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performance assessment is really an engineering exercise in itself. We give so often the
impression that engineering and performance assessment are distinct independent as
Mr. Svemar noted earlier in the discussion period. I have a specific question related to a
subject you raised of validation. You mentioned your work in IAEA and ICRP standards, and
if I recall, the IAEA definition of validation incorporates a sort of phrase that says that models
shall be validated by comparison with experiments. If you have a total system performance
assessment model that looks at migration through engineered barriers, through natural barriers
and dose to man which is 100 000 years from now. How do we go about validating the total
system performance model?

Jean-Miche! Hoorelbeke, ANDRA

I use the term validation for the validation of a design. When I addressed the IAEA, I was
referring to their general safety criteria, in particular they say that you need at least two
independent barriers. Concerning your question, the strategy of demonstration, remember that
we must do it within 10 years, we have to prepare the space, but we have little time to answer
the question. The first thing we have to do is to optimize a concept before we validate it.
Our feeling is that validation will be for one global model. It will be the combination of
different things starting with global modelling, it will also deal with finite-element modelling,
local modelling, natural analogues, perhaps more philosophically. Validation will be a
combination of all these and not only for one model because we cannot rely on one calculation
to give the potential risk to man in 10 000 years. We have to provide a large amount of proof
to give some confidence to the people and that confidence will not be 100%. It will be as
high as presumably achievable. We are still working to answer your question.

4.3 THE "DESIGN AS YOU GO" APPROACH IN SUBSURFACE EXPLORATION
PLANNING ^ - ~ - *

C. Sprecher and S. Kappeler, NAGRA

Abstract: 'Design as you go' in repository construction requires a clear concept of possible
scenarios and the identification of decision-points. Between decision-points it has to be
ensured, whenever possible, that geological information affecting the repository layout is
acquired, digested and projected at a rate which is fast enough to keep pace with tunnel
excavation. On the basis of a simplified model of the 'Wellenberg' L/ILW - site in
Switzerland, an attempt is made to show how layout-determining geological features
could be defined, identified and characterized, using a formalized data acquisition
routine, and how the information is fed back to allow the line of the tunnel to be
optimized.
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Intraduction: Once an area for a repository has
been selected and the first surface-based site
evaluation and exploration campaigns have been
carried out, the next logical step normally involves
the planning of some kind of underground shaft or
tunnel system - either for purely exploratory
purposes or as part of the future repository facility.
Even in the latter case the funnel system will have
an exploratory function; we will attempt to come to
a better understanding of our host rock
characteristics in order to improve performance
assessment and we will want to detect and
characterize such discrete geological features which
could have an unacceptable detrimental effect on
total system performance and/or construction and
are therefore layout-determining. In effect
exploration does not stop until the last disposal
cavern has been excavated.

When planning the first tunnel sections, we
will always have limited a priori knowledge of what
is expecting us, no matter how good our surface
exploration results are. The conventional approach
to carrying out large-scale projects, with explo-
ration, planning and construction components
clearly separable in terms of time and responsi-
bilities, is not practicable or at least not economic.
What we would like to do is to react in a flexible
way to unexpected geological features which are
bound to have an effect on the layout of our reposi-
tory, in short, we would like to 'design as we go'.

But what does 'design as you go' really mean
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in the context of tunnel construction; how can we
apply this principle, given the uncertainties in
prediction on the one hand and the operational
constraints of modern tunnel boring machines (high
standstill costs) on the other ?

The 'Wellenberg' case: One way of illustrating
the problems of a 'design as you go' construction
approach is to look at a real case; simplified by
abstraction from all unnecessary details and
complications. Last year Nagra has made an effort
to derive a strategy for investigating the inside of
the 'Wellenberg'-hill in Central Switzerland which-
has been chosen as the site for the future Swiss low-
and intermediate-level waste repository (L/ILW
repository). Surface exploration, including 5 deep
boreholes and a reflection seismic survey has ended
last year and we expect to start excavating the first
tunnel in about two years from now. We start from
the premisis, that that the site is basically suitable
for such a repository and that we will not encounter
any severe problems with regard to construction
(although, of course these aspects will also be
continuously evaluated). Many of the problems
which will have to be solved, before it can
hopefully be demonstrated that a 'Wellenberg'
repository would be safe, are particular to the site
and therefore of little general interest. Some
however, in particular those concerning subsurface
exploration planning, may be common to many
national programs and are therefore worth
discussing.

HR: Host rock
'B' : near surface
"C": at repository deplh

FZ: Fracture zones
FRI: Foreign rock inclusion

Fig 2: Hoit rock, conceptual model

Fig 1 : The "Wallenberg" situation with art Idealized repository layout
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Fig I shows a simplified schematic view of the hill
and the repository layout. We arc planning a mined
L/ILW repository in a low permeability geological
formation; in this case it is !hc so called
'Valanginian Marl*. The front and back ends of the
hill consist of higher permeable limestone which we
will refer to as 'adjacent rock'. Access to the
repository is horizontal, from the main valley and at
valley ground level. In actual fact, of course, the
geological formation boundaries have complex
3-dimcnsional shapes and the planned repository
facility comprises many more tunnels and sub-
surface cavities than those shown here. The firsl
exploration tunnel (outlined here in black) will later
serve as an access tunnel and will, accordingly,
form part of the later repository facility. The
disposal caverns have to be arranged downstream
with regard to the regional flow field. Other
important planning constraints arc the fixed tunnel
entrance, a minimum overburden above all
subsurface cavities, Uie size of the required
repository area and prescribed minimum spacings
between the disposal caverns themselves, between
disposal caverns and other subsurface cavities and
between disposal caverns and the adjacent rock.
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These minimum spacings are based on our
present conception of the host rock characteristics.
'Intact Host Rock' is believed to consist of quasi-
impermcablc marl matrix and 'Transmissive
Elements', in our case thin jointed limestone layers
and small cataclastic fissures (Fig. 2). Transport
modelling calculations, based on a statistical
evaluation of borehole data and appropriate
assumptions about the regional flow field, have
shown that 100 m of intact host rock should provide
adequate retardation of 237Np, taken as a
representative long-lived sorbing radionuclidc.
However, this predicted efficiency of the gcosphcrc
barrier and together with it, the minimum spacings,
arc only as valid as our conceptual model and the
critical host rock parameters that go with it. It will
therefore be necessary to verify our assumptions
about host rock quality in the subsurface
exploration phase before we can derive the final and
definite minimum spacings.

Layout-determining geological features (LDFs):
What this means is that the host rock characteristics
or host rock quality is one of our layout-
determining features. One other we have to consider
in our model case is the unknown position of the
northern host rock boundary (Fig. 3).

Fig 3: Layout-determining geological features (LDFs)

The features we would like to concentrate upon
however, arc inhomogencitics in the host rock
because we think that, in one form or another, they
represent a problem most disposal programmes
have to deal with.

Which inhomogencitics arc layout-
determining ? In a general sense we could describe
them as those which - when intersecting a disposal
cavern - have such a detrimental effect on the
gcosphcrc barrier efficiency that our safety criteria
could no longer be met. Since the safety concept is
ultimately based on a restricted groundwatcr how
through the disposal caverns, we could also say that
layout-determining arc those features which arc
likely to give rise to unacceptable flow through the
caverns. Local geological knowledge suggests that
in our case we will have to consider two types of
inhomogencitics which could be layout-
determining: important water bearing subvertical
fracture zones and foreign rock inclusions, most
probably limestone. General definitions of LDFs,
such as those given above, arc, however, of little
value when we arc trying to set up a subsurface
exploration concept and we will have to conic back
to the subject of definitions later; let us for the time
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bcing just accept that water bearing fracture zones
and foreign rock inclusions may be encountered by
the planned exploration/access tunnel, that
intersection of these features with a disposal cavern
under construction would be abortive for the cavern
and that these features might therefore restrict the
space available for the arrangement of the necessary
disposal caverns, in other words the actual
repository area. If we want to predict where and by
how much, the originally planned repository area
will be confined as a result of encountered LDFs,
we will have to try and determine the dimensions
and shape of foreign rock inclusions and the spatial
position and lateral extent of fracture zones, to
obtain a good extrapolation basis. Appropriate
decisions in the course of a 'design as you go'
construction approach will, to a large extent,
depend on the quality and reliability of these
extrapolations.

Subsurface exploration targets and the planning
challenge: Summarizing, we can draw up die
following list of layout related exploration targets:

- determine the position of the northern host rock
boundary,

- assess host rock quality (efficiency of gcosphcrc
barrier) to confirm minimum spacings,

- identify foreign rock inclusions and determine
dimensions and shape,

- locate important waterbearing fracture zones and
determine spatial position and lateral extent.

It can be assumed that economic aspects will play
an important part in any exploration venture; on the
other hand we will want to reduce the risk of taking
the wrong tunnel layout decisions, which could, in
the extreme case cut up our intact host rock reserves
into partitions too small to accomodatc the
repository. As a consequence of the required
minimum spacings, every tunnel section will in
fact, cut a 200 m wide strip out of the available
repository area. Considering all this, we could
formulate the exploration planning challenge as
follows:

- minimize the total length of tlv;
exploration/access tunnel.

- minimize the number of TBM stops for the
evaluation of exploration results.

- minimize the risk of wrong tunnel layout
decisions.

A 'design as you go' scenario: Any solution of Uic
exploration problem will require detailed planning
based on the best available site model and the
current status of project development. This planning
basis allows the desired direction of the exploration

tunnel to be determined; it also gives the location of
the points where a decision has to be made during
excavation on (he actual direction of the tunnel. In
each of the tunnel sections which is bounded by
these decision points, we not only have to allow for
the expected layout related exploration targets but
we also have to plan the identification and
characterization of LDFs which may or may not
occur.

Where do we expect Uic crucial decision points
in our model case 7 If we examine a possible
'design as you go' scenario (Fig. 4), we see thai, at
point 1, after the excavation of tunnel section A, we
will have to decide where to branch off and
commence the EW-lrcnding tunnel section B. By
that time we will have located Uic northern host
rock boundary and we may have identified and
characterized LDFs, in this case a foreign rock
inclusion and a fracture zone. The position of the
northern boundary, together with the effect of the
extrapolated fracture zone and the inclusion on the
originally outlined repository area will determine,
whether "vc can branch off as planned or have lo
shift the branch-off point further south. Once this
decision is taken, we will proceed and excavate
section B. Maybe all will go well and we reach Uic
eastern end of Uic planned exploration/access tunnel
wiUiout encountering any more LDF's. Then we
could go ahead and start drilling exploratory
boreholes in Uic axis of the disposal caverns,
excavate pilot tunnels and finally the repository
caverns. Should this not be the case however, we
will have to reassess Uic remaining repository area
after hilling new, previously unknown LDFs. If we
conclude at decision-point 2, somewhere along
section B, that the reserves arc no longer sufficient,
we would have lo abandon section B, go back lo
point 1 and proceed with the excavation of section
C in a souUicrly direction. This decision means that
the souUicrn host rock boundary becomes a new
exploration target, because its position determines
Uic new branch-off point for section D. We will
slop a safe distance away from the assumed
limestones, investigate Uic southern boundary by
drilling, extrapolate its EW trend and outiinc at
decision-point 3 the lunncl section D, based on the
required minimum offset from Uic adjacent rock.
After Uic completion of sccUon D, assuming that no
new LDFs arc encountered, we still run the risk of
discovering unacceptable inhomogencitics in the
planned cavern axis wiUi Uic first exploratory
borchoICvS. In this case we would have lo decide al
point 4 whcUicr we want lo proceed wiUi the pilot
lunncl or abandon Uic prospccUvc disposal cavern.
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Tliis is, of course, just one of several possible
scenarios. As a more general and systematic
preparatory step, we could produce a How chart
where criteria, decision-points and the resulting
courses of action would be clearly outlined. We
find however that, in order to address and discuss
the crucial problems, it is sufficient to look at one
representative section of the tunnel, e.g. section A,
or a single data aquisiiion loop in the flow chart
(Fig. 5).

How can we ensure that we are prepared ? A
first obvious question is: How do we know a
layout-determining geological feature when we see
one ? If we apply a 'design as you go' strategy as
outlined above, we won't have the benefit of
hindsight. We will not be able to complete our
exploration tunnel, complete our data acquisition,
evaluate the results at leisure and decide, based on
the integral picture, which of the encountered
inhomogeneities are better avoided when planning
the cavern layout. If we want to reduce the number
of costly excavation stops to a minimum, we have
to accept that the TBM is setting the pace and that
we will have to gather, digest and project
information at a faster rate lhan the one we may be
accustomed to. Preparation is the only way we
know of, to improve the chances that our decision
basis will be complete by the time we approach the
decision-point.

To be prepared, as we understand it, means that
we have to develop a basic routine for the
identification, qualification and exploration of
LDFs; a routine that doesn't necessarily have to be
applied in a rigid manner but one which offers a
fallback position in case of doubt or under time
pressure. The routine we are suggesting and which
is outlined in Fig. 5 begins with a prequalification
step, the identification of a potential LDF based on
regular tunnel mapping data and simple
qualification criteria. Prequalification triggers an
extra characterization effort with the aim of
confirming and verifying the data relevant for
qualification. The comparison of the extended
dataset with the qualification criteria either leads to
a rejection or to a confirmed qualification. The
latter case would be followed by more extensive
exploration measures necessary to establish the
lateral extent and the geometry of an LDF.
Drillholes of more than 100m length may be part of
this last step. It will be costly as well as time-
consuming and can only be justified by the
consequences of an invalid projection of the
potentially abortive geological feature into the
repository area.

Definition and qualification of layout-
determining features: Given the importance of a
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correct qualification, the qualification criteria
emerge as the most difficult problem to solve. We
could start by asking ourselves what conditions a
geological inhomogeneity has to satisfy to be
classified as 'layout-determining'. The two most
important in our opinion are:

1. It has to be a feature that would lead to
unacceptable flow through a disposal cavern, if
it was planned to build such a cavern at the
place of detection.

2. There must be a high chance that the feature
itself, and its undesirable properties have a
sufficient lateral extent to affect the
prospective repository cavern area in the same
way.

Based on this conception, we can ask which
observable and - if possible - quantifiable
phenomena in a tunnel point with reasonable
likelihood to the existence of a sufficiently
extended zone of enhanced water flow and are thus
usable as criteria for defining LDFs. These
qualification criteria should be applicable to
phenomena which can be observed, described and
quantified as part of a normal tunnel survey; the
verification of these phenomena should also not
involve any major additional investment of time. As
mentioned above, the two types of LDFs we suspect
to occur at the site arc:

1. Foreign rock inclusions
2. Steeply-dipping waterbearing fault zones

This is a preconception, based on local geological
knowledge from the surroundings of Wellenberg
hill. It should be stressed however, that no
information is yet available from the future
repository itself. In order to derive qualification
criteria, we have to look at the two types of LDF's
separately.

Foreign rock inclusions: The considerable volume
of host rock at Wellenberg is the result of tectonic
accumulation which occurred during the alpine
orogeny. During this process, both small and large
masses of foreign rocks entered the host formation.
These are exposed in the region around the siting
area but not in the siting area itself. The vertical
exploratory boreholes drilled to date have not
encountered such inclusions. The most obvious and
straightforward procedure for qualifying them as
LDFs would be to investigate their hydraulic
parameters or, even better, their nuclide transport
properties. It is conceivable to use as a quality
indicator the 'Gcosphere Barrier Efficiency
Coefficient' (GBEC) which we have introduced for
the assessment and the comparison of host rock

transport properties at different locations in the
future repository area. The determination of the
GBEC relies on a specified and standardized
sampling routine over a defined sampling volume
of a 100 by 100 m cube, made accessible by two
boreholes which are drilled perpendicularly to the
tunnel axis. Even though the sampling procedure
has been optimized in terms of effort, it is still too
time-consuming to be applied for the qualification
of foreign rock inclusions.

A more practicable approach consists of
drawing up a list of those geological formations
which arc conceivable as inclusions in the
Wcllenbcrg marl. In the Wellenbcrg case, this list
comprises 10 formations. All of them can be
identified macroscopically and therefore be
prequaliJied as part of the routine geological tunnel
survey, as required by the procedure suggested
above. In order to qualify (he conventionally
identified candidate formations as possible LDFs,
we need criteria which approximately describe the
transport properties of the rock. Looking for the
most suitable estimators, we have to go back to the
conceptual model of the host rock (Fig 2). The
investigations to date have shown that, somewhat
simplified, the host rock is made up of a marl-clay
matrix with frequent accumulations of thin
limestone layers which are themselves separated to
form rows of detached chunks of limestone
('boudins'). Flowpaths in this rock arc provided, on
the one hand, by fractures in the limestone boudins
and, on the other, by cataclastic /ones in the matrix.
We have to assume conservatively, that the
fiowpath is not made up of one single transmissive
element but always of a combination of (he two.
A study has shown that all 10 candidate foreign
rock formations can lithologically be described
either as fractured limestones or some mixture of
fractured limestone and marl or clay. Accordingly,
we regard it as an acceptable simplification to
assume that the. flowpaths are provided by
essentially the same transmissive elements as in the
host rock, even though their relative frequencies
and dimensions are different.

The characterization step in the case of rock
inclusions will therefore be aimed at a
quantification of both types of transmissive clement
in terms of degree of fracturing and limestone
content. It is planned to use the following criteria:

- Total length of cataclastic zones in the marl or
clay fraction per unit square.

- Component of jointed limestone elements with
dimensions greater than a specified minimum
per unit square.

For both of these criteria we will have to define
threshold values which will be based on modelling
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calculations. Tlicy have to be sufficiently low to
ensure that even the most unfavorable combination
still provides adequate barrier efficiency. If the
characterization shows that one of the prcqualificd
foreign rock inclusions exceeds the threshold values
of one or both of the above criteria, it will be
qualified as LDF. In our particular case, we can
shortcut the characterization/qualification procedure
for 5 out of the 10 candidate formations, because,
on the basis of their lithology, we know beforehand
that they would qualify.

Once a foreign rock inclusion has met the
transport property criteria, we will have to
investigate its size and geometry by appropriately
oriented boreholes, thereby checking it against the
final qualification critérium:

- Sufficient lateral extent in the direction of the
future repository area to affect the layout of the
disposal caverns.

Subvertical fracture zones: Important regional
fracture zones can be observed at the Wellenberg
site in the limestones adjacent to the host rock. In
the host rock formation itself, fracture zones have
been encountered by the vertical boreholes drilled
in the surroundings of the Wellenbcrg hill. It is also
known that structures of a corresponding thickness,
transmissivity and lateral extent exist in the same
formation further away from the siting area. Even if
there is no positive evidence that fracture zones
with a combination of properties that would justify
the qualification 'layout-determining' actually
intersect the host rock under the Wellenberg hill,
they have to be included in the exploration planning
exercise for the sake of conservatism.

We believe that a qualification of fracture zones
in (he tunnel on the basis of their in situ hydraulic
parameters alone, although probably feasible in
terms of effort, would not be valid, because of
possible channelling effects. Only a large water
inflow, exceeding a threshold value which still has
to be defined, is considered a stand-alone
prcqualification criterion. Other important fracture
zones, which may even be dry at the point of tunnel
intersection, will have to be judged by some other
criterion which is easy to apply. Thickness is the
most obvious one. It is probably fair to assume that,
in the area we are looking at, the thickness of a
fracture zone is somehow related to lateral extern
and - if the degree of fracturing is taken into
account - to hydraulic efficiency. This assumption
will still have to be verified by a statistical analysis
of regional fracture zones in other geological
formations which are observable and accessible at
the surface. Any statistical relations which can be
established would of course be helpful for the
setting of threshold values.

Based on these considerations, we arc planning
to use the following criteria for prequalilicaiion and
qualification:

- Thickness of the fracture zone, defined as the
part of it where a specified minimum degree of
fracturing (e.g. RQD) is exceeded.

- Water inflow, defined as volume per unit time.
Again, we still have to define threshold values for
both of these criteria. If a fracture zone observed in
the tunnel exceeds the threshold value of one or
both criteria, it will be classified as a potential LDF.
We will then investigate its spalial position and
lateral extent by appropriately oriented boreholes
and check it against the final qualification criterion:
- Sufficient lateral extent in the direction of the

future repository area le affect the layout of the
disposal caverns.

All the qualification criteria - the ones stipulated for
foreign rock inclusions as well as those for fracture
zones - reflect our present level of knowledge with
regard to the geology of the siting area. The
possibilities for extending this knowledge in the
critical areas are limited for a number of different
reasons. Nevertheless we shall make every effort to
improve the validity of the criteria and the threshold
values between now and the beginning of tunnel
construction. Once the tunnel construction phase
has begun, the criteria will have to be revised,
whenever such a revision is warranted by the gain
in experience, in order to provide the best possible
basis for the 'design as you go' decisions.

Dangers of a formalized characterisation and
qualification routine: The procedure suggested in
this paper for the subsurface repository exploration
/ construction is based on a schematized geological
site model and a simplification of the exploration
procedure itself, in that the measurement of all the
relevant parameters is replaced by the faster
approach of determining a few, easy to obtain and
hopefully representative parameters which can be
checked against simple criteria. Besides the
advantages which have already been outlined, this
procedure does carry the same danger which is
inherent in every modelling and schematization
exercise: with extended use it comes to be seen no
longer as a simplified model of nature, but as nature
itself. This could lead to a false sense of being
secure and in control. The authors are aware of this
risk. Nevertheless, in their opinion it is still
worthwhile to develop, prior to beginning sub-
surface exploration, a clear conceptual picture and
corresponding decision criteria, rather than relying
on ad hoc 'expert judgement'. Even more so,
because also brightest expens will need criteria in
the back of their minds, when they are called up to
take decisions of some consequence.
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DISCUSSION

Mitch Brodsky, USDOE

This presentation was about a process that dealt strictly with low-level waste. Is there a
similar process that you propose for a high-level waste repository?

Samuel Kappeler, NAGRA

Yes, we have a similar process that we would propose to use in the investigation of a high-
level waste repository. In the Swiss program our most immediate concern is the realization of
a low- to intermediate-level radioactive waste repository. Although we anticipate a high-level
radioactive waste repository, it will be quite some time before we reach the surface exploration
phase for it.

Bernard Félix, ANDRA

My question is about the connection between the major water-bearing fractures because we
have to study the geological formation whether in the mountains or the plains, and you
mentioned that there is a great difference in the Swiss conditions in such locations and in the
conditions in France. In your disposal design, do you intend to reduce the local groundwater
head gradient, especially near your access tunnel, which is up gradient from the emplaced
waste?

Samuel Kappeler, NAGRA

The gradients in the whole flow field are between 0.1 and 0.4 as I recollect in our present
conceptual model. These values were established in the five exploratory boreholes. During an
exploration program we should be able to establish these gradients with boreholes. But we
don't know if we will be allowed to do the necessary exploration because of potential
difficulties with the licensing authorities.

Christer Svemar, SKB

How have you researched high-level stresses, which you didn't mention, that ultimately might
be in the rock. Do you expect high in situ stresses at your potential repository sites?

Samuel Kappeler, NAGRA

We have evidence of very inhomogeneous stress fields in potential siting areas in Switzerland.
First we thought that this could be caused by the different major fracture directions. In our
experience so far the inhomogeneous in situ stress field doesn't appear to affect the repository
design of performance. We have a criterion of direction on the direction of repository rooms
relative to the stress field, but at the moment we are not following it because we are not sure
about the consistency of the stress field. Our experience so far doesn't exclude the use of the
criterion.


