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Abstract

Imaging methods applied to borehole investigations have become common for mapping
and characterisation of the rock mass. Today we have access to detailed information about
the rock, but we lack some methods for analysis.

In this study we develop methodology for measurements of in-situ fracture geometry, from
optical borehole images (BIP-system). We focus on the detailed information about fracture
geometry, available thanks to the high image resolution. We have decided to perform the
measurements using digital image processing, to avoid bias from the human analyst, and
we present on-going work on the image processing methodology.

Our method is based on iterative intensity thresholding. We work on grey-scale images, of
open fractures that fully intersect the borehole. The fracture trace comes out as a dark
sinusoidal in the borehole image.

First, the darkest pixels in the image are extracted. Then the pixels, which are immediate
neighbours to the first set, are included, under the condition that they are darker than a
somewhat lower threshold. The including of neighbours is repeated until the fracture trace
is filled.

The resulting sinusoidal fracture trace is then used for finding an approximation of the
fracture plane (Method of Least Squares). The fracture plane orientation is used for
determination of true aperture from the apparent fracture seen in the image. After this,
fracture aperture statistics can be determined.

The method works well for images of open fractures of simple geometry (sine wave). It
needs to be improved to handle more complex geometry, e.g. crossing fracture traces.
Today, some minor interaction from the analyst is needed, but slight modifications will
minimise this.
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Introduction

Imaging methods applied to borehole investigations have become common for mapping
and characterisation of the rock mass. Technical development of logging equipment has
made it possible to increase the resolution in the images, and also to increase the speed of
logging. This has led to a situation where we have access to detailed information about the
rock, but we lack methods for detailed analysis.

In this study we develop methodology for measurements of in-situ fracture geometry, from
optical borehole images, registred with the Borehole Image Processing System (BIPS).
This kind of analysis is often restricted to the determination of fracture frequency, and
fracture plane orientation, but we instead focus on the detailed information about fracture
geometry, that is availible thanks to the high image resolution.

In order to make our method work without severe bias from the human analyst, we have
introduced digital image processing into our work. With digital image processing, we refer
to computerised image analysis, where various algorithms are applied on the digital image
to automatically extract and measure some feature of interest. This can be with more or
less input from the analyst. (The advantage with automatic analysis, compared to manual,
is that measurements become more objective and can be repeated by others. On the other
hand, the disadvantage is that much of the human analyst's knowledge is hard to convey to
a computer).

Two main branches of special interest for this study are found in the literature. They are: 1)
image analysis for determination of detailed fracture geometry and 2) application of image
processing on images of the rock mass in-situ, and in particular, on borehole images. In the
first group, there is a study closely related to our project (Hakami, 1995). In this work the
focus is measurements of fracture aperture distribution. One method developed for this is
an image analysis methodology applied on microscopy images of a fracture filled with
fluorescence resin. In the second group, which deals with in-situ images, interesting
contributions are the attempts to perform automatic analysis of fractures plane orientation
(Hall et al, 1996, Thapa et al 1997) and also the automatic mapping of fractures on a rock
face (Reid & Harrison, 1996).

Our objective is to analyse the statistical distribution of fracture aperture for in-situ
fractures, but we also hope to reveal how this is related to different fracture sets and their
orientation. In this paper we present on-going work, which include an image processing
methodology for identification and segmentation of sinusoidal fracture traces in borehole
images, and also the determination of fracture plane orientation from those traces.

2 Method and Material

2.1 Digital images

A digital image consists of square image elements, pixels, representing the intensity
response of an area of the depicted object. For a colour image, the response is registered
for each of the three wave length bands: red, green and blue, while for a grey-scale image,
only the intensity is registered. Colour images are easily converted to a "black and white",
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grey-scale image, but since this conversion destroys the colour information, the process is
not reversible. Another feature of importance is the image resolution, which is typically
much lower for a digital image than for a conventional photographic image.

2.2 Image material

The images used in this study are recorded in boreholes at Aspo HRL, using the Borehole
Image Processing System (BIPS). The image logging performed with this system result in
optical, colour images, covering the whole circumference of the borehole. Since the image
is built up from single pixel rows, the maximum image length is (virtually) not limited.
The image resolution in depth direction is variable between 0.25,0.5 and 1 mm/pixel. (The
finest resolution applies to images presented in this paper). The circumferencial resolution
is fixed at 1 pixel /degree.

2.3 Image processing algorithms

The very first operation that we apply to the image, is a conversion from colour to grey-
scale. This means a simplification of the image handling, and it is possible to do since we
have restricted the study to open fractures. The open fractures appear as dark traces in the
image, and for the analysis of those, we need only to utilise the intensity information.
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Figure 2-1 BIPS image from borehole KLX02, Aspo HRL (depth 317 m), converted to
grey-scale. The resolution is 0.25 mm/pixel in the depth direction and
1 degre/pixel across the borehole (0 76 mm)

Image processing methods for grey-scale images are generally designed to use the pixel
intensity in various ways. Either directly, as with intensity thresholding, or indirectly, like
in edge detection methods, where it is the changes in intensity between neighbouring pixels
that are of interest.
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As mentioned, the trace of an open fracture will typically come out as a dark trace in a
optical borehole image. After the conversion to grey-scale, we therefore applied intensity
thresholding to the grey-scale image. Practically, this means that a binary image (0-1
instead of 0-255) is created, by setting pixels, darker than some threshold value T, to zero.
Pixels that are brighter than T, are set to one.

To find an appropriate threshold can be difficult, and we chose not to use a fixed, but
instead a dynamic, threshold (which means it is related to some image property, in our case
the intensity histogram). We also decided to use a very low threshold for a first
segmentation, in order to avoid including the medium-dark pixels, which are dark mineral
grains. Some fracture pixels are also medium-dark, and they are included later, by stepwise
increase of the threshold value, under the restriction that they must be immediate
neighbours to the pixels, that were segmented out in the first step. The algorithm reads like
following:

1) In the first segmentation, the darkest 1 % of the pixels of an image, I, is extracted, by
choosing a threshold, Ti, based on the image intensity histogram. In Figure 2-2 we see the
resulting image, Ti(I). We also see that almost all of the extracted pixels lie in the fracture.

2) As a consequence of the low threshold in step 1, many of the fracture pixels were not
included. The second step was therefore to iteratively increase the threshold (T2, T3, ...,
Tn), to include more and more pixels.

3) In order to only include those pixels that were neighbours to the first set, Ti(I), an
operation called dilation was applied to Ti(I). This operation means that all neighbours to
selected pixels in Ti(I) is added to Ti(I), resulting in a new set D(Ti(I)), see Figure 2-2 b.

4) The fracture pixels derived with the second threshold, T2 was then combined with
D(Ti(I)), using the logical (Boolean) operator AND.

The sequence 2-4 was repeated until the neighbours of outliers started to be included (in
this case, five repetitions). The algorithm was then terminated manually. The resulting
image, R, is shown in Figure 2-2 c.

2.3 Fracture plane orientation

The fracture plane is then determined from the image pixels in R, by first transforming the
pixels back to the location on a cylindrical surface representing the borehole wall, and then
fitting a plane through these points (or pixels). The fitting is made as a Method of Least
Square fitting (MLS) of two variables; Z=Z(x,y), where x=r*cos(<p) and y=r*sin(cp), where
r is the borehole radius, and cp is the angle of rotation around the borehole axis (0-360
degrees, see Figure 2-1).

In Figure 2-3, the intersection between the resulting fracture plane, and the cylinder
representing the borehole wall, is plotted on top of the original image, where it constitute a
sine curve. The orientation of the fracture plane is determined from the amplitude and
phase of the curve, by algebraic manipulation. The resulting parameters are the dip, and
dip direction of the plane, relative to the borehole axis.
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)
Figure 2-2 a) The fracture image after one iteration of the thresholding algorithm,

b) The dilation of the image in 2-2a. c) The final fracture trace image.
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Figure 2-3 The trace of the approximative fracture plane (white trace), on top of the
original grey-scale image.
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2.4 Fracture aperture

To determine the fracture aperture, we now only have to measure the height of the trace for
each column in R (apparent aperture), and calculate the true aperture as the component of
the height, that is normal to the fracture plane. The aperture is plotted against orientation in
Figure 2-4 a. The fracture aperture distribution can be represented by a histogram (Figure
2-4 b), but later on in our work, this will be more thoroughly analysed, e.g. with respect to
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Figure 2-4 a) The fracture apertures measured for the fracture trace in Fig 2-2 c.
b) Corresponding histogram for the apertures (n=number of observations).

orientation.

3 Results and discussion

Since this method is still under development, the results are not yet ready. Worth to
mention is at least the identification and delineation of sinusoidal fracture traces, that
worked well for the small number of images that we have analysed so far. The resulting
fracture traces seems to be in close agreement to what human vision would identify as the
fracture. (This will later be measured in a comparison between automatic delineation and
manual digitalisation of the fracture edges).

An observation that we have made is that the images show high variability in various
aspects, such as fracture frequency, intersecting and branching fractures, filled and open
fractures, rock matrix and also noise. This is caused by the geological variations and
sometimes also due technical factors during the logging. To deal with such large
variability, is hard, using an automatic method. It would probably require far greater effort
of development than is possible in this project. We will therefore focus on handling some
delimited parts automatically, but the analyst will at least have to make some intelligent
work by choosing what algorithms to use on a specific image. Two of the cases we
consider to work with are:
- more complex trace geometry, e.g. traces that are crossing each other
- mineral filled fractures
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To work with mineral filled fractures would require modifications. Fractures containing
white fillings can be treated in a similarly way as the dark fractures, by creating a negative
image, where white fractures come out as dark. In order to distinguish coloured fillings,
one will have to work with colour images, since the trace would else appear grey in a grey-
scale image, and therefore be hard to segment out from the surrounding wall, particularly
when the segmentation is based on intensity thresholdning.

Regarding the aperture measurements, one has to remember that image processing applied
in this way, is an attempt to measure the 3D reality in a 2D image. We can not easily
determine where pieces of rock have fallen out and left a cavity, which we might regard as
natural aperture. Since we are also determining the fracture trace from various levels of
grey, and sometimes have to decide where in visual appearance of a diffuse fracture edge is
located, we can not treat the measured values as exact measurements. To do this we have
to adjust the measures to other observations and performed some type of calibrating
measurements. Until we do that we will treat the apertures as relative measurements, and
compare them to each other, in order to look for features that vary with orientation of the
fracture plane.

In our opinion, it is clear that image processing has strengths as a method of analysis for
borehole images. The major benefit is that image processing makes the measurements
become more objective and consistent. The analyst or a colleague analyst will also be able
to repeat the measurements. We therefore believe that image processing will become an
important tool for analysis of the in-situ rock mass, and that it should at least be utilised for
research. The more common application of image processing in other fields, e.g. medicine
and also remote sensing, also shows the potential of image processing applied to borehole
images, since many of the problems encountered and solved in those fields are very similar
to the problems seen in our application.
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