and
outcome was based on detailed field and laboratory testing. For rock type characteristics a
generally good agreement was obtained with the exception of minor minerals and greenstone
(group comprising all basic rocks).

Groundwater flow

Validation in detailed scale is judged difficult, basically because of too few samples for carry
through statistical analyses. SKB plans to perform studies regarding transformation of tests at
different scales and influences of anisotropy.

Groundwater chemistry and transport of solutes

No comments due to few and uncertain data.

Mechanical stability

Predictions were based on laboratory testing on samples from KBH 02 and KAS 02. Between
4-6 samples were tested for each of the present rock types. The results of the prediction vary,
but there are generally good results regarding alteration, density, rock strength and porosity,
and generally poor results regarding fracture length and spacing, JRC and JCS values and rock
stresses.
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6 Aspo HRL predictions in the context of site
selection and performance assessment

6.1 Overview of the SKB site selection program

The intention with this chapter is to give an overview of the SKB site selection program,
performance assessment and the safety factors that link them together in order to provide a
basis to discuss the relevance of achievements made within the Aspo HRL project in relation
to stage goals 1 and 2 given by SKB (see section 2.2.1), i.e. to test methods for preinvesti-
gations and detailed characterization.

The SKB site selection program is set up with the following phases:

1. Overview studies at a national and a regional level
2. Feasibility studies in 5-10 municipalities
3. Site investigation at two sites
4. Detailed investigation at one site

In the overview studies SKB investigate the general prerequisites for finding suitable areas
within a region by compiling existing data. They are used to judge where feasibility studies
would be suitable and they also give background material for forthcoming selection of sites
for site investigations and detailed investigation. Typical safety related topics for the overview
studies are topography, rock types, major fracture zones, mineral deposits, ice age impact,
seismo-tectonic conditions, earth quake frequencies etc.

The feasibility studies use existing data for preliminary evaluation of where suitable reposi-
tory sites might be found within studied municipalities. The intention is to identify areas with
potentially favourable conditions, which gives information for SKB and the municipalities to
decide on where site investigations should be done. The safety related issues that could be
dealt with within feasibility studies are similar to the overview studies, but on a more detailed
level. The availability of data could vary significantly between different municipalities.
Existing data are used, eventually complemented with certain specific field studies.

The extent of site investigations differs significantly from overview studies and feasibility
studies. From a geological point of view, the most important difference is that a number of
boreholes are drilled and used for measurements. Some boreholes go down to repository level
and deeper. For the first time site specific performance assessments are conducted and a
preliminary repository layout is produced. The assessments are used to determine which one
of the two sites SKB should select for detailed investigation.

In a detailed investigation, a shaft and/or a tunnel is excavated and the rock at repository
depth is investigated in detail. The performance assessment of the site is updated for an
application to construct a prototype repository, if the conditions are still judged to be suitable.
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For the confidence in the site selection program it is important that the safety related site
investigation factors can be defined. In addition, it is of crucial importance that it can be
defined in advance what information can be achieved about these factors at each phase in the
program. For example, it is important to know what information can be expected after the
feasibility studies, thus forming the information base available for deciding which two sites
that should be further investigated.

6.2 Performance assessment

In the supplement to RD&D Programme 92, SKB presented a program for performance
assessment coupled to site investigations and important decisions in the waste disposal
program. According to this program, the first time site specific performance assessments will
play a role in site selection is when the results from site investigations are used to decide on
where to start a detailed investigation. In practice, this means that only when data from
borehole measurements are available it is meaningful to evaluate a particular site using
performance assessment techniques.

In earlier phases of the program, performance assessments are performed using generic data
deemed to be typical for bedrock at potential sites. Such generic assessments have been done
several times in the SKB program, e.g. the KBS-1, KBS-2 and KBS-3 studies. Of particular
interest is the SKB-91 project which examined how the long-term safety of a final repository
is affected by the geological characteristics of the repository site. This was done by calcula-
ting about fifteen variations of geologic-hydrologic features using a "reference case". The
variations covered:

- properties of the rock mass in the repository area
- properties of steeply dipping fracture zones
- properties of near-horizontal fracture zones
- the size of regional and local hydraulic gradients

The results were that the flow pattern and the groundwater travel time were changed to a rela-
tively small extent by most of the variations. The most important variation was the existence
of near horizontal fracture zones, and it was concluded in the SKB-91 report that strongly
conductive flat zones underneath a repository should be avoided. It should, however, be noted
that it was emphasized in the report that one should be careful to apply conclusions drawn
from one site to other sites, because the results of the variations could depend on the local
conditions (in SKB-91 the FinnsjOn area was used as reference site). It should also be noted
that the SKB-91 report was criticized, e.g. by SKI, for being too conclusive due to limitations
in uncertainty and scenario analysis.

In the supplement to RD&D Programme 92, SKB gives a list of safety related factors for the
siting of a repository. The factors are given in the following groups:
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- Transport in rock
- Mechanical stability
- Chemical environment
- Conditions for human intrusion

In section 6.3.2 we list the SKB safety factors with the objective to give an overview of how
they have been addressed so far in the Aspo" HRL project.

6.3

6.3.1

Relations between site characterization and the Aspo
HRL program

General

It is possible to briefly relate the different phases in the Aspo HRL program to the site selec-
tion program, shown in Table 6.3.1.

Table 6.3.1 Comparison between phases in the Aspo HRL program and the site selection
program

AspSHRL

Preinvestigation:
regional siting stage

Preinvestigation site
description stage

Preinvestigation
prediction stage

Construction phase

Operational phase

Site Selection

Overview studies

Feasibility studies

Regional siting stage

Site investigation, stage
one

Site investigation, stage
two

Detailed investigation

(tunnel and shafts)

Comments

Compilation of available national data

Compilation of available municipal
data

Surface investigations
(in HRL also some shallow boreholes)

More extensive, first borehole
program

More extensive, second borehole
program

HRL: excavation

Detailed investigation: excavation
shaft

The overview and feasibility studies in the site selection program correspond to the early
siting stage of the Aspo' project when there were no boreholes at Aspo'.
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Later parts of the preinvestigation phase of the HRL project relate more or less to the first site
investigation phase in site selection. The construction phase corresponds to the detailed
investigation phase in site selection.

During the siting stage a conceptual model was set up (Gustafson et al., 1988) which included
e.g. hydraulic conductivity of different rock units and conductive structures. This model could
be used to evaluate methods used to select the location of sites for site investigations. Revised
conceptual models developed later in the preinvestigation phase should form part in evalua-
ting site investigation methodology. The predictions made in the prediction stage of the
preinvestigation phase, however, give a more detailed basis for evaluating site investigation
methods in the light of safety related parameters.

6.3.2 Site selection factors and prediction variables

The following tables summarize the SKB safety related site selection factors, as given in the
complementary report to SKB RD&D Programme 92, and how these factors are measured and
validated at Aspo". There are also (other) factors mentioned in the tables not considered within
the Aspo' project.

MECHANICAL STABILITY

SKB RD&D
COMPLEMENT

mechanical
parameters

rock stress

properties of intact
rock

properties of
fractures and fracture
zones

processes

plate tectonics

glaciation,
deglaciation

aseismisc impact

seismicity

induced stresses

IMPORTANCE

constructability

constructability

constructability

long term stability

future loads

long term stability

long term stability

long term stability

ASPO-PROJECT

site, block

mech, char, (detail)
frac. prop, (detail)
stability (site, block)

site, block, detail

not studied

not studied

not studied

not studied

not studied

COMMENTS ON
PREDICTION

poor predictability

site: satisfactory
block: quite
satisfactory
detail:
- mech. char.: satisf.
- frac. surface: poor

site: varying
block: satisfactory
detail: varying

—

—

—

—

—
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geology, structures

rock type
distribution

fracture geometry

zones, lineaments

groundwater flow,
constructability

nuclide transport

nuclide transport

site, block, detail

block, detail

site, block

major rock types:
satisfactory predictab.
minor rock types: poor

block: quite satisfact.
detail: satisfactory but
not for greenstone

steep features: satisf.
horiz. features: poor
charact.: varying

TRANSPORT PARAMETERS

SKB RD&D-
COMPLEMENT

groundwater flow

zones, lineaments

hydraulic conduc-
tivity

hydraulic gradient

flow porosity

fracture pattern

diffusion and
sorption

fracture pattern

microporosity

mineralogy

groundwater
chemistry

IMPORTANCE

rate and distribution
of flow is important
both for the function
of the barriers and for
transport in the rock

large scale flow distr.

flow mean value and
distribution

flow mean value and
distribution

flow mean value and
distribution

flow mean value and
distribution,
channelling

nuclide retardation

nuclide retardation

nuclide retardation

nuclide retardation

ASPO-PROJECT

inflow (site, block
detail)
natural flux (site)

site, block

site, block, detail

site

not studied

mainly block and
detail scale

not studied

not studied

partly studied

site, block, detail

COMMENTS ON
PREDICTION

site-inflow: poor
site-flux: poor
block: few data
detail: no data available

site: varying
block: few data

site: poor in 0/700-1/475
due to some errors in
structural model
site: satisfactory in
1/475-2/265 (spiral)
block: satisfactory in the
spiral, poor in 0/700-
1/475
detail: acceptable-poor

satisfactory

—

varying

—

—

varying

varying (see table 4.4.3)
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certain transport
mechanisms

humus

bacteria

colloids

geogas

fast nuclide transport

fast nuclide transport

fast nuclide transport

fast nuclide transport

not studied

not studied

not studied

not studied

studied in other projects

studied in other projects

studied in other projects

—

CHEMICAL ENVIRONMENT

SKBRD&D-
COMPLEMENT

parameters impor-
tant for barriers

redox

pH

sulphide

sulphate

chloride

calcium

potassium

carbonate

chemical transport-
parameters

bacteria

humus

colloids

mineralogy

geogas

IMPORTANCE

canister fuel dissolu-
tion

fuel dissolution

canister

bentonite

canister, bentonite

bentonite

bentonite

fuel dissolution

canister, transport

nuclide transport

nuclide transport

nuclide transport

nuclide transport

ASPO-PROJECT

detail

site

detail

detail

site

site

detail

detail

partly studied

partly studied

not studied

partly studied

not studied

COMMENTS ON
PREDICTION

good

poor

unclear

poor

poor

poor

varying, poor in the
spiral

poor

studied in other
projects

studied in ongoing
projects

studied in other
projects

unclear

—
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6.3.3 Evaluation

Mechanical stability

The main importance of the mechanical conditions at a repository site is that it should be
possible to construct a repository although rock stresses also have an impact on the hydro-
geological conditions by the "coupled" effects. The AspQ predictions show relatively poor
results for rock stresses, but SKB plans to study them further. It would be useful if SKB could
show a sensitivity analysis so that it could be better defined what precision is needed.

Geological processes

Geological processes like seismicity and effects of glaciations may have an impact on the long
term stability of a repository, and are included in the SKB site selection factors. These issues
have not been studied in the Asp6 project. However, long term stability at site scale was
studied as properties of intact rock. The results have so far been scarce.

Structural geology

The geological structures at a site can be seen as the basic features in the far field part of
performance assessment, as they determine groundwater flow conditions. It is only when they
can be predicted that it is possible to conduct a site specific performance assessment. The
predictions of rock type distribution have in general been satisfactory regarding major rock
types. For minor rock types, however, the results are poor. This should give some concern,
because minor rock types often form lenses and sheets which can have important conse-
quences for the hydrology.

The fracture geometry has been given relatively good predictions, with some deviations both
at block scale and detailed scale. One exception is the greenstone at the detailed scale. The
position of zones and lineaments have in general been predicted with satisfactory results, but
their characterization seems less successful.

One type of feature which has been much discussed in the performance assessment context is
deep horizontal, or near horizontal, fracture zones. The conclusion from SKB-91 was that
such zones could be very important for safety (positive if above, negative if underneath the
repository), and it was even said in the report that flat zones underneath the repository should
be avoided. The results at Aspo", regarding both positions and conditions of such zones must
be judged as relatively poor. The determination of such zones thus seems to be an area where
future progress is needed.
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Groundwater flow and related parameters

The rate and distribution of flow is of importance both for the function of the barriers and for
transport in the rock. In the performance assessment, site, block and detailed scale are inclu-
ded in the transport calculations. Thereby also the regional hydrology is important giving the
boundary conditions for the more detailed modelling. It must be emphasized that the
stochastic variation of flow over the site may be as important as mean values.

Groundwater flow conditions can be determined partly by measuring the flow rate itself, but
also parameters that are used to calculate flow rates. In the Aspo' project, the inflow to the
tunnel has been predicted and measured at the site, block and detailed scales. The predictions
have not been too successful due to problems with sealing the tunnel and due to poor charac-
terization of some hydraulic structures. Furthermore, the relevance of such inflow measure-
ments for the performance assessment is not undisputable. In the far field calculations, it is the
flow in undisturbed rock which must be modelled. In the near field, the flow conditions at the
detailed scale are important both for the integrity of the engineered barriers around the spent
fuel and for the radionuclide transport. Many factors may have an impact on this, which can
be further studied during the operation the Asp6 laboratory.

The efforts to predict and measure the natural flux have so far been limited. Future work in
this area must be encouraged.

As mentioned above, determination of zones and lineaments are basic features in the perfor-
mance assessment modelling. It is one of the site properties that needs to be determined at a
relatively early stage of a site characterization program, at least the main features. Indeed, in
the feasibility studies which SKB now conducts in different municipalities this type of
information is included to judge where there could be suitable sites.

At the next phase in the site selection program (site investigation) drilling will be performed
to further determine location and properties of zones and lineaments. The predictive capabi-
lity of methods at hand is thus a crucial element in the SKB program. At Asp6 the general site
properties have been relatively well understood, but the more detailed predictions show
varying degree of success. Especially the deep horizontal, or near horizontal, fracture zones is
an area of concern, as said above.

The hydraulic conductivity has been predicted and measured at all scales at Aspo. The success
of these predictions vary due to the structural model that was partly incorrect. At the site
scale, the bedrock investigated was located within major zones and conductive structures not
predicted (the same reason as for the tunnel inflow). At block scale, the result were poor in
three out of four blocks, due to a poor data base. Satisfactory results were, however, obtained
for the only block in the spiral, where the prediction methodology was identical to the metho-
dology SKB plans to use in the forthcoming site description program. Also at detailed scale,
the success of prediction varied.
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Fracture pattern

The fracture pattern determines the distribution of flow and also the radionuclide retardation
capacity of the rock. Especially, if the "channelling" effect makes the surface area available
for sorption too limited, the retardation capacity could be very small. One issue is if this para-
meter can be predicted with any degree of confidence with surface investigations, including
drilling. If not, it may still be of importance in the detailed site investigation, e.g. for the local
adjustment of repository layout. How much one can rely on the rock for retardation will
depend on to which degree this can be done. In principle the radionuclide retardation potential
is very high for many important radionuclides. If the potential can not be relied on, the main
function of the rock will be to provide a suitable environment for the engineered barriers.
These effects have not yet been much studied in the Asp6 program, but it seems that much of
the experimental program will address them.

Mineralogy and groundwater chemistry

The radionuclide retardation will not just depend on the groundwater flow but also on the
groundwater chemistry and the mineralogy. The rock and fracture filling mineralogy will thus
influence groundwater chemical composition including redox conditions. The redox condi-
tions of the groundwater are important because the speciation, solubility and the sorption
characteristics of actinides are dependent on them. Furthermore, the degree of radionuclide
transport retardation depends on fracture mineralogy.

The mineralogical composition of fractures varies at Asp6, as may be the case also at potential
repository sites. It should thus be essential for the safety assessment to have good control of
the fracture fillings. We observe that it has not fully been demonstrated in the program how
this can be done.

Possible fast transport mechanisms and effects on barrier integrity

The role of humus, bacteria, colloids and geogas has been studied in repository programs with
varying degree of attention over the years. Actinide complexing with organic ligands, actinide
sorption on colloids, presence of colloids, hazardous gases and organic compounds in the
groundwaters and microbial activity have only been partly studied at Asp6, but they have been
subject for studies in other parts of the SKB program. In the report SR 95, where SKB pre-
sents a frame of reference for the safety analysis, it is said that the transport of colloids and
bacteria have no impact on safety. This statement may, however, not be considered indispu-
table. Of particular significance are influences believed to be important but not yet fully sub-
stantiated or readily quantified, because if they cannot be shown to have negligible effects or
easily quantified, precautionary measures have to be undertaken.
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Microorganisms require water, nutrients and energy (from redox reactions) for growth. During
excavation of a repository a number of microbial effects can occur, due to more oxidizing
conditions, which could result in production of organic material. It is also easy to imagine the
potential risk when closing a repository resulting in more reducing conditions. It seems that
the conditions for microbial activity need a closer examination at a repository site than have
been done at Asp6 so far.
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Discussion and conclusions

7.1 Context of evaluation

In this report we have reviewed the SKB methods to predict site characteristics at Aspo. The
review has followed the SKB classification of issue areas; geological/structural model,
groundwater flow, groundwater chemistry, transport of solutes and mechanical stability.
Furthermore, our report has been structured following the scales in which the prediction have
been made; site scale, block scale and detailed scale.

Among the most important motives for the Aspo HRL program as have been stated in the
SKB Research and Development Programs (FoU-86 and FoU-89) are:

to verify methods for surface and borehole investigation at depth,

to test methods for detailed site investigations in realistic conditions,

to evaluate factors of importance for safety (e.g. groundwater flow and radionuclide
transport) in realistic environment.

The predictions made during the preinvestigation phase must be seen in a broad perspective
and they have been made with several purposes. It has been essential to demonstrate a
thorough understanding of site characteristics and to verify preinvestigation methodology. A
site investigation program goes through a sequence of decisions and each decision must be
based on the best possible information that can be achieved in that particular stage. Safety is
hereby always a matter of concern.

It should be emphasised that the Aspo predictions have not been directly intended for per-
formance assessment purposes. However, it is of interest to see how the predictions relate to
the information needs of performance assessment. By this one can identify areas where more
work needs to be done in the future, either in the operation phase at Aspo or in other parts of
the SKB program, thereby setting the predictions in an overall perspective from the point of
view of performance assessment.

The main conclusions from our review are summarised below with respect to prediction
methods, the relevance of the predictions for site selection and performance assessment, and
the need for an integrated approach.

Our review is based on evaluation of prediction and outcome results from two tunnel sections
(of which one is the access tunnel). This implies that in some cases presented conclusions
suffer from a small amount of data. For a final evaluation, results from the entire tunnel must
be used.
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7.2 The prediction methods

It is not possible to draw very general conclusions about the prediction methods used by SKB
due to varying results in different scales, varying quality in the data that were used for the pre-
dictions, and uncertainties in the conceptual model used for Aspo. However, some observa-
tions can be made:

1) Several of the deviations between prediction and outcome depend on weaknesses in the
conceptual model that was used as a basis for the predictions. The conceptual geological
structural model was in fact much based on professional judgement. This fact is in itself an
important learning process: predictions of site characteristics must take conceptual model
uncertainty into account.

2) The position and characteristics of fracture zones is a basic element in site evaluation. The
position of zones was in general reasonably well established in the prediction, but their
characteristics were more difficult to predict. Also the prediction of minor fracture zones was
very difficult. Furthermore, one apparent problem in site investigations, demonstrated at
Aspo, is to identify subhorizontal zones influencing ground water flow at repository depth.

3) The success in predicting hydraulic parameters varied quite much. This was partly related
to the problems in determining fracture zones with a high degree of certainty. Also, in order to
get a good data base for predictions it seems necessary to conduct hydraulic tests at an appro-
priate scale. Another problem of concern is the potential problem with grouting effects -
related to prediction of inflow into tunnel and hereby also the effect on the piezometric
pressures.

4) For the chemical parameters there were significant disagreements between prediction and
outcome for most of the predicted parameters (e.g. pH, sulphate, chloride and calcium). This
will be further studied by SKB. As for the hydraulic parameters, grouting effects and pro-
blems with the conceptual model may be the moste likely explanation. For redox conditions,
however, which are very important for repository safety, the prediction results were satisfac-
tory.

5) Also for rock stresses the predictions were hardly satisfactory. It seems uncertain whether
or not it is possible to predict rock stresses on a detailed scale in the heterogeneous rock mass.
This is again an issue for which SKB has announced further studies.

We would also stress that important bedrock conditions may differ significantly between
different sites and thus not very general conclusion should not be drawn only from Aspo. This
is clearly demonstrated from earlier SKB investigations.
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7.3 Relevance for site selection and performance
assessment

Overview studies and feasibility studies using essentially surface information, should give
guidance on where a potentially suitable repository site could be found. In the HRL project a
conceptual model was constructed as a part of the siting stage. Validation of this model should
thus elucidate how reliable conclusions about site suitability one could draw by using surface
information.

From the comparison in section 6.3.2 between safety related factors as given in the supple-
ment to SKB RD&D Programme 92 and the prediction variables at Aspo, we can observe that
most SKB safety factors have been addressed in the predictions, although certain transport
mechanisms have not been dealt with. Also, the degree of success in the prediction has varied
significantly and for some parameters the predictions have been poor. In our review we have
noticed some areas of concern:

- the determination of deep horizontal, or near horizontal zones

- the determination of variability of groundwater flow within a rock volume

- the relevance of inflow measurements for conditions in undisturbed rock

- the need to demonstrate how the surface area available for sorption can be measured (not
part of the prediction phase)

- the need to demonstrate how fracture filling material can be determined, especially
considering large variations

- the uncertainties about microbial effects, colloid composition and amounts, and organic
compound compositions and concentrations (not part of the prediction phase).

Of course one must see the Aspo HRL project as only one, however a very significant, part of
the SKB research and development program. It must also be realized that several of the safety
factors will be more thoroughly investigated during the operational period of the laboratory.

SKB has been asked by SKI and KASAM to define the safety factors more in detail. It should
be clear what could be expected from the different phases of the site selection program, how
the different factors can be determined, and how site specific the performance assessment can
be done based on this information. When SKB has done this, it seems important that SKB
further clarifies what has been learned from the Aspo HRL project with respect to these
factors, as well as how the program can support the linkages between performance assessment
and site characterization.
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7.4 The need for an integrated approach

The Aspo HRL project is a key part of the SKB program as it should, according to SKB
statements, test and verify site investigation methods and evaluate factors of importance for
safety. Our review indicates that the HRL program provides important progress in site
investigation methodology, which may have been impossible without the HRL. Important
learning is also made concerning limitations in current methods and where further develop-
ment is needed.

It seems crucial that the HRL program is fully integrated in the entire SKB program. Although
SKB gives both general and specific objectives of the different components of HRL activities,
we believe that more can be done to integrate HRL with the site selection program. One
reason why SKB seems not to have done this as far as would have been possible, may be lack
of direct linking to performance assessment.

When the links between site selection factors and safety, as demonstrated in the performance
assessment, become more clear it should also have an important impact on the HRL program.
The SKB is now required to present a new safety analysis of the repository concept. It seems
necessary that SKB couples this work as close as possible to site investigations and to the
HRL project.
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