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Abstract

Specifying the position and orientation of«the next borehole(s)»in a fractured medium,
from prior incomplete knowledge of the fracture field and depending on the objectives
assigned to this new borehole(s), is a crucial point in the iterative process of site
characterization. The work described here explicitly includes site knowledge and specific
objectives in a tractable procedure that checks possible borehole characteristics, and
rates all trial boreholes according to their compliance with objectives.

The procedure is based on the following ideas : Firstly, the optimization problem is
strongly constrained, since feasible borehole head locations and borehole dips are
generally limited. Secondly, a borehole is an « access point»to the fracture network.
Finally, when performing a flow or tracer test, the information obtained through the
monitoring system will be best if this system detects the largest possible share of the flow
induced by the test, and if it cuts the most«interesting » flow paths.

The optimization is carried out in four steps. 1) All possible borehole configurations are
defined and stored. Typically, several hundred possible boreholes are created. Existing
boreholes are also specified. 2) Stochastic fracture networks reproducing known site
characteristics are generated. 3) A purely geometrical rating of all boreholes is used to
select the « geometrically best» boreholes or groups of boreholes. 4) Among the
boreholes selected by the geometrical rating, the best one(s) is chosen by simulating the
experiment for which it will be used and checking flowrates through possible boreholes.

This method is applied to study the emplacement of a set of five monitoring boreholes
prior to the sinking of a shaft for a planned underground laboratory in a granite massif in
France (« Vienne site »). Twelve geometrical parameters are considered for each possible
borehole. A detailed statistical study helps decide on the shape of a minimization
function. This is then used to select 10 « geometrically best» sets of 5 boreholes. The
flowrates induced by the shaft sinking are then simulated. By comparing the flowrates
passing through all the tentative boreholes, we are able to give recommendations on the
most suited setup.
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1 Introduction

This work was commissioned by ANDRA in the framework of the study of a possible
Underground Research Laboratory in granite in the Vienne area. The sinking of the
planned access shaft will cause an hydrogeological perturbation of the volume it will cut.
Following the effect of this perturbation by means of an appropriate array of monitoring
boreholes will yield useful information about the properties of the hydrogeological
system.

Laying the monitoring boreholes is an optimization problem, and is made difficult by the
scarcity of our prior knowledge of the site. The objective of this work is to perform such
an optimization, using our uncomplete knowledge to constrain the geometry of the
group of boreholes. Our guiding principle is to formalize (i.e. «to translate into
mathematical terms ») some aspects of the geological and hydrogeological reasonning. In
this way, a tractable borehole selection procedure is developed, which includes both site
knowledge and the specific objectives assigned to the borehole or group of boreholes.

Note that we are interested here by the «large fractures » network, with scales of several
hundred meters at least.

Outline of the procedure

2.1 Rationale

We first note that site characterization is an iterative process : we are not defining all
boreholes a priori, but are working back and forth between field phases and
interpretation/modelling stages. Decisions on borehole emplacement will be more
precise, and therefore the borehole array will be more efficient, if the successive phases
and shorter and more numerous.

Also, in order to enable a rigorous process, the objective of the characterization
campaign must be precisely defined : « detect the large flow paths network »,
« knowledge of the hydrogeological interaction with overlaying sedimentary layers »,
« determination of the large scale specific storage » for example. More than one
objective may be pursued, as long as they are clearly prioritized.

The methodology we present here is oriented towards the first of the objectives listed
above (« detect the large flow paths network »). The basic principles can easily be used
to develop a procedure aimed at other objectives.

We start from the following observations :

• The numbers, positions and orientations of the future borehole are severely limited by
several constraints : work-schedule, possibilities for installing boring machines,
minimum borehole dip, presence of laboratory drifts that must be avoided. It is
therefore possible to systematically study all feasible boreholes, with a fine enough
mesh, as long as the checks to be performed on each « possible borehole » are simple.
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• The « quality » of a given borehole is the « amount of information », in terms of
fracture and network properties, to which this borehole gives access. From a strictly
geometrical viewpoint, the borehole quality is higher if it has more connections with
the network we are trying to explore. This explains why we try to drill boreholes the
least parallel possible to the main orientations of fracture planes. This thought process
may be continued one step further : a given intersection between a borehole and a
fracture is all more the interesting that it provides, through this fracture, connections
to other conducting elements which will be able to influence measurements in this
borehole, and therefore be possibly detected.

• It is mostly through interference tests that the large fractures network may be
characterized. During such tests (for example the « pumping test» due to sinking the
access shaft), measurements by the monitoring system will contain all the more
information if they integrate the largest possible share of the disturbance. One may ask
the following question : out of the x cubic meters pumped into or out of the
environment, how many can be detected by the monitoring system, and thus
contribute to our knowledge of the network ?

2.2 Steps of the optimization process

We start from the set of all possible borehole arrangements, generate fracture networks
integrating the known properties of the site, select several groups of boreholes based on
geometrical rating, and then chose between these groups by modelling the hydraulic
disturbance created by the access drift and computing what flow rates are detected.

2.2.1 Building the model

This consists of two operations : defining possible boreholes, then generating fracture
networks. Possible boreholes are specified by the positions of the boring rigs, orientation
(dip, dip direction) intervals, their length, and the depth of the sediment/granite contact,
above which a borehole is not taken into account. Figure 2.1 shows the set of 845
possible boreholes specified for the Vienne study.

Fractures are considered as discs, with orientations and linear densities (i.e. numbers of
fractures per meter of borehole) given by the existing borehole information. From the
few boreholes already existing and from their study by structural geologists, we can
deduce the orientation statistics and relative weights of five fracture sets. We have very
little information about fracture size, besides the fact that from interference tests the
network is probably connected. We use a law with a mean radius of 500 m and a small
standard deviation, producing networks of average connectivity. Fractures are generated
in a 3 km by 3 km by 1 km high box, centred on the planned position for the access drift.
Disc centres have random positions (Poisson point process) in the generation volume.
Two boreholes have already drilled in this volume, and seven fractures were detected.
The fracture generation process is conditioned on these seven known fractures : their
exact positions and orientations are reproduced, and no other « random » fracture
crosses these boreholes.



Figure 2-1 All possible boreholes for the Vienne study

2.2.2 Geometrical sort

The aim of the geometrical sort is to obtain a set of groups of boreholes (here ten five-
boreholes groups) with an optimum quality in terms of geometry. The procedure assigns
to each borehole a mark depending on its connections with the fracture network, and on
its connection through the fracture network with the access shaft and other boreholes.

A large number (50 to 200) of realizations of the fracture network is generated. For each
trial borehole and for each realization, several parameters are computed. For each
borehole, the mean value of a parameter for all realizations is used to assign a mark
between 0.5 and 1.2 in general (for some special cases, we may want to formally discard
a borehole and therefore apply a mark of 0). The final mark of the borehole is the
product of these various individual marks.

The following parameters are computed and produce a mark (figures 2.2 and 2.3)

• Borehole dip.
• Distance to planned underground laboratory galleries.
• Number of fractures cut by the borehole.
• Number of fracture intersections reachable from the borehole.
• Percent of the number of realizations for which there exists a connection to a given

« origin borehole ».
• Length of the shortest path along the network to an « origin borehole ».
• Angle with any already chosen borehole on the same rig.
• Number of boreholes already chosen on the rig.
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Figure 2-2 Geometrical parameters for the sort.
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Percent of realizations for which there is
a connection to the « origin borehole »

Length of the shortest path
to the « origin borehole »

Number of boreholes on the rig Angle with another borehole
on the same rig

Figure 2-3 Geometrical parameters for the sort.
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The two parameters referring to an « origin borehole » are in fact computed several
times, yielding one mark each time. « Origin boreholes » are the following :

• The access shaft.
• Existing boreholes in the volume of interest - here two boreholes named CHA112 and

CHA212.
• If one or more borehole have already been chosen in the group of boreholes being

currently put together, these already chosen boreholes.

For each parameter, we first perform a statistical study, in order to chose the grading
scale we will use for this parameter. A sensibility study is performed to ensure that small
changes in the grading system have a small effect on the outcome of the procedure. The
correlations between parameters are also examined, to check eventual redundancies.

The grading scales are chosen to reflect as closely as possible the thinking of the
geologist and hydrogeologist, and may be described in terms of the «ideal borehole »:
dips over 60°; minimum distance of 10 m to planned galleries; cuts many fractures, with
many fracture intersections; high probability of connection with the access shaft, existing
or planned boreholes; hydraulic paths not too long towards the access shaft, existing or
planned boreholes - also, hydraulic paths no too short towards other planned boreholes;
minimum angle of 30° with another borehole on the same rig; maximum of two
boreholes from one rig.

The treatment is first performed in order to chose the first borehole in the first group.
These grades only take into account the network properties and a priori chosen
constraints. We name them «intrinsic marks ». We then recompute grades for all the
boreholes, taking into account the presence of the first chosen borehole, and use these
new grades to chose the second borehole. By repeating this procedure, we can chose all
the boreholes in the first group.

In order to obtain the first borehole in a new group, we come back to the intrinsic marks,
discarding boreholes already chosen as heads of a previous group. The following
boreholes in the group are then chosen in the same manner as before.

2.2.3 Hydrogeological sort

This final step discriminates between the groups of boreholes selected by the geometrical
sort. For each realization of the network, the planned test (or tests) is simulated. For the
« Vienne » site, we model the sinking of the access shaft, equivalent to a large scale
pumping test. For each selected borehole, flowrates through its intersections with
fractures are summed. The « best» group of boreholes is then the one detecting, on the
average, the largest share of the flowrate pumped from the shaft.
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Results and conclusion

In order to help visualize parameter behaviour, we perform an interpolation of the
intrinsic mark for each borehole, using Schmidt diagrams (lower hemisphere) as a
mapping support. One interpolation is done for each position of the rig. This
interpolation is a krigeing based on a simple linear model.

Figure 3.1 shows the five Schmidt diagrams corresponding to the five possible rig
positions, and the arrangement of the diagrams on the figure roughly reproduces the
relative positions of the five rigs. On these diagrams, each cross corresponds to one
possible borehole (smallest dip 40°, south-dipping boreholes at the bottom of a diagram).
The isolines represent the intrinsic mark, normalized to a maximum of 10.

Figure 3.2 shows all the boreholes selected in at least one group by the geometrical sort.
The first borehole for all 10 groups is always on rig PF25, with a 60° or 70° dip.

The main borehole directions are to the east and north, which is coherent with the main
fracture dip directions to the west an south. However, the influence of relative positions
of the rigs can also be seen : PF24, being too far from the shaft, has no borehole
selected, and in PF22 the weight of the « path length » parameter forces the selection of
west-trending boreholes.

The flow simulations yield for the ten groups of boreholes average total flowrates
detected (over 200 realizations) between 4 % and 10 % of the flowrate extracted from
the shaft. The « best» group from these simulations is outlined in figure 3.2.

The procedure was developed with flexibility as an objective. This means that changing
the parameters depending on the specific objectives pursued is simple, as long as the
criterions can be stated geometrically. It can also be used iteratively, since it is geared
towards taking successively into account existing or already chosen boreholes.

The use of the method described here should obviously never be of the « black box »
type. Its main advantage is to be a tool for understanding, by which the geologist and the
engineer can check how the priorities they chose affect the choice of borehole positions.
In the framework or radioactive waste disposal studies, the decision-making process can
thus be formalized and made more tractable.
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Figure 3-1 Schmidt diagrams (lower hemisphere) of intrinsic marks normalized to 10.
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Figure 3-2 Boreholes selected in at least one group by the geometrical sort.
« Best» boreholes from the hydrogeological sort are outlined


