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Abstract

The Aspo Hard Rock Laboratory is a "dress-rehearsal" facility to test, develop and
demonstrate technology and models prior to applications at the actual deep repository site in
Sweden. Site characterisation methodology has for more than a decade been a main issue at
the Aspo Hard Rock Laboratory (HRL).

At the start of site investigations in 1987 the following strategy was adopted:

• Comprehensive surface and surface-based investigations

• Multi-disciplinary data collection in batches

• Staged integrated evaluations on selected key issues closely tied to existing knowledge of
the geology of the site

• Iterative modelling on several geometrical scales based on existing (scarce) data

• "Predictive approach" to model updating

During the Construction Phase of the Aspo HRL (1990 -1995), a multitude of data was
collected to test and to increase the details of the models made prior to construction.

Several things have been learned regarding the appropriateness of the adopted approach to site
characterisation. These findings concern e.g. data collection methods from surface and
underground, construction/test-integration, choice of useful and feasible model concepts, data
flow and document management.

The acquired understanding, knowledge, skill and know-how are very valuable for planning
useful and feasible site characterisation for the deep repository in Sweden.
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Introduction

Site data for a deep geological repository are essential to develop the scientific understanding
of the site, to engineer the repository, to assess the environmental impact and the long-term
post-closure safety. The approach used at Aspo to test the reliability of the site
characterisation methodology was to iterate the data-model-prediction-outcome-evaluation
chain through a multi-disciplinary approach. The models were structured to different key
issues and geometrical scales to allow for co-ordination and integration of data collection,
modelling and evaluation.

Site characterisation for the underground research laboratory began in late 1986. Four years
1986-1990 were devoted to investigations from ground surface and from boreholes. Models of
rock conditions at depth were developed and further detailed during the following five years
(1990 -1995) when the laboratory was constructed. Data collected in the 3.6 km long tunnel
down to a depth of 450 m, in surrounding boreholes and in boreholes drilled from the tunnel
were evaluated and compared with predictions based on the pre-construction models. The
paper Backblom et al,( 1997a) provides an overview of the work conducted. The summary
report Rhen et al,(1997), Chapter 8 and Backblom et al,(1997b) are the documentation of
some general experiences gained from the site characterisation. This paper discusses some of
the experiences gained focussing on the general approach for the site characterisation.

Site characterisation for the Aspo HRL and for a repository.
Similarities and differences

The approach used at Aspo and at a future repository site will not be identical. Some
similarities and differences are discussed.

2.1 The general context

Site characterisation is a technical issue, but will have to adapt to the social and political
environment as well. The friendly social environment at Aspo has not put any constraints on
the scientific-technical programme, what activities to conduct or where to locate boreholes. To
mitigate the environmental impact, the local politicians favoured a design change of the
facility having consequences for the site characterisation. Influence from the social and
political environment on site characterisation is foreseen for the repository case as well.

The system optimisation process - site properties-engineering-scenario evaluation is a more
complex undertaking for the repository case than for the previous scope of works at Aspo. hi
the case of a repository, site characterisation is a part of the work to evaluate the technical
suitability of the site. Such a site provides a good potential

• for the engineered barrier system to completely contain the waste for a very long time. The
most important requirement is the general long-term favourable and stable geological
environment,



265

• to construct, operate and seal the repository accordingly to set specification, to conduct
site investigations to obtain understanding of the site and its interaction with the
engineered barriers, to analyse the safety of the system and compliance with regulations,

• to retard and dilute any nuclides at the time the containment function of the engineered
barrier system is not available.

The work at Aspo 1986-1995 has been focussed. One important aspect of the studies was to
test the ability to obtain a thorough understanding of rock conditions based on surface-based
site investigations.

2.2 Scientific understanding

The objective to gain a scientific understanding of the geological environment of the site is an
important overall ambition for the work at the Aspo HRL and it will also be important for site
characterisation at the repository site. The stage goal set to demonstrate that investigations at
the ground surface and in boreholes provide sufficient data on essential safety-related
properties of the rock at repository level however led to a somewhat narrowed scope. It was
thought to be necessary to use a "predictive approach" to the model updating. The predictive
approach has many distinct advantages, but also drawbacks, c.f. Section 4.2. One important
narrowing of scope was that predictions were basically made only for such issues that were
possible to update during the construction phase. This focus implicitly led to data collection
close to the tunnel and data collection for subjects where the data during construction phase
will provide additional information. Scope of works not addressed explicitly is e.g.
consequences of future glaciation, regional groundwater flow and evolution of the site with
time, thermo-mechanical issues etc. The work conducted at Aspo does however provide a
good basis for the ongoing extended studies during the Operation Phase.

2.3 Engineering

The Engineer shall design an Underground Research Laboratory and a repository facility so
that it is safe and environmental during construction, operation and that post-closure safety is
assured for the case of the repository. In the case of repository engineering it is foreseen that
several, now lacking design requirements will need to be developed. Site properties of
importance for emplacement of canister, buffer, backfill and plugs should be established. The
work initiated at Aspo to study the effect of heterogeneity on selection of e.g. suitable canister
positions, Rosen, Gustafson, (1995) is a step in the right direction. In hindsight, additional
work could have been done earlier to set up explicit models coupling site data with
engineering consequences for e.g. grouting, reinforcement. Several exciting theoretical and
practical developments were now carried through during the construction phase. Can we be
trusted making long-term predictions of the system if we make poor descriptions of the
engineering issues that could lead to unexpected engineering challenges during repository
implementation?

2.4 Performance Assessment, Safety Analysis

During implementation of the repository it is likely that the successive detailed design
decisions will be supported by Performance/Safety Assessment (PA, SA). Current PA, SA is
biased to post-closure assessment of a repository without design flaws for the time period after
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re-saturation. Requirements on occupational safety and the practicability of engineered barrier
emplacement, may require rock support and/or sealing by grouting. The effects of such
measures on post-closure performance are not explicitly evaluated in the PA, SA. It is logical
to find a site that makes it possible to fulfil the assumptions in the PA, i.e. - no rock
support/sealing in the near-field - should not PA treat such engineering measures. There are
many system requirements to control. PA, SA is an incomplete feasibility control of all the
system requirements, focussed on the important issue the long-term radiological safety.

It would have been beneficial for the work at Aspo HRL and for the work to develop practical
PA if a hypothetical repository analysis had been carried out as a part of the Aspo works. One
of the aims should be to develop PA to an efficient tool to support the detailed engineering
decisions. The Swedish authority SKI has recently published their Deep Repository
Performance Assessment Project SITE-94, SKI, (1997). A hypothetical KBS-3 repository was
placed at Aspo. The PA conducted was based on the pre-construction Aspo data. Such studies
are highly important as input to further develop site characterisation methodology. One
essential aspect is the transparency of data, analysis, models and evaluations. SKB and SKI
have found areas where improvements in data management are useful for efficient evaluation
of the future repository site.

2.5 Environmental Impact Assessment

A significant issue with respect to an URL and a repository is the assessment of
environmental impact. The environmental impact is to an extent dependent on choice of
engineering alternative. It is important to select the engineering to be reasonably robust also
with respect to pre-closure environmental impact as well. The flexibility shown by SKB in the
Aspo HRL siting stage when the environmental impact really was an issue is highly
recommendable. The complete re-design of the entrance of the access tunnel from Aspo to the
Simpevarp area was really necessary to reduce the environmental impact and to obtain
necessary permits for construction. The basic understanding acquired by the comprehensive
site characterisation was crucial to make a reliable environmental impact assessment. Can we
be trusted making good long-term predictions of the system, if we make poor assessments of
the environmental impact during construction and operation of the facility?

2.6 Conclusion

Site characterisation for the Aspo Hard Rock Laboratory and for the repository shows more
similarities than differences. The differences noted so far are to a great extent due to the fact
that the goals for the Aspo HRL and the repository site characterisation are not identical.

3 Integration of the multi-disciplinary site characterisation.

The establishment of an underground research laboratory and a geological repository is a
complex undertaking. This includes, but is not limited to permits, site characterisation,
integrating construction and research activities and carrying out complex high-quality research
in underground conditions. Good integration of site characterisation is a part of the quality
management. Integration necessitates participants willing to integrate and having efficient
methods for data, analysis, modelling and evaluation at hand. The Webster Dictionary
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definition of the concept integration are e.g. to form into a whole, to unite with something else,
and to end the segregation of. Some planning considerations for the Pre-investigation Phase
and the Construction Phase are highlighted: The goals of the work have gradually been
refined. There was a strong commitment to find the most relevant objectives "What is the
right thing to do?" There was a strong commitment to Project Management - keep Quality,
Time and Cost. Specific tasks not executed within the set frames were used as indicators to
identify areas for improvements. There was a strong commitment to Team Building with a
few Scientific Principal Investigators with clear but broad responsibilities. The contractors
chosen for the construction of the underground facility viewed the project as a research project
with construction, not as a construction project with some research that was added.

Site characterisation generates a huge amount of data, models and reports. The reporting style
chosen for the Aspo project is quite cumbersome, both to generate and later to digest for the
readers. What has been a heavy responsibility burden for the Principal Investigators are the
integrated evaluation reports. They take time to produce and it takes time to have them
sufficiently mature. An alternative approach could be viable where shorter Technical Notes in
a Work Breakdown Structure-fashion are favoured. These Technical Notes and other
documentation should be transparently tied to a powerful and versatile database equipped with
excellent visualisation capability. The documents should of course be available on cd-rom or
formatted for Intranet/Internet.

Integration will never be complete, but "I hear and I forget, I see and remember, I do and I
learn". The provisional checklist provided in Table 1 can be used to find out in areas for
improved integration. The checklist is based on experience on matters that promotes and
hampers integration of site characterisation.

Evaluation of the iterative approach

An iterative approach to data-models-prediction-outcome evaluation has been tested as a part
of the Aspo site characterisation approach. This approach is in general advantageous and
applicable for the repository site characterisation as well. The repetitive approach can be used
to test that data are reproducible, that concepts still are valid after gaining further data and to
optimise site characterisation, engineering and the performance assessment. It was a conscious
choice at Aspo to make "models" as the basic product of the work. The overall idea is that the
models should be useful and feasible for application in the real repository case.

4.1 What aspect of the model is tested?

The basic products from the Aspo site characterisation are "models". The models were made
for lithology, geological structures, mechanical stability, groundwater flow and groundwater
chemistry. Scoping calculations were made for models on transport of solutes. The models
were made on different scales to account for different level of detailing etc. Constructive
comments by the Aspo Scientific Advisory Committee led to development of a standardised
format for describing the models, Olsson et al (1994).

The most important iteration -closely connected with the stage goal to verify pre-
investigations - was considered to be comparison of models before and after construction of
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the laboratory using a predictive approach to modelling. During the site investigations - prior
to construction -16 holes were cored and 20 percussion holes were drilled with a total length
of 7,4 km and 2,4 km respectively. During the construction phase 60 cored holes and 404
percussion holes were added totalling 6,6 km and 8,6 km respectively. The data collected
during the construction phase were mainly to check and detail the models set up prior to
construction. In hindsight further work could have been done to explain how the results from
the iterative site characterisation was to be applied in the model updating.

An overall important aspect is that iteration is used to build additional understanding and
confidence in the underlying processes. An example is the redox conditions. The iterative site
characterisation at Aspo HRL confirmed the reducing conditions in the bedrock, but identified
a new process -microbiology - as a contributing factor.

According to the model definition, Olsson et al, (1994) a model consists of two parts, one part
is the concept and the other part is the data. It should be clarified if the iteration is made to test
the appropriateness of the concept, to test the ability to make reliable parameter estimation or
if the intention is the combined test of the concept AND the ability to make reliable parameter
estimation. Many models at Aspo intended to show that there existed a useful and feasible
concept to describe a process and that appropriate parameter estimation was achievable in a
realistic geological setting. For some models (e.g. draw-down of the groundwater table,
inflow to shaft etc.) the outcome is however very dependent on the construction process. The
outcome will change if the layout change, if grouting is done etc. It is thus not enough to make
a model consisting of the concept and data, but ALSO to predict how the Engineer will decide
the technical solution and the outcome of the technical work. The successive engineering of
the facility to the local rock conditions will thus be in conflict with the predictive approach
favouring no changes to facilitate evaluations of the predictions. The predictive approach
helps to establish consistency and transparency but is not flexible. It is thus contra-productive
to use a predictive approach during the construction phase.

In the iterative approach to model updating, it should be clarified whether iteration is made to
update the output of the model, the boundary conditions, the spatial assignment of parameters,
the material properties, the geometrical framework or to increase confidence in the past,
current or future processes. Many aspects of the model can be updated without direct coupling
to the construction schedule. A recommendation is to decide subject by subject how updating
efficiently should be dealt with. The early choice of nomenclature and definitions in the
project is quite important. The way this work is done is quite decisive for definition of model
concept, that later will be updated and refined. Re-definition and re-classification at a later
stage hampers transparency.

The differences between updating deterministic and stochastic models are appreciated. For the
stochastic models it is important to decide whether the sampled distributions are
representative of the site. For some subjects at Aspo, like primary rock stresses, the parameter
range assigned was too narrow, which was found out when additional data were collected.

4.2 Site characterisation constraints

In spite of extensive data collection there will always be uncertainty connected with the
interpretations based on the data. The decision of how much data should be collected (and
associated uncertainty tolerated) can be based on different types of constraints. A simple
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constraint can be: Spend the amount of X , accept the uncertainty and make the decision, or
Spend Y years of investigation, accept the uncertainty you gain and make the decision. It is
also possible to put a statistical constraint on data collection: Continue the investigations until
the mean error of model M is less then s or a subjective condition, that is: Collect data until
you are confident that you understand the site. It should be kept in mind that it is often more
difficult to show non- existence of processes and features, "to show how things cannot be"
than "to show how things are".

The amount of surface-based investigations at Aspo' was basically determined by a time
constraint. It was thought that four years of investigations were reasonable to deal with the
issues at hand. The time constraint on site characterisation during the Construction Phase was
very much tied to the progress of the excavation.

The detailed site-specific strategy can only be devised after some site investigations at the site
have been carried out.

4.3 Conclusions

The iterative approach to model testing is useful, but it should clearly be stated what aspect of
the model that is tested in the iteration. For the case of a repository, where like at Aspo, design
of the facility should adapt to a technical, social and political process more flexible ways for
model updating should be searched for. The predictive approach selected to test the models
offers advantages, like clear systematic to the work, to establish consistency and transparency.
The main disadvantage is that the approach is not flexible and for many of the models the
outcome is very dependent on the construction process.

The detailed site-specific strategy, including constraints can only be devised after some site
investigations at the site have been carried out.

5 Evaluation of modelling on different geometrical scales

The general approach to the site investigations was to work from regional investigations and
focus on progressively smaller scales. After regional investigations and initial surface-based
investigations in the Simpevarp area, models were made on several geometrical scales.

The Asp6 site characterisation and supplementary studies have been sufficient to develop
good regional models of past and current processes, features. The models have not been so
critical for selection of present boundary conditions at Asp6 since they are to a great extent
controlled by the construction impact. For the repository case the regional models are
important to decide boundary conditions necessary to extrapolate the performance of the
sealed repository into the future time.

The focus on the investigations at Aspo has been on the so-called site-scale models (100-
1000m) that are very important for siting, engineering and performance assessment of the
repository. The approach to site-scale models has been useful and feasible.

The block-scale models and the detailed-scale models are important for evaluation of the
potential of the near-field to protect the engineered barriers, to engineer the repository and to
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assess the barrier retention capability. The current licensing situation for a repository in
Sweden calls for block-scale models based on surface-based investigations. The confidence in
the block- and detailed-scale models will be easier to develop in a more homogeneous
geological setting than at the Aspo site. "Full" models linking output and input were not made
for the block-scale (50-10 m) and detailed-scale models (0-5m). These models were basically
conceptual and relating to parameter estimation. The block-scale models were made for pre-
determined positions along the planned access ramp, but a more flexible, stochastic approach
would have been more useful. The block-scale models have been quite difficult to realise, due
to the high lithological heterogeneity. Based on the surface-based site data available it would
have been possible to advance the models in block-scale further. The data acquired step-wise
during the pre-investigations and the construction phase can now be used to re-assess what
could have been achieved at what stage in the investigations. The capability of realistic
modelling has also advanced tremendously over the last ten years. This development is both
conceptual as well as with respect to development of computer hardware and software. The
Aspo site is quite heterogeneous and offers many possibilities to test, develop and
demonstrate what level of certainty is possible to achieve in the block- and detailed-scale
models. Such models will encompass issues like lithology, structural geology, mechanical
stability, groundwater flow and groundwater chemistry but not the least the barrier retention
function of non-sorbing and sorbing species.

6 Evaluation of the issue resolution capability

The requirement set by SKB was to test the ability to obtain a thorough understanding of rock
conditions based on investigations of the surface and investigations in and between boreholes.
Based on this general requirement and on the requirement to design, construct and operate the
facility with existing technology without major problems a set of key issues and key subjects
were developed. The Aspo HRL summary report, Rhen et al, (1997), c.f. Table 8-1, discusses
the subject resolution capability with respect to scientific understanding, site-specific
knowledge that has been arrives at Aspo and also usefulness and feasibility of methods.

Site characterisation in conjunction with construction work at Aspo has basically confirmed
the pre-construction models. However the models - as expected - have become more detailed
after the construction period. The work at Aspd has shown that such pre-construction models
can be obtained for the studied key issues through the application of "standard methodology of
good quality" for measurements, data analyses, modelling and evaluation. Areas have been
identified where further development of techniques and methods would be useful.

With respect to scientific understanding local variability of rock stress, rock burst, scale
dependency of hydraulic conductivity, the detailed groundwater flux within small volumes of
the rock and the excavation disturbed zone are areas for further studies. Site-specific
knowledge was obtained for a range of subjects, but to a lesser extent where the scientific
understanding is limited. Due to the heterogeneity it was not possible to describe the local
variability of lithology nor the deterministic location, extent and properties of individual
minor fracture zones. The spatial variability of parameters describing mechanical properties
and rock stress were underestimated. Useful and feasible methods exist for a range of the
subjects studied. Rock burst, local flow distribution and microbiology are examples of areas
where improvements in methods are of interest.
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7 Concluding remarks

The Aspo work has involved many researchers and experts offered an opportunity to test,
develop and demonstrate understanding, knowledge, skill and know-how. Each of the
participants has their own experience to share. The investment in intellectual capital at Aspo -
both human and structural during the last ten years has provided valuable experience in most
tasks required for characterisation of a repository site and the design and construction of
repository facilities in crystalline rock. Site characterisation has been adequate and reliable for
engineering purposes. For safety assessment purposes the site characterisation work at Aspo
has provided comprehensive knowledge on geological, geohydrological and geochemical
conditions in the rock mass. The work at Aspo has also included the development of a formal
quality system for in situ measurements, interpretation and modelling.

Aspo is an established international centre for research and development in the field of deep
geological disposal of nuclear waste. The international co-operation is stimulating and has
promoted high quality and diversity in ideas and concepts. In addition, the results are made
available to a larger international community, where they can be applied to different concepts
for deep disposal of radioactive wastes. Some of the results at Aspo are site-specific, but quite
a few of the results and experiences should be possible to generalise to the benefit for other
waste management programmes.
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Table 1 Site Characterisation Integration Test Formula
ISSUE

GENERAL
Team-spirit?
Team not too big (Core group less than 10 persons)?
Data-modelling-evaluation is iterative?
All steps in the experiment are well-planned (including evaluation)?
Results evaluated with respect to scientific understanding?
Results evaluated with respect to application to repository engineering?
Results evaluated with respect to application to performance assessment
of a repository?
Results evaluated with respect to application to site investigations for a
repository?
SCORE

GOALS
Product-oriented?
Easy to measure when goals have been met?
Detailed goals and stage goals in line with overall goals?
Team members know the context for the work and
the product oriented goals?
SCORE

DATA
Units used consistent with the Si-system?
Data are stored in a common x,y,z co-ordinate system?
Objectives set for a multi-purpose drill hole?
Priorities made for a multi-purpose drill hole?
Measurement points located to cover the natural variability?
Uncertainty in measurements recorded?
SCORE

ANALYSIS
Nomenclature established for features etc.?
Data stored in a versatile database?
Data can be visualised in 3D?
Schedules are set to allow for co-interpretation?
Data from different disciplines are checked for consistency?
Scale is taken into account?
Conceptual uncertainties discussed?
Uncertainty in analysis recorded?
SCORE

Yes = O
No = X

ISSUE

MODELS

Concepts used are clearly stated?
Assumptions made are clearly stated?
Geometrical framework is clearly stated
Input parameter data used clearly stated?
Parametrization made transparent with respect to collected data?
Algorithms for extrapolation/interpolation of data clearly stated?
Boundary conditions clearly stated?
Output of models clearly stated?
Results consistent with expectations?
Results consistent with other results from other disciplines?
Software used is verified?
Models stored in a versatile model database?
Models can be visualised in 3D?
SCORE

CALIBRATION
Location of monitoring points relevant?
Measurement accuracy compatible to -or higher than needed-to measure
the modelled anomalies?
Procedures established for "good-enough"-fit?
Data-flow streamlined so data formats are compatible?
SCORE

PREDICTIONS
Is input (prediction) and output (outcome) defined?
Will measurement methodology, instruments, evaluation procedures,
scales etc. used to check predictions be the same as used to collect the
data for the predictive models?
Are methods established to compare prediction and outcome?
SCORE

EVALUATION OF MODELS/METHODS
Are data checked for consistency and interrelation?
Are "success criteria" established for evaluating deterministic/stochastic
models?
Are formats for documenting and sharing results established?
SCORE

Yes = O
No=X

to


