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ABSTRACT

In this report multlvariate analysis is presented and used as a tool
to optimize site investigations.

The technique is tested on earlier accumulated data from bore
hole Fl and F2 in the Stripa mine, in an attempt to predict the
hydraulic conductivity of the rock. Different investigation methods
can be selected only on behalf of their correlation to the hydraulic
conductivity and accurate predictions can be made with as high
resolution as the core mapping data and the data from the
geophysical logging allows

In the second part of the report the integration of this technique in
the pre-investigation is discussed. The most important steps is to
form a site analysis group, responsible for data collection, analysis
and distribution of data. The goal is that, in each step of the
investigation, utilize all at the time available data to improve the
investigation. This will also lead to a less rigid and more flexible
pre-investigation that will improve the quality and reduce time
consumption.
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SUMMARY

This report presents a new pre-investigation strategy using
multivariate evaluation and predictions based on different pre-
investigation techniques.

Chapter 2. present multivariate technique, including the basic
philosophy and the mathematical background. In the last part of
the chapter two examples of how multivariate technique can be
applied on Measurement While Drilling data is described. The
technique is here used to refine the data and extract the useful
information from a very complex raw data signal.

In chapter 3 multivariate technique is used to treat earlier
accumulated data from bore hole Fl and F2 in the Stripa mine.
The data from the holes includes detailed core mapping,
geophysical logging and hydrogeological investigations. Since
hydraulic conductivity is of major interest for the construction of a
nuclear waste repository, an attempt was made to predict this
parameter based on core data and data from geophysical logging.

The study demonstrates that it is possible to predict the hydraulic
conductivity rather well, using only core data and geophysical
logs. In this case the core data contains more information about
the hydraulic conductivity than the data from the geophysical
logging. Only geophysical logging will not be provide enough
information to make a definite conclusion of the flow of water.

Finally, in chapter 4, suggestions for how the overall pre-
investigation strategy can be modified in order to improve the
overall quality of the investigation.

The most important steps to improve pre-investigation strategy, is
to form a site analysis group, responsible for data collection,
analysis and distribution of data. Data from each step of the
investigation must be made available to the group for modelling,
at shortest possible time. The goal is that, in each step of the
investigation, utilize all at the time available data to improve the
investigation. This will lead to a less rigid and more flexible pre-
investigation that will improve the quality and reduce time
consumption.
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1. INTRODUCTION

In the SKE program a large number of borehole based techniques
have been used to characterise rock. Several methods have been
developed and other has been improved. A large amount of
knowledge and experience using different methods individually,
has been accumulated during the execution of the program.

The purpose of using each method is to improve knowledge and
understanding of the bed-rock in general and more specifically the
rock mass surrounding a nuclear waste repository plant. The over
all aim has been to study in detail rock properties influencing the
long term security of the plant.

With all the accumulated knowledge and experience as a
background, an important question for coining work will be how a
pre-investigation program shall be designed in order to gain high
quality information about the rock, at the lowest possible cost.
Questions like, how is the correct set of pre-investigation methods
selected?, how can reasonable accuracy for single point be
balanced with reasonable amount of measurement points to give a
safe overall knowledge of the area?, or how shall the pre-
investigation work be organized in order to gain maximum
utilization of available information?, has to be answered.

In order to answer the above questions knowledge of the amount
and quality ofinformation provided by each method is required.

In order to answer above questions multivariate analysis might be
an applicable technique. This technique is well suited for analysis
of many and complex measurement variables. The first part of this
work is concentrated on this issue.

In order to optimize the over all quality of the pre-investigation,
other things related to each method must also be considered as
well, things such as:

Accuracy of measurement
Resolution
Time to availability
Cost



Some of these demands are contradicting. Resolution and
accuracy is balanced with cost. Expansive direct measurement
with indirect cheaper methods etc.

Furthermore, in order to achieve optimal knowledge of the entire
area, each method must also be used in the right phase of the
pre-investigation. Methods that is less accurate but instead cheep
and fast can provide information used to improve the planing of
later investigations with more exclusive methods. E.g. hydraulic
investigations shall not be conducted in areas with solid rock but
instead concentrated to areas with fractured and poor rock. Fast
and cheep method can provide information of where the rock is
solid and where it is week and fractured. Later investigations are
then concentrated to the fractured rock and thereby improve the
overall quality of the investigation.

Today a pre-investigation is often based on a large number of
different methods which are used independent of each other. This
means that the amount of utilization of data during the
investigation is low, giving a lower overall quality than necessary.

The last part of the work is concentrated on the entire pre-
investigation. and if it is possible to utilize this multivariate
technique in the analysis. The main question is if the technique
can be integrated in the eniire pre-investigation in order to
improve quality and decrease time consumption and cost etc.



2 . MULTIVARIATE ANALYSIS

Two methods of multivariate analysis are used in this report.
Principal Component Analysis (PCA) and Partial Least Square
(PLS) regression

PCA normally forms the basis for multivariate data analysis, and
is normally used for simplification of a data table, creating models,
noise reduction, outlier detection, variable and object selection,
correlation evaluation, classification, and prediction of different
features (Wold et al. 1987).

Another fundamental problem is to establish the relations
between different investigation method or between the used
investigation methods and some property in the rock. In order to
find the optimal relation it is necessary to make a regression
between the structures in the multivariate space containing the
different investigation methods (X-block) and the multivariate
space containing the information about the rock (Y-block). In
order to do this regression for pre-investigation data. PLS was
used.

2.1 Basic philosophy for multivariate analysis

Multivariate analysis introduce a new way of thinking in data
analysis, which in a way contradicts the classical way to perform
analysis.

The human mind always has and still have difficulties to include
many dependent variables in an analysis. In order to measure
specific features in nature, normally we are looking for single
methods that can give us the answer. To use two or three
dependent methods and base the analysis on the combined
response from all three, is not very common. And to use ten or
more methods and base the analysis on the combined response
from all of them is never applied.

Even if an acceptable result can be achieved for many scientific
and technical problem using only one method this is not always
the case. The nature are often extremely complicated and, since
we at the same time are aiming at distinguish smaller and smaller
differences in the properties of nature, a different measurement
and analysis policy are required.
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Figure 1. Locating coal seems by recanting penetration rate while drilling.

In figure i a single method (drill penetration rate) is used to
distinguish the difference between coal and side rock in a coal
mine. The penetration rates from each group is described by a
distribution, resulting from other parameters influencing the
penetration rate.

Since no overlapping occurs between the different distributions,
there is a clear cut between coal and side rock. Therefore, the
used method, penetration rate, is adequate for the problem.

Figure 2 show the distributions of penetration rates for low and
high phosphorous iron ore in LKAB's Kiirunavaara mine. In this
case the two distributions are strongly overlapping. However, even
with this strong overlapping, it is still possible to prove, with
significance test, that there is a significant difference in average
penetration rate between the two ore types.
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Figure 2. Distribution of penetration rates for different holes drilled in high
and low phosphorus iron ore.

Sometimes it is enough to prove a significant difference between
two groups, for example, in medicine between a control group and
a treatment group. For other applications like the one above it is
not adequate to know that there in average is a difference between
two rock types, instead it is essential to know for each and every
measurement point to which group it belongs. Similar with
geophysical logging we are not interested to know that there in
average is a different response between different rock properties
but instead we need to know for every measurement point to
which group it belongs.

The immediate reaction to Figure 2, might be that we cannot use
penetration rate and instead v/e try to find some other
investigation method to distinguish between high and low
phosphorus ore. However this might be too hasty, since the
penetration rate in fact contains information about the difference
between the two rock types. This information is however
unfortunately not enough to make a definite conclusion.



A simple way to overcome this problem is to include other
variables that contains information of the difference between the
two rock types but that alone cannot provide the necessary
answer.

At this stage we raise the questions: How can we extract the
combined information from all included variables in order to make
a definite conclusion about which rock type we are drilling in. To
this question multivariate analysis can provide some techniques.

In Figure 3, three different interacting methods to investigate rock
are considered. Let us assume that these methods are used to
distinguish between two different rock types, type 1 (filled points)
and type 2 (unfilled points).

With each investigation method at a time (Figure 3a). we face the
same problem as in figure 2, that there is no clear cut between the
groups.
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Figure 3. The difference between univariat and multivariate statistics for
three dependant variables (after Ståhle, 1987).



In order to use all three logs in the analysis, a three dimensional
coordinate system can be used with x, y, z axes corresponding
each method respectively. Each measurement, involving the
response from three different methods, is marked as a point in the
coordinate system (Figure 3b).

Looking at the points through a window defined by the axes xl

and x2. the difference between the two groups, type 1 and type 2.
can still not be distinguished. However, viewing this data from
some suitable angle(s) a clear difference between the groups is
observed, as shown in Figure 3c.

The difference between the two groups in figure 3 is
distinguished more through the difference in variable
interaction, than through magnitudes of each log.

If in Figure 3c the coordinate system is rotated so that the first
axis coincides with the direction of the largest data variation
(called the first principal component), the second axis coincides
with the direction of the second largest data variation (called the
second principal component), and so on, we will have transferred
the three dependent investigation method responses into a few
independent Principal Components, thus capturing the
dominating data structure in the original data set. Furthermore
the difference between the different rock types (in Figure 3) can
now be distinguished through the value of the second principal
component.

This type of analysis is not limited only to 3 dimensions, but can
be performed for any number of dimensions (rock investigation
methods), even though a space with more than three dimensions
may not be as easy to comprehend.

Using this technique the analysis can be based on many
investigation methods, that individually cannot provide a definite
answer, but the combined response from all investigation methods
can provide the required answer.



2.2 History

PCA was first formulated in statistics by Pearson, (1901). who
formulated the analysis as finding lines and planes of closest fit to
system of points in space.

For the calculation of Principal Component different methods
exists. One of them, the NIPALS (Nonlinear Iterative Partial Least
Squares) algorithm, was first outlined by Fisher and MacKenzie
(1923). and rediscovered by Wold (1966).

Different other methods to calculate Principal Components has
been studied by Ståhle (1987). concluding that the NIPALS
method is the most convenient, since it converges rapidly, allows
incomplete data and is particular well suited for cross-validation.

In the 1930:s, the development of factor analysis (FA) was started
by Thurstone and other psychologists. FA is closely related to PCA
and often the two methods are confused and the two names are
incorrectly used interchangeable.

Since the late 1960s, the PCA has been rediscovered and utilized
in many diverse scientific fields.

The development of Partial Least Squares (PLS) started in the
years 1930-1940, when Herman Wold was working on his Ph.D. in
the field of econometrics. Herman Wold, found that there is often
a large difference between a causal (physical) model and a
predictive regression model. This predictive regression model (later
called soft model) is one that works, meaning it predicts, without
needing a strict causal relation. Soft models are also able to deal
with many variables easily, while causal models by their own
nature are limited to a few variables.

A turning point for PLS was in 1966 when the NIPALS algorithm
was published by Wold. The combination of regression and
NIPALS led eventually to a first form of PLS in 1971-1972.
However it took another five years of experimenting before PLS
took its final shape.



One of the main properties of PLS that attracted the regression
user is the fact that the ratio of number of objects to number of
variables was not constrained. This opened the path to data
analysis for a lot of data sets that previously were put away
because they had too many variables and too few objects.

Many branches of science are today using PLS. Some of them are:
chemistry, medical science, economics, political science,
environmental science, management science, geochemistry etc.

2.3 Principal Component Analysis (PCA)

The idea of PCA is to find directions in the data space that will
indicate typical features. Unless the swarm of data points is
spherical (for a 3 dimensional space) it is usually possible to
identify a dominant direction of the data and with regression fit a
line to the points. In most cases this direction will not coincide
with any single variable.

The input data analysed here is stored in a matrix X with p
columns relating to each method of rock investigation, and n rows
relating to different data sampling locations (depth) along
respective holes.

In order to weight parameters of different magnitudes and
variability, the first step is to normalize raw data. In this work, the
data has been subject to column-wise normalization using zero
mean and unit variance. See. Figure 4.

After normalizing, X can be approximated by one n-dimensional
column vector t times one p-dimensional row vector c. The c-
vector is usually called the loading vector, since it contains the
contribution of each originally measured variables to the model.
The t vector is called the score vector because the elements in t
take the place of each object in the model, t times c is a Principle
Component model ofX if the sum of squared elements of X - (t
times c) is minimized. This Principle Component model describes
the most important pattern in the matrix X. t and c are defined for
a two dimensional case in Figure 5.
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Data pre-processing. The data for each variable are represented by
a variance bar and its centre. (A) Most raw data look like this. (B)
The result after mean-centering only. (C) The result after variance-
scaling only. (D) The result after mean-centering and variance-
scaling. (After Geladi and Kowalski, 1986).

CM

^B
LE

< i

ta

>

%

e . 2

1:ST

COSjS

\
t

i:-i
i
^^

,e.
i

i
i

1

t

PRINCIPAL COMPONENT

•

N. ^^-Average

- score X #

point

p] = cos

\
VARIABLE 1

Scatter diagram of a set of data with measurements taken on two
variables (after Stahle, 1987).



11

The elements in X are modelled by;

Xy = tiCj + eij i= l . . . . n j — 1—p (1)

where the matrix e» contains the residuals not explained by the
Principle Component model.

When model (1) is not sufficient to describe the systematical
structure of X, it may be possible to extract new c and t vectors
from the residual matrix. These new c and t vectors are
orthogonal and uncorrelated to the previous c and t vectors,
respectively.

The number of significant dimensions (a), with one t and one c
vector for each dimension, has to be determined. In this thesis
cross-validation (Jolliffe. 1986) has been used.

The entire model of X can then be written;

a

k=l

Xy

By plotting the score (t) vectors against each other, one obtains
informative 2-dimensional pictures of the objects configuration in
the multidimensional data space. The effect of each investigation
method on each score point can be identified by studying the
loading (c) vectors together with the score vectors.

A more detailed description of PCA can be found in Wold et al
(1987) and Jolliffe (1986).

2.4 Partial Least Square (PLS) regression

PLS, is an extension of PCA to include the dependency structure
between sets of variables. The goal is to find a relation between X
and Y such that Y is modelled by X (Ståhle and Wold, 1986).

A PLS model can be considered as consisting of outer relations (X
and Y block individually) and an inner relation (linking both
blocks).

Like in PCA, the elements in the X-block can be modelled by
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And the elements in the Y-block by

= uibj ijy

(3)

(4)

The inner relation can then be found by looking at a graph of the
t-vector against the u-vector. The simplest model for this relation
is a linear one. Thus

u = dt

where d is the regression coefficient

(5)

This model, however, is not the best possible since the principal
components are separately calculated for both blocks and have
therefore a weak relation between them. In this model the best
possible correlation is obtained by a simultaneous calculation of t
and u in the PLS algorithm, so that the components become
slightly rotated and lie closer to the regression line.

Uj ,

Figure 6. Geometrical illustration of the PLS method (after Carlson, 1986).
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When model (3). {4) and (5) is not sufficient to describe the
systematical structure of X and Y, it may be possible to extract
new components from the residual matrix.

The number of significant dimensions (a) has also here been
determined with cross-validation.

For a one-dimensional Y, PLS may simply be thought of as fitting
a line to the data by PCA and then tilting the line slightly so that a
better correlation between the Y-variable and the t-scores is
achieved. If Y has more than one dimension, PLS may be regarded
as fitting one Principle Component to X and Y respectively and
then tilting both Principle Components so that the correlation
between the scores is improved (Ståhle, 1987).

Thus, the general properties in PCA and PLS are the same. The
main difference is that in PLS the knowledge about the design of
an experiment is allowed to affect the direction of the components.
Differences between a control group and a treatment group that
are of a subtle nature may therefore be detected by PLS but not by
PCA (Ståhle, 1987).

When a model has been created for the relation between the X-
block and Y-block, new objects defined by the variables in the X-
block can be used to predict the values in Y. Since both the model
and the new object is well defined in the multivariate space, the
distance between them can be calculated. This distance is called
"Distance to Class" (DCL), and indicates how well the data point
fits the model. A small DCL value indicates a high similarity
between the point and the data set used to create the model, and
will therefore also indicate a more reliable prediction. The
converse is also true.

The calculations done here are all performed with a commercial
software package called SIMCA. SIMCA uses the NIPALS method
(Wold, 1966) to calculate components.

2.5 Geotechnical applications

Multivariate analysis has been applied to several geotechnical
fields and problems. In relation to rock pre-investigations the
latest application is together with Measurement While Drilling
(MWD) technique. This technique is here described in more detail.
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MWD technique is a rock investigation method where an ordinary
drill rig. for production or pre-investigation, is instrumented. A
number of drill parameters, such as penetration rate, thrust,
torque, rotation specl, etc, is monitored and recorded during
drilling operation. Since each recorded drill parameter it
responding to properties in the rock mass, the log will provide a
finger print of the penetrated rock mass.

Drill monitoring data are often very complex. The variables are
interacting, and random components and measurement errors of
different magnitudes may also be associated with variables in the
measured data. In order to extract the useful information from the
massive flow of raw data, an efficient method of analysis, that can
handle interaction between variables, must be used for the
analysis. Multivariate analysis have with success been used for
this application.

Below, two examples of how multivariate analysis have been
utilized in this application, is described.

2.5.1 Classifying ore in a coal mine

For a coal mine, detailed knowledge of the coal seams are vital
both for production and for short and long term planning.

McGill University/CCARM have during the last five years been
working with drill monitoring on a Bucyrus-Eire production drill
rigs in the Canadian coal mine. Fording River mine. Peck (1989).
During the drilling operation penetration rate, injection pressure,
thrust, rotary speed, and torque were recorded at approximately
10 cm interval.

If information about the location, extension, and quality of the
coal seams could be derived directly from the recorded data, no
expensive additional investigation method is required to locate the
coal seems.

The eagle mountain area in Fording River mine consist of several
coal seams separated primarily by mudstone and siltstone. In
Figure 7, plots of the individual drilling parameters from a
representative test hole in the area, are presented.
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From figure 7 it can be seen that it is difficult to draw conclusions
about the nature of the penetrated rock if only individual
parameters are Interpreted.

In order to know the true location of the coal seams the hole was
logged with a gamma log after the drilling operation. The major
task now was to locate the coal seams based only on the drilling
data.

In order to include all drill variable and also to handle the variable
interaction Principal Component Analysis (PCA) was tested. Three
principal components were derived from the recorded raw data
shown in Figure 7. The fist and third principal components are
presented in Figure 8.
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All coal seams were in this case located already by the first
principal component. All zones in the hole with a positive
component value (marked with thicker lines in Figure 8) coincide
with the coal seams. This means that in this case the first
principal component reflects the difference in drilling response
between coal and the rest of the rock.

In Figure 9a the contribution by each drilling parameters to
component 1. are presented. The first component has a
substantial contribution from all parameters except for the
injection pressure. Thus, all these parameters respond to the
changing drilling conditions reflected in the first component (the
difference between coal and other types of rock).

Figure 9a.
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The contribution by each drilling parameter to the first principal
component.

If the analysed hole is representative of a bigger area, which often
is the case in this kind of geological environment, the coal seams
in the whole area can easily be identified by the value of the first
component. Further more, since the component value can be
calculated immediately on the rig and since the evaluation
now is based only on the signs of one component value,
instead of simultaneous interpretation of 5 drill variables, the
information can be provided directly to the operator, in order
to avoid extra drilling.
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The third component, see figure 8. indicates a difference between
the upper coal seams, indicated by a high negative component
value, and the seams in the deeper part of the hole, indicated by a
positive component value-
In Figures 9b the contribution by each drilling parameters to
component 3 are presented.

This component is dominated by the injection pressure, but also
to some extent by rotary speed and thrust. The contribution from
penetration rate and torque is negligible. The strong contribution
from injection pressure indicates that the component to some
extent varies with the resistance to flow in the system.

The interpretation of the third component is that it reflects the
mud content in the rock, which is known to affect the flow
resistance in the system. Therefore, using the third component,
the content of mud can also be quantified in the coal seams.
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Figure 9b. The contribution by each drilling parameter to the third principal
component.
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This mining application show that a number of complicated drill
variable responses can, with multivariate analysis, be reduced to
only two principal components, which capture the dominating
information that is required for the mine personnel.

In general, each component does not normally have a physical
meaning like the original parameters. Rather, reflects each
component the dominating properties of the rock influencing the
drilling operation as a whole. Therefore, each component has to be
calibrated according to rock conditions at the drilling site, in order
to establish the meaning of the component. However, in this case
this calibration was rather simple.

2.5.2 Ore boundary classification

In hard rock mining detailed knowledge of the extension of an ore
body is also an important factors for ore reserve evaluation. This
factor is often more important than grades. During production, a
detailed knowledge of the ore boundary can also increase ore
recovery and minimise dilution.

In under ground mining the information about the ore boundary
is often based on core drilling spaced at wide intervals. If
necessary information can be derived from monitoring of the
drilling process in percussive drilling, substantial savings can be
made. Further more, if this information can be obtained from
production drilling, increased ore recovery and decreased dilution
can be achieved for an almost negligible additional cost.

The drill monitoring data considered here, was recorded from an
Atlas Copco SIMBA 269, equipped with a COP 42 ITH hammer,
using 4.5" button bits.

Drilling of downward parallel production holes with lengths
between 12 and 56 m was performed in an area called OSCAR.

The applied drilling parameters were controlled by a micro
processor unit (INCLINATOR Type 93) which also serves to record
drilling parameters while drilling. For this test drilling parameters
were recorded for every 10 mm of hole length. The recorded
parameters are:
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- time at which data is sampled
- drill hole length
- penetration rate
- rotation speed
- thrust
- air percussion pressure
- torque pressure

The Kiirunavaara ore body, dipping about 60 degrees eastward,
contains a massive magnetite ore. The ore is approximately 4 km
long and about 80 m wide on average.

The rock on the hanging wall side consists of quartz porphyry and
the foot-wall side syenite porphyry. The hanging wall consists of a
contact zone with varying thickness. Figure 10, shows an example
of how the dominating substances and minerals from a borehole
in the area are changing, when drilling from the ore through the
contact zone and into the side rock. The Figure is based on
cutting samples taken during the drilling operation.
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Figure 10. The Variation of dominating substances from a reference hole.
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The extreme complexity of drilling parameters in percussive
drilling puts high demands on the analysis used. Data analysis
will also become more difficult since the hanging wall holes in the
test area are almost parallel to the hanging wall.

In Figure 11, the recorded drilling parameters from a test hole
(hole 29024200). is shown. The holes are drilled from the ore body
to the hanging wall. To make a definite conclusion about the
location of the ore-side rock contact based on the figure would be
difficult, and the risk of making a wrong conclusion is obvious.

Figure 11.
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Plots of the recorded drilling parameters versus hole length, for bore
hole 29024200.

To use Principal Component Analysis (PCA) to analyse the
interaction between drilling variables would substantially simplify
the raw data. However, in this case it would still be difficult to
notice the rather subtle difference between the different rock types
penetrated in the borehole. For this reason, the more sensitive
Partial Least Squares Regression (PLS) was instead used for the
analysis.
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Figure 12.

In this case the first block contained all drilling variables while the
second block contained the geological information from the bore
hole. However, for this specific application it was sufficient to use
the iron content as an indicator of the ore boundaries. The task
was then to find the relation between the blocks, so that the iron
content could be predicted based on the drilling parameters.

In Figure 12, the prediction of iron content is shown for bore hole
29024200. In the Figure, the cutting analysis on which the model
is based, is also included.
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Prediction of iron content for the contact zone between ore and side
rock. The cutting analysis is given as reference.

It is seen from the figure that the overall agreement between the
predicted value and the cutting analysis is reasonably good, even
though the curve of the predicted iron content appears slightly
noisy.

However, let us assume that the true iron content in the rock
agrees with the prediction shown in Figure 12. The analysis of
drill cuttings may still coincide with the dashed curve in Figure
12, due to the fact that samples are collected at the surface far
away from the point where they are generated. Thus, this
introduces substantial mixing and segregation during
transportation to the surface. Therefore analysis of cuttings will
always reflect an average of the grades in the borehole.
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The capability of PLS method to identify major changes in the rock
is rather good. The hanging wall contact can clearly be recognised
at 5.6 m depth. A possible streak of side rock between 4 and 4.5
m can also be identified. The thickness of the contact zone is
approximately 3 m (between 6 and 9 m). However since the bore
hole penetrate the hanging wall at an oblique angle, the true
thickness of the contact zone is much less.

Using PLS the positions of different features along the hole have
been identified almost accurately. The hanging wall contact in this
case can be identified within a few cm.

In order to use the above model for other holes in the area, the
conditions of the hanging wall zone must be rather similar in the
entire area. However, hanging wall conditions such as geology and
geomechanics will in most cases vary substantially, while the ore
often is more defined and properties more uniform.

This type of problem can be solved with PLS using a parameter
called Distance to Class (DCL). A PLS model, in this case the
variation of iron in the hanging wall contact, is well defined as
line(s) in the multivariate space. The DCL value is the distance
between an individual data point and a specific model. If a new
data point has similar properties as the one used to create the
model, the point will fall close to the model and consequently have
a small DCL value. On the other hand, if a new point is different
from those used to create the model, the distance between the
point and the model will be large, resulting in a large DCL value.

In order to utilize this, a model based only on data from ore (which
normally is more uniform) was created. The location of ore
boundaries could then be based only on the DCL value (Figure
13). With this technique we do not have to concern ourselves with
the properties outside of the ore. Rather, one only need to identify
whether it is different from ore or not.

The test in Kiruna showed how multivariat technique can be
utilised to refine complex drilling data from percussive drilling into
useful information. In this case the major concern is to identify
the boundaries of the ore body. With this technique this can be
done at low cost and with reasonably high accuracy. The
information is also available almost immediately after completion
of the hole. Any other method available today would be more time
consuming.
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Figure 13.
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The DCL value versus hole length for bore hole 29024200. The
model is based only on iron ore.
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OPTIMISATION OF A PRE-INVESTIGATION IN STRIPA

To evaluate the hydraulic conductivity of the rock direct
measurement can be applied (Black et. al.. 1987). However, direct
measurement is expensive, especial if high resolution is required.

In order to reduce the cost indirect measurement with one or
several methods is an alternative. However, before using this
approach some questions must be answered:

Which indirect techniques shall be used?
How can the prediction be done using the result from those
techniques?
How well can the hydraulic conductivity be predicted using
those techniques?

Concerning the first question, standard investigation techniques
such as geophysical logging and core mapping, must be
considered.

Several geophysical logs is sensitive to water flow in the rock and
can therefore be used. Geophysical logging can also be done with
very high resolution.

The flow of water in a rock mass is always concentrated to
structures. Fracture mapping of cores has therefore also a
potential to show the hydraulic conductivity of the rock.

Since the hydraulic conductivity of the rock is of a rather complex
nature, several different investigation methods might be needed to
truly reflect the flow of water in the rock mass.

However, each investigation method used, have it's own
characteristics, describing a specific property along the hole, and
the result from each method will therefore differ in the amount of
correlation to hydraulic conductivity. The methods also differs in
their amount of redundancy to other methods.

In order to utilize several different methods, some kind of
evaluation and treatment ending up at reliable predictions of the
hydraulic conductivity is required. The complexity and
sophistication of such analysis will increase with the number of
included variables.



26

3.1

Figure 14.

In this work muitivariat analysis is tested as a tool to handled
above questions. The technique ire tested on pre-investigation
data from two boreholes from the cross-hole site, in the Stripa
Mine.

Site description

The specially prepared experimental site in the Stripa Mine is
situated at the end of a drift at the 360 m level. Figure 14, where
six bore holes have been drilled from essentially the same
position. The bore holes are drilled in a "fan-like" fashion so that
they roughly outline a tilted pyramid with a height of
approximately 200 m and a base of roughly the same length.
Figure 15.

100 200m
i

SCALE

drifts 360m below ground

^ ^ drifts between 380m and 410m below ground

„ - ' " ' exploratory boreholes

^ ^ boreholes drilled from the Crosshole Site

Plan view of the Stripa Mine at the 360 m and 410 m levels
showing the position of the investigated boreholes Fl to F6 (after
Carlsten et. al. 1985).
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Figure 15. The "fan-like" array of boreholes at the cross-hole site (after
Carlstenet al., 1985).

The boreholes, Fl and F2, are considered here. Both holes are
cored drilled with a diameter of 76 mm. The corresponding cores
from the holes has a diameter of 62 mm. Hole F2 lies vertically
beneath Fl, and the inclination between then are approximately
10 degrees. The collaring point and the exact direction of each
hole are given in Table 1.

Table 1 Position of borehole Fl and F2, in the local mine coordinates,
declination from mine north (in degrees), inclination below
horizontal plane (in degrees), and length (m).

Borehole Decl. Incl. Length
Fl
F2

337.454
337.450

1199.291
1199.242

355.437
355.895

96.25
95.86

10.20
20.57

200.10
249.88
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3.2

Figure 16

Geological description

The rock at the site consists of Stripa granite, a fine to medium
grained granite, intersected by a few thin (less then 10 cm thick)
pegmatite and quartz veins.

The granite is fractured with the fractures concentrated into zones
of more intensive fracturing. The average frequency of fractures
with mineral coating or altered surfaces, taken over the total
length of all six boreholes, is 4.6 fractures/m.

The undeformed granite between the zones is massive, fine to
medium grained, and grey to pale red in colour.

The zones with more intensive fracturing generally show a number
of signs of deformation such as brecciation. mylonitization,
alteration, and red colouring. A concentration of fracturing
combined with signs of deformation have been considered to
indicate zones of significant lateral extent. Six such zones (called
major units) were identified and named by letters A to F.

Block diagram showing the interpreted extension of the major units
that have been correlated between the boreholes, (after Carlsten et.
al, 1985)
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3.3 Available data

The investigation of borehole Fl and F2 has been very extensive.
The investigation includes a very detailed core mapping,
geophysical logging, hydrogeological investigation and an
investigation of the physical properties of the core. The
information from the last investigation was not possible to use
here. Each investigation is described in detail below.

3.3.1 Core investigation

The core investigation is documented by. Carlsten and Stråhle.
1985. The core data was not completely computer available and in
order to utilize all details of the investigation it had to be typed in
manually using the report.

The rock type in the two holes is dominated by:
Granite

With minor sections of
Tectonic Breccia
Pegmatite
Quartz Vein

The fractures were mapped and specified according to the fracture
filling and the fracture angles. The parameters for the two holes
are:

Calcite
Epidote
Chlorite
Fluorite
Quartz
Pyrite
Light Minerals
Dark Minerals
Hematite
Uranipherous Minerals
Arsenopyrite
Muscovite
Chalcopyrite
Fracture angles 0 -15 degrees
Fracture angles 16-30 degrees
Fracture angles 31 - 45 degrees
Fracture angles 46 - 60 degrees
Fracture angles 61-75 degrees
Fracture angles 76 - 90 degrees



30

Each group above was separated in four sub-groups:
Fractures
Fracture zones (total number of included fractures)
Crushed zones
Total number of fractures

In addition to this the total number of fractures and fracture
zones independent of filling or angle was specified for each interval

The data from the core log was sampled in 1 m intervals.

3.3.2 Geophysical logging

Geophysical logging was done in both holes with the following
logs:

Self Potential
Gamma
Single Point Resistance
Gamma-Gamma
Normal Resistivity
Lateral Resistivity
Temperature
Liquid Resistivity
Calliper
Salinity
Temperature Gradient
Sonic

The geophysical logging data was available in 0.5 m sections.

3.3.3 Hydrogeological investigation

The Hydrogeological investigation (Black et al. 1987) gave
information of the.

Hydraulic Conductivity
Hydraulic Head

Here we also used the,
Logarithm for Hydraulic Conductivity

The hydrogeological information was sampled in 10 m sections.
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3.4 Data preparation

In order to use the geological, geophysical and hydrogeological
data in the analysis the data has to be transformed to the same
length interval.

Since error is introduced to the data set. if the data interval is
reduced, it is necessary to use the longest data interval, that is 10
m as for the hydraulic conductivity. For the core data and the
geophysical logging data, this is accomplished by simple
averaging.

This procedure will give a smoothing effect to the data. However,
experience from other field show that the major pattern in the
data normally remains.

3.5 Multivariate analysis

3.5.1 PLS prediction based on indirect variables

Among the data from hole Fl and F2. each variables are different
in terms of how well it correlate with the hydraulic conductivity.
Some variables have no correlation to hydraulic conductivity and
is therefore pointless to include in a prediction model. Others
variables have stronger correlation to hydraulic conductivity and
may therefore be used. The variables that correlate with hydraulic
conductivity, can either add new information to the model or only
provide redundant information. In the case of several redundant
variables it is not necessary to include more than one of these in
the prediction model.

The problem here is to distinguish between uncorrelated variables
and correlated variables and between variables contributing with
new information and variables only supplying redundant
information.

This problem is here handled using step-wise PLS calculation.

The first run uses all available variables. Based on this run the
variables with smallest correlation to hydraulic conductivity is
removed, and a new PLS run is performed. The procedure is
repeated until only two variables remains. In order to distinguish
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which variable that has the smallest correlation to hydraulic
conductivity V1NFY variable is used. This variable gives the
accumulated relative influence of each variable

The estimation of the prediction capabilities is based on the
explained variance value. 100 % explained variance will give a
prediction exactly similar to the measured value. While O %
explained variance means the there is no correlation what so ever
between prediction and measured value

3.5.2 Prediction based on geophysical logs

The first step wise PLS run for the 12 geophysical logs are given in
figure 17. The figure gives in hand that very few logs contributes
to the explanation of the hydraulic conductivity. In fact. 9 logs
have no or only redundant information and can be removed
without effecting the prediction. Among the remaining three logs,
lateral- and normal resistivity are well correlated- A final PLS run
with only Lateral resistivity. Normal resistivity and Fluid Salinity
gave an explained variance of 31.4 %.

45
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Lateral- and Normal RealatMty

15 Number of Included Variables
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Figure 17. Explained variance versus number of included geophysical logs.
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It can be concluded that in this case it is possible to remove 9 of
the 12 without effecting the result. The logs that must be included
thought are:

Lateral Resistivity
Normal Resistivity
Fluid Salinity

The geophysical logs give a maximum explained variance of
slightly more than 30 %. This is not very high and not adequate in
terms of prediction capabilities. The conclusion must therefore
be that a lot of information of the hydraulic conductivity in
the rock, are not captured by the geophysical logs.

3.5.3 Predictions based on the core log

The step wise PLS run for the 58 core variables are shown in
figure 18. The curve is more complex than the curve for the
geophysical logs. More variables must be included in order to
reach a reasonable explained variance. However, even if no
individual core variable is as significant as the lateral resistivity
log, the normal resistivity log or the fluid salinity log. the core
variables all together can give a much higher total explained
variance (73 %).



34

80
Expained Variance

70-

60

Number of Included Variables
10 15 20 25 30 35 40 45 50 55 60

Figure 18. Explained variance versus number of included core variables.

The analysis also show that 21 variables can be removed from the
model, without effecting the explained variance more than
neglectable. With only 11 included variables an explained variance
of 56 % is reached. In order to increase the explained variance
further up to 70 %, another 26 variables has to be included.

In figure 19a and b, the prediction of hydraulic conductivity based
on all core variables is seen. The figure demonstrates how well the
hydraulic conductivity can be predicted with an explained
variance of 73 %.
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Logarithm for Hydralic Conductivity (m/sec)
—o.u -

-9.0 :

-10.0 :

• 1

-11.0 '-

-

-12.0 -̂

-13.0 :

Predicted Value

• /

•• A m

•

/

Test Value
i i i i i ] i i i i i i i i i

-13 -12 -11 -10 -9 -8
Figure 19b. Compa ison between the test value and the prediction for a model

based on all core variables.



36

3.5.4 Prediction based on both geophysical logs and the core
log

In order to improve the model and possible reduce the included
variables both core variables and geophysical logs are used.

In figure 20 the step wise PLS run for the 58 core variables
together with the 12 geophysical logs are given.

As mentioned earlier the normal- and lateral resistivity and the
fluid salinity are the single most important variables. However in
order to reach an acceptable explained variance it is necessary to
also include a number of variables from the core mapping.
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Figure 20. Explained variance versus number of included core variables and
geophysical logs.
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In figures 21a and b, the prediction of hydraulic conductivity
based on all core variables and geophysical logs are seen.
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3.5.5 Reduction of prediction variables

In the analysis of all variables in section 3.5.4, no consideration
was taken to redundance among variables. For example in figure
20. when lateral- and normal resistivity, fracture zones in light
minerals and total number of fractures in chalcopyrite in included
in the model, an explained variance of 44.2 % is reached. The next
variable of importance for the hydraulic conductivity is the fluid
resistivity. However, including this variable, will not improve the
overall explained variance of the model. This means that the
information supplied by the fluid lesistivity is redundant to the
information supplied by the 5 already included variables. The fluid
resistivity can therefore be excluded from the model, without
diminishing the overall explained variance.

The variables that should be included in a model is the variables
that alone contribute significantly to the explained variance. The
difference in explained variance (larger than 1 %) for consecutive
variables in figure 20 is given in falling order in table 2.

Table 2

Variable

Normal- and Lateral Resistivity
Tot. number of Fract. with Chalcopyrite
Crushed zones with Chlorite
Fluid Salinity
Fractures with Epidote
Fractures with Pyrite
Fracture zones with Light Minerals
Fracture zones with Epidote
Fractures with Calcite
Fracture zones (46-60 degrees)
Fractures with Hematite
Fractures with Chlorite
Fracture zones with Pyrite

Numb.

67.66
36
10
71

6
18
20

5
2

47
25

9
17

Expl.
Van.

23.5
9.8
7.5
7.0
6.0
3.4
3.2
2.8
1.6
1.4
1.4
1.2
1.2

Ace.
Expl.
Van.

23.5
33.3
40.8
47.8
53.8
57.2
60.4
63.2
64.8
66.2
67.6
68.8
70.0
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Considering all variables, there is only 6 that contribute to the
total explained variance with more than 5 %. and only 9 with more
than 2 %. Most important of the geological variables is fracture
with chalcopyrite filling. The used geophysical logs are obviously
not responding to water flow in such fractures. In the two holes
their is only two crushed zone and only one with filling (Chlorite
and Calcite). This zone is strongly influencing the water flow.
However, the fact that it is filled with minerals is maybe not as
important. Fracture filled with epidote tends also to influencing
the water flow, while the fracture angles only to have a neglectable
influence on the water flow.

Using the 10 most important variables for the prediction, an
explained variance of almost 65 % is reached. Figures 22a and b
show the prediction based on the 10 most important variables.
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Figure 22a. Companson between the test value and the prediction for a model
based on based on the 10 most important variables.
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In the core mapping procedure It is necessary to incorporate entire
block ofinformation. E. g. to just map fractures with calcite and
ignore fractures with chlorite Is not possible since the filling has to
be investigated to distinguish the difference between the two types
of filling. This means that you have to either include or exclude
block of information. Excluding variables inside a block, will only
have limited influence on the cost.

From table 2, it can be seen that the information from the fracture
angles only has a neglectable influence on the hydraulic
conductivity. To exclude this parameter in the core mapping
operation will reduce the time consumption and consequently the
cost for core mapping. From table 2 it can also be seen that no
other block of information can be excluded without influencing the
modeling capabilities of hydraulic conductivity.

The final prediction will in this case be based on a selection of
geophysical logs (normal and lateral resistivity and fluid salinity)
and core mapping without including the fracture angles. This final
prediction is shown in figure 23a and b.
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Figure 23b.
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Comparison between the test value and the predictionfor a model
based on based on 3 geophysical logs and all core variables except
for the fracture angles.
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3.5.6 Costs and economic evaluation

The cost of each method of investigation has been estimated in
order to compare and evaluate different pre-investigation
strategies. The estimation assumes core drilled holes, and the
drilling cost is therefore not included since it is similar in all
cases. The cost for each operation is based on earlier pre-
inves'igation work. The cost estimation for each operation is given
below in table 3. For the hydrogeological investigation all costs,
except for the mobilization and demobilization cost, is a unit cost
for each measurement point.

Table 3. Cost estimation for each method.

Geophysical Hydrogeol. Geological
Logging Investigation Mapping

110000

Mobilization and
demobilization
Salaries
Measurement cost
Instrument rental
Capital cost
Material, Energy etc
Data treatment
Quality control

50000

80000
70000

35000

50000

9000

1000
2000

500
10000

The total measurement cost for different alternative, based on the
unit costs in the figures above, is given in table 4.

Table 4. Total estimated cost for different measurement program and a total
hole length of 450 m.

Direct Measurement of Hydraulic
Conductivity (in 10 m sections)
Complete Geophysical logging (12 logs)
Reduced Geophysical logging (3 logs)
Complete Geological Mapping
Reduced Geological Mapping
(no inclinations)

610000 SEK
235000 SEK
125000 SEK
120000 SEK
90000 SEK
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From the table it can be concluded that direct measurement of
hydraulic conductivity is very expensive compered to other
methods. And even with a measurement distance of 10 m, it is
still three times as expensive as geophysical logging, with a
resolution of just a few centimetres. To reduce the measurement
interval for the direct measurement of hydraulic conductivity
would, ifall 450 m should be monitored, be unreasonable
expensive.

This also implies that if hydraulic conductivity can be predicted
based on other methods such as geophysical logging, the overall
quality of the investigation will increase in terms of improved
resolution.

Concerning the geophysical logging would a reduction from 12
logs down to 3 logs, only lead to a 45 % reduction of cost. This
means that, unless the magnitude of information from a single log
in advance is known to neglectable, it can hardly be economically
motivated to exclude the log from a program. It is also obvious
that core mapping is both cheep and efficient for investigations
like this, and cannot be interchanged by any other method

3.5.7 Concluding remarks

The above predictions show that it is possible to predict the
hydraulic conductivity based on core variables and geophysical
logs.

The quality of the predictions are evaluated based on the
parameter explained variance, assuming that direct measurement
of the hydraulic conductivity is 100 % correct. This assumption is
however, not correct since the direct measurement of hydraulic
conductivity, just as all other investigation method, is submitted
to error. However, it is difficult or impossible to determine the
exact magnitude of this error.

The evaluation in this report has been based on a data interval of
10 m. It has been assumed that the data pattern influencing the
hydraulic conductivity would be maintained in the 10 m data
interval, even if the active hydraulic part only is a minor segment
of the 10 m section. In order to verify this assumption the model
based on all parameters was used on a data file containing 1 m
sections instead of 10 m sections. This prediction is showed in
figure 24a and b.
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Hole Fl
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Figure 24a. Prediction of hydraulic conductivity based on all core data and all
geophysical logs, for 1 m section along borehole Fl.

Hole F2
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Figure 24b. Prediction of hydraulic conductivity based on all core data and all
geophysical logs, for 1 m section along borehole F2.
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Even if the peaks in the figures are not correct in magnitude the
figures still demonstrates that, in a larger 10 m section, the model
is capable to identify individual 1 m sections, containing the major
flow of water.

This indicates that it is possible to calibrate a model using 10
m interval, and still use the model to locate much smaller
hydraulic active zones.

Table 5 show the total explained variance for all the different
models used in the report. It is important to note that the core
variable contain almost all information also supplied by the
geophysical logs even if it is in a more complicated form, which
require a more advanced analysis. However, computer analysis is
today fast and cost effective and normally much cheaper that
further field work.

It is also notable from the work, that no individual parameter
used, nor core variables neither geophysical logs, provide more
that maximum 20 % of explained variance. And even if we with
this technique can organize the variables in decreasing order of
importance, we still need a certain number of different techniques
or variables to reach an acceptable prediction capability. This
implies the use of an analysis technique, such as multivariate
analysis, that can handle and extract useful information from a
large number of variables.

Table 5.

Model Explained
All variables
All core variables
All geophysical variables
The 10 most important var.
3 logs and core variables
excluding fracture inclination

variance
78.1
73.5
32.5
62.4

73.5

% of best model
100.0
94.1
41.6
79.9

94.1
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In order to conclude the evaluation the measurement efficiency for
hydraulic conductivity is calculated for each pre-investigation
method, see figure 25. The measurement efficiency is given in SEK
/ % Explained Variance and gives an impression of the amount of
information provide per unit cost for each method.

8000

lfeasurment efficiency
(SEK/percent Expl. Variance)

7000 :

6000:

5000-J

4000-J

3000 :

2000^

1000 :

Geophysical
Logging

Direct M«Mur*m«nt of
Hydralie Conductivity

C o r*Mapping

Figure 25. Measurement efficiency for each method based on the multivariate
evaluation

The interpretation of the figure must carefully be done, since
many, for the entire pre-investigation. important thing are
different between the methods. Things like resolution, time
consumption, other information than hydraulic conductivity etc
must be considered.

However, one conclusion that can be made from the figure is that
core mapping still is competitive as a cheap and very efficient pre-
investigation method.
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4. INVESTIGATION STRATEGY

4.1 Past pre-investigation strategy

The Swedish program for high level radioactive waste disposal
has been running since the mid 1970's. The period of time
hds been characterized by an intensive development of both
iwairument and technique for performing measurements of
geotechnical parameters of interest. Field investigations in
several sites have allowed improvements of instruments and
methods for characterization of rock formations suitable for
waste disposal.

The present target is to have a repository for high level waste
in operation by the year 2020. The investigation of 10 sites
during the 1980s will be followed by detailed investigations of
3 sites between 1993 - 1996. This evaluation will aim at a
preliminary construction before the year 2000.

In general the site investigation program comprises the
following three different stages;

1. reconnaissance studies
2. surface investigations
3. sub-surface investigations

Each stage in the investigation program consists of four
scientific disciplines;

geology
geophysics
hydrogeology
chemistry

As an example, the time schedule for a part of the geological
investigation programme at the Swedish Hard Rock
Laboratory at Äspö is shown in Figure 26.

Surface investigations consists of geological mapping and
different geophysical ground measurements. All these
different measurements performed are reported separately.
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Figure 26 TKme schedule/or a part of the geological investigation programme
at the Swedish Hard Rock Laboratory at Äspö.
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The sub-surface investigations starts with drilling of the
boreholes, where two or three drill rigs are established at the
same time. As soon as a borehole is finished, different type of
geological, geophyical and hydrogeological borehole
measurements will be performed.

Delays of the investigation programme is often related to the
drilling of the borehole. Extra time consumption for
individual logging operations could also cause considerably
delays. Especially, systematic hydraulic testing between
packers, that occupies the borehole for a long period of time.
Equipment failures will also have a large impact of the time
consumption, and especially since many of the instruments
used is developed for this program, and will therefore not be
as reliable as a more commersial instrument.

4.2 Modified pre-investigation strategy

The economic evaluation in chapter 3.5.6 lead to the
conclusion that investigation methods must be applied in
larger blocks. E.g. either you include geophysical logging or
you do not. Excluding individual methods inside a block has
only a minor influence on the cost. In order to effect the cost,
entire block of investigation methods has to be excluded.
However, the loss of information in connection with this has
to be carefully evaluated. Nevertheless, the example from
Stripa, demonstrate that savings can in some cases be made
by excluding entire block of investigation methods without
loosing any information.

In the example from Stripa, it was also concluded that a large
number of the used pre-investigation methods provides new
and adequate information about the rock mass. The result
from these methods is, however, often very complex and
difficult to manually interpret. Nevertheless, with multivariate
analysis it can be done, and in the example this technique
was used to predict the hydraulic conductivity in the rock
mass, based on core mapping information and information
from the geophysical logging.

Based on the result above the question is raised how this
type of multivariate evaluatir n and prediction can be utilized
in a real pre-investigation. One way to utilize the technique is
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to make predictions that can be used to plan coming
activities. For example, instead of measuring hydraulic
conductivity in the entire hole in rather large intervals with
fixed length, predictions, based on core, geophysics, MWD
result etc, can point out hole sections of interest, where the
investigation can be made with higher resolution. This way
can the overall quality of the investigation be improve .

Another possibility with multivariate analysis is to identify a
background data model, for example solid rock of a certain
type. With such model as a base, the following investigation
can be concentrated only to hole sections that is different
from the model. This implies that it is not necessary to know
in advance the reason for the anomaly, but just that it is not
solid rock. Similar must measurement of virgin stresses be
done in sections of solid rock. The model can assist in the
locations of such points.

However, in order to make and utilize predictions, a fast gain
ofinformation from the pre-investigation is required. Data
from initial drilling and investigations must rapidly be
evaluated for coming work. If this can be achieved, models
can be created already by the result from the first hole, and
then be improved step by step while new information is
added.

A fast gain of information will also provide larger flexibility to
modify the pre-investigation plan in order to optimise the
amount- and quality of information from the site. As an
example, can the final location of a specific bore hole be
partly based on the already available information in
surrounding holes.

Another advantage with immediate collection of data is that
the overall evaluation stage can be shorten, since the group
assign for final prediction and evaluation can be provided
with underhand information as the work proceeds, and do
not have to wait until the work is not only completed but also
reported in written form. This means that the overall time
consumption for the project can be cut down.

This procedure presumes that the information from each step
of investigation immediately is available for analysis, and that
methods that rapidly and cheep can provide information
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(e.g. MWD technique, core mapping etc) has priority in the
early part of the investigation. Today each investigation is
preformed independently, and the result presented after the
entire pre-investigation is completed. This procedure
efficiently prevent that information is utilized already during
the pre-investigation stage.

4.2.1 Measurement group

A practical way to overcome the negative consequences
pointed out above, is to form a site analysis group, which is
responsible for data collection, modelling and distribution of
data. The group must be located on the pre-investigation site,
and will also be responsible for the on-going investigation
work at the site.

Data from each step of the investigation shall be requested by
the analysis group and shall as soon as possible be provided
by the each team performing different steps of the
investigation. For fast processing, different investigation
groups shall preferably carry out basic analysis on site.
Facilities such as computer, plotters, etc must therefore be
available.

Based on data provided in each step of the investigation the
data group will compile the data, and model the rock mass
penetrated by the holes, based on all available data at the
time. Predictions of different rock properties is made to form
the base for coming investigation program.

The group shall also form a information link between the
group leading the project and the group assign for final
prediction and evaluation. Each of these groups shall be
provided with all necessary material and continuously
updated of the progress of the pre-investigation. Any results
that can course changes in a planed project activity, shall be
provided to the concerned group for fast modification of the
project plan.
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Beside coordinating the data flow, the analysis group shall
also take active part in the organisation and realization of the
pre-investigation on site. The group shall supervise and
facilitate each investigation team, in order to improve that
quality and minimize time consumption for the investigation.

4.2.2

Figure 27.

Example

An example of how a site analysis group can work, is
summarized in figure 27. The figure show the beginning of
the time schedule for a future pre-investigation.

Drilling

Core mapping

MWD-technique

Result 1.

Geophysics !

Evaluation

Hydrogeol.

Drilling

Core mapping

MWD-techniqut

Prediction 1

•

i

i

|

i

Geophysics

Drilling

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Time schedule for a pre-investigation based on a new strategy.

In the early part of the investigation the use of continuous
cheep methods are emphasized.

The drill rig is equipped with MWD instrumentation,
providing data during the drilling operation. Core mapping is
done continuously using computer based mapping tools.
Both these techniques can provides a complete data material
from the borehole, shortly after the hole is completed.
Immediately after the completion of the borehole geophysical
logging is carried out.

8.0 9.0
Month
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Concerning geophysical logging the procedure must be
changed so that logging is performed after that each hole is
completed. Today the logging is normally done after the
completion of all hole in the area. A major benefit with
geophysical logging in general, is the fact that the method
can provide information very rapidly. Therefore the total
utilization of the method increase substantial if the result
also can be used to optimize later investigations.

After the completion of the geophysical logging in the first hole,
the site analysis group will have access to a complete material
from MWD-technique, core mapping and geophysical logging. This
material is now used in a initial modeling of the area. Result from
this first modeling shall be documented (Result 1). This
documentation shall include graphs of responses from individual
methods, but shall also emphasise the combined effect from all
methods (e.g. using multivariate analysis). The borehole shall be
classified and anomalies and major zones shall be located. Initial
assumptions of the location of hydraulic active zones will also be
performed. This document must be presented no longer that a few
weeks after the completion of the geophysical logging.

During the first analysis, the work on the site continues with
hydrogeological investigations in hole 1, and the drilling continues
in a second borehole.

The result from the hydrogeological investigation in borehole 1,
must as soon as possible be provided to the site analysis group.
When this information is available, the group can perform the first
prediction model of hydraulic conductivity, based on core
mapping, geophysics and MWD data. This first model must be
available when the geophysical logging is completed in borehole
two. Now the model can be used to locate zones of interest, where
the continuing work, such as hydrogeological investigations, are
concentrated.

The modeling work is also documented (Prediction 1). and
provided to all persons involved in the pre-investigation.

As the drilling and investigation program proceeds the models will
be more accurate and detailed. This will also lead to a better and
more detailed knowledge of where, in a specific borehole, more
sophisticated and detailed investigation shall be carried out, in
order to provide maximum information.
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The increased quality of the models will also increase the overall
knowledge of the entire area. This, in turn, will lead to a higher
precision in the location of the following boreholes, in order for the
holes to penetrate important zones and therefore give maximum
information. The increased knowledge as the pre-investigation
proceeds, will also provide a higher flexibility in terms of the
number of holes to be drilled. E.g. Drilling can be stopped, if the
available information at a certain stage is considered to be
enough.
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5. CONCLUSIONS

The major suggestions from this work is:

Pre-investigation data must be considered to be of value also
on short term basis. This implies that data from each step of
the investigation must be made available at shortest possible
time. At each step of the investigation all at the time available
information must be utilized for the planing of the continuing
work. This philosophy will be less rigid and more flexible,
which will improve the quality and reduce time consumption.

In order to benefit from the change of strategy above, it is
necessary to assign someone, or a group, to be responsible
for data collection, analysis and data distribution. This group
must be located on the site.

In order for the new strategy to work, fast and cost effective
method with high resolution such as MWD technique, core
mapping, geophysical logging etc, will be used to create the
basic models. The information provided by this initial
investigation shall always guide the amount and location of
more sophisticated pre-investigations

The use of fast computerized tools, both for data collection
and analysis, is required for the new pre-investigation
strategy. Multivariate analysis is one such tool that very fast
can turn raw data from each method into models and
predictions. For each step of the investigation additional data
will be available, and can fast be added in order to improve
the models and predictions.

This study has also demonstrated that core mapping is a very
informative and cost effective pre-investigation method.
However, due to the complexity of data (many variables,
fracture fillings etc) additional techniques to extract the
useful information from the raw data, might be required.
Multivariate analysis can be used for this extraction of
information.

This study has show that it is possible to calibrate a model
for hydraulic conductivity using 10 m interval, and then use
the model (which only is based on core information and
geophysical logging) to locate much smaller hydraulic active
zones.
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Appendix 1.

The variables treated in this work is;

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Calcite

Epidote

Chlorite

Fluorite

Quartz

Pyrite

Light Minerals

Dark Minerals

Hematite

Uranipherous Minerals

Arsenopyrite

Muscovite

Chalcopyrite

Fracture zones
Fractures
Crushed zones
Total number of Fractures
Fracture zones
Fractures
Total number of Fractures
Fracture zones
Fractures
Crushed zones
Total number of Fractures
Fracture zones
Fractures
Total number of Fractures
Fractures
Total number of Fractures
Fracture zones
Fractures
Total number of Fractures
Fracture zones
Fractures
Total number of Fractures
Fractures
Total number of Fractures
Fractures
Total number of Fractures
Fractures
Total number of Fractures
Fractures
Total number of Fractures
Fracture zones
Fractures
Total number of Fractures
Fracture zones
Fractures
Total number of Fractures



37 Total number of Fractures
38 Fracture angles 0 - 1 5 degrees Fracture zones
39 Fractures
40 Total number of Fractures
41 Fracture angles 16-30 degrees Fracture zones
42 Fractures
43 Total number of Fractures
44 Fracture angles 31-45 degrees Fracture zones
45 Fractures
46 Total number of Fractures
47 Fracture angles 46 - 60 degrees Fracture zones
48 Fractures
49 Total number of Fractures
50 Fracture angles 61 -75 degrees Fracture zones
51 Fractures
52 Total number of Fractures
53 Fracture angles 76 - 90 degrees Fracture zones
54 Fractures
55 Crushed zones
56 Total number of Fractures
57 Rock type
58 Total number of Fracture zones
59 Hydraulic Conductivity
60 Hydraulic Head
61 Loganthm for Hydraulic Conductivity
62 Self Potential
63 Gamma
64 Geohm (Single Point Resistance)
65 Gamma-Gamma (Density)
66 Normal Resistivity
67 Lateral Resistivity
68 Fluid Temperature
69 Fluid Resistivity
70 Caliper
71 Fluid Salinity
72 Temperature Gradient
73 Sonic
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