[image: image1.jpg]Int. Symp. on Physical Modelling and Testing in Environmental Geotechnics. La Baul, France. 15-17 May 2000

OPTICAL ANALYSIS OF POLLUTION TRANSPORT IN
GEOTECHNICAL CENTRIFUGE TESTS

H.G.B. Allersma', G.M. Esposito’

1) Delft University of Technology
2) TNO-Building and Construction Research, formerly Delft University of Technology
the Netherlands

Abstract
An optical method based on image processing techniques has been described for performing
measurements on pollution transport phenomena in soil in centrifuge tests. The geometry of the
polluted area as well as the concentration of the pollution can be measured in two-dimensional tests.
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ANALYSE OPTIQUE DU TRANSPORT DE POLLUANT LORS D’ESSAIS
GEOTECHNIQUES EN CENTRIFUGEUSE

Cette publication décrit une méthode optique basée sur le traitement d ‘images digital pour acquérir
des mesures de migration de polluants dans le sol au moyen de tests en centrifugeuse. Il est possible
de mesure la géométrie de l'aire polluée ainsi que la concentration en polluant dans des tests 2D.

Most clefs: traitement d’image, polluant, centrifugeuse

1. Introduction

Imaging technologies can be considered as a universal tool for visualizing, digitizing and analyzing
phenomena in experimental research. This observation technique was introduced in geotechnical
centrifuge research by [1] in order to enable deformation measurements in small samples. In a small
geotechnical centrifuge the space for mechanical sensors is so limited that it is not easily possible to
monitor the progress of a test. By using digital image processing techniques, however, it became
possible to extract significant data from the images captured by a video camera. An additional
advantage of the method is that only a video camera is required as a sensor and that, unlike
mechanical sensors, light does not influence the behaviour of the soil.

In the first instance a fixed camera was used, where the sample was illuminated at a particular
position by means of a triggered flash light. Since the quality of the frames is not constant in fhis
technique, the first step was to select good frames automatically by the image processing station.
Next, the frames were processed in order to digitize the co-ordinates of grid lines copied to a clay
surface, so that the deformation of samples can be evaluated. Today, small cameras are availz?ble_ that
can also be placed in a small centrifuge, so that the model can be viewed C(?nlinl{O\{Sly via slip rings.
A new development, however, is the use of a non-interlaced camera. Again, this is a fixed camera
which can make momentary exposures (e.g. 1/4000 sec). The camera is triggered by the centrifuge
via the computer with frame grabber. The spinning model needs to be illuminate_d perfectly only at
the location where the exposure is made. The advantage is that a strong fixed llg_ht source can be
used, which better guarantees a homogeneous illumination of the. samples. This is particularly
important if variations in grey values are used to estimate phenomena in tests.

It soon appeared that there were many more applications for this measuring method in geotechx_lics.
In the laboratory the method can be used to measure deformation parameters in so:l_ testing devices.
In the field the method has been applied to measure the surface deformation of a dike during water
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inf_'lllration. A recent application is the use of image processing in monitoring pollution transport in
soil in centrifuge tests. By performing two-dimensional tests the polluted area can be observed
thn}ugh transparent walls, which confines the soil sample. By means of image processing commands,
which are supplied by the software toolkit TIMWIN, it is possible to measure the displacement of the
front and the concentration of the pollution in the contaminated area.

2. Description of the optical system used

For the applications described in this report a rather simple and inexpensive image processing station
was used. It was found that an interactive system is most convenient in use. Therefore a PC-based
configuration was chosen. The system comprises a PC (i.e. a Pentium 200MHz central processing
unit with a 4GB hard disk) with a frame grabber (Pulsar from Matrox). It is possible to vary the
number of pixels in a frame horizontally and vertically. For this application, however, frames of
512x512 pixels are mostly used. Because the frame grabber has no colour options a black and white
camera is preferred. Four different cameras can be controlled by the frame grabber. The required
properties of the camera depend on the application. In centrifuge tests a small camera is preferred,
because it can be mounted easily at specific locations. The smallest camera currently in use has
dimensions of 45x45x24 mm and weighs 25 grams. Only 12 Volt DC power is required to operate
the camera. The video signal can be transported via normal conductors for at least 50 metres. It was
found that the video signal could be transported eventually via very primitive slip rings. If the size of
the camera is not important, industrial CCD cameras are used. Depending on the problem, it has to
be borne in mind that automatic functions, such as black and white balance or aperture are not
always preferred. An automatic aperture is convenient if the camera is used in a field measurement
with cloudy weather, so that large differences in illumination can be endured. However, if the system
is used to monitor the transport of tracers, e.g. in groundwater flow problems it is not permissible for
the black and white balance or aperture to be adjusted automatically, because this would result in the
loss of information. The CCD cameras give good results at low light intensities. In general, rather
common light sources are used. It should be attempted to illuminate the objects as homogeneously as
possible. Some miniature cameras are equipped with infrared diodes, so that no additional light
source is required. It appears, however, that several phenomena show a better contrast with normal
light.

A recent new development is the application of a non-interlaced camera in centrifuge research. This
camera is able to make momentary exposures up to 1/800000 of a sec. With this camera pictures can
be captured from spinning centrifuge models, where the camera is positioned at a fixed location
outside the spinning centrifuge. The camera is triggered by the centrifuge via the computer and frame
grabber, so that an image of the centrifuge model is captured at one specific position. At that
particular position the model can be illuminated by a powerful light source, which can also be
located at a fixed place outside the centrifuge. It appeared that a shutter time of 1/4000 sec was
sufficiently short to capture a sharp frame at 370 rpm. This technique makes it easier to achieve a
homogeneous illumination of a large surface. A uniform illumination is particularly important iAf the
grey level distribution is used to measure .g. the concentration of a contaminant in two-dimensional
pollution transport tests. An additional advantage of a fixed camera is that a motorized zoom lens
can be used, so that the most relevant are can be captured during flight.

The analysis of images is easier if a good contrast is achieved between significant and non-
significant objects. However, it can happen that the contrast is optimum at t}lle 'outse?t, lbut tbat .the
progress of the test influences the contrast in a negative way. Funhen)nore. variations in illumination
can occur in field tests or if the sample is spinning in a geotechnical centrifuge. In genera.l, the
negative effect of the disturbances can be eliminated by software. Since the elementary operation of
the frame grabber board is rather specialized, a software toqlkit is recomm;nde{i for manipulating the
images. In the applications described in this paper the toolkit TIMWIN (Difa Vision Systems) is
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Fig.1 Centrifuge of the University of Delft. Fig.2 Visualization of changes in time.

used. This toolkit provides the user with a large number of commands for manipulating images, eg
subtraction, threshold, skeletonizing, noise filters, etc. This program can be used interactively, but it
is also possible to make a script file to process the images automatically. In both modes, the result of
each operation is visible on the monitor. The commands of the toolkit make it possible to extract
relevant information from the images. In most cases the extraction of information is, in principle,
rather simple. However, all manner of disturbances can mean that several extra image processing
operations are necessary in many cases.

In combination with a normal camera, 5 frames per second can be stored on disk. However, a special
camera and software allows storage with a maximum frame speed of 300 frames per sec. (depending
on the frame size).

3. Test facility

A small geotechnical centrifuge (Fig.1) has been developed at the Geotechnical laboratory at the
University of Delft [2]. The centrifuge has a diameter of 2.5m and can accelerate samples with
dimensions of 400x150x300mm and a weight of 400N up to 300 times earth's gravity. Several
miniature computer-controlled accessories [3] are available to perform advanced in-flight tests, e.g.
two-dimensional loading system, sand pouring machine, air supply system, water circulation system,
pile driving device, etc. Numerous geotechnical problems can be investigated in a small centrifuge.
The advantage of a small centrifuge is the much lower cost of operation and that sample preparation
is not so time consuming, so that several tests on different subjects can be carried out in a short
period. In a small centrifuge the space for sensors is limited. This disadvantage has been overcome
by using digital image processing for measuring displacements and other phenomena. In this
technique only a video camera (on board or fixed) is required as sensor. An additional advantage of
this measuring system is that light has no influence in any way on the progress of the test.

A test program has been carried out in the centrifuge to simulate the infiltration of oil in partly
saturated sand. The artificial gravity reduces capillary rise, so that a phreatic line can be simulated in
small soil samples. In order to enable better monitoring of the test, the experiment is performed in a
two-dimensional model. The dimensions of the sand sample were width = 30mm, height = 100mm
and length = 300mm. The oil was supplied over the whole width at the surface of the soil sample via
a small gap in the bottom plate of an oil container. To get evidence that the flow observed against the
window was the same as that in the body of the soil the sample was cut after some infiltration. Black
paint was dissolved into the oil in order to produce a better contrast relative to the concentration. A
paint has to be choosen which will not be absorbed by the soil. The tests are performed at 30g. The
advantage of performing the tests in a centrifuge is that the infiltration
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a b
Fig.3 Exposures of the sand sample, before (A) and after (B) oil infiltration during 15 minutes.

process takes only a few hours instead of several days at Ig conditions. Thanks to the transparent
perspex boundaries, the infiltration of the oil is visible. Different camera systems have been used to
follow the infiltration process in flight. The grabbed frames have been used to analyse the infiltration
in more detail. In centrifuge tests the displacement is one of the most significant parameters to be
measured. The displacement can be related to the movement of an object, to markers located on a
clay or sand sample or a coloured tracer in fluid flow problems. The most simple but effective
method of observing the progress of a test in real time is by subtracting images of two different
stages. It can be visualized how the infiltration process proceeds and what region is affected during
the test. Especially when the displacements are small and slow it is difficult to follow the test by eye.
By subtracting images it is possible to visualize changes in a test over a time interval. As an example
two stages during a pollution infiltration test in sand are compared in Fig.2. Several other
measurements can be performed, namely displacement of the contaminated front, volume of the
contaminated area, liquid level of the supply container and concentration measurement.

4. Displacement measurement

Using commands of the toolkit TIMWIN it is a relatively simple matter to determine the dimensions
and position of the plume. Two stages of a two-dimensional test are shown in Fig.3. In Fig.3a the
initial stage is shown, where the contamination is not yet visible. Two black marks at known
positions are situated at the transparent wall of the container. These marks can be used to calibrate
the distance between the image pixels. The number of required calibration marks depends on the
distortion of the image.

In Fig. 3b the development of the plume is visible 15 minutes from the start of the test. The images
can be stored in two different memory blocks of 255kbyte each. The plume can be isolated easily by
subtracting the images in Figs.3a and b. The result of the operation is shown in Fig.4a. Since the
background is unchanged, no sharp details are left, resulting in a more or less uniform grey level in
that area. In the area of the plume and the oil supply container, however, the image is changed The
changes mean that a clear difference in contrast is now obtained between plume and background.
The background can be eliminated by using the threshold command, which means that only pixels
within a specific range of grey level (e.g. 0-20) remain. The isolated plume is shown in Fig.4b. The
threshold command used converts the selected pixels to black (grey value is 0) and the not selected
background to white (grey value is 255), so that the plume and background is now schematized as a
black and white image. The toolkit contains a command which can count and number the black
objects which are separated from each other. The serial number (1 in this case) can now be used in a
command to locate a specific object, where a square frame is drawn, touching the extreme
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a
Fig.5 Determination of the contour of the plume using the contour command.

dimensions of the object. Returned information is: co-ordinates centre frame; frame size; amount of
image pixels covering the object. The position of the plume front in the horizontal and vertical
direction can now be calculated. The accuracy of the measurement is dependent on the surface area
of the considered sample. If a surface area of 100x150 mm is observed, displacements of 0.2 mm can
be measured. Some centrifuge groups use strong boxes with very thick perspex boundaries (up to
100mm), where the distance to the camera is relatively small. In this case more reference points are
needed, located at the inner side of the wall, to convert pixel numbers into mm. Alternatively
corrections can be made using the physical laws describing refraction. The perspex wall of the
sample box in the small centrifuge is 12mm, where the distance to the camera is relatively large
(1000mm). In this case two calibration points provide sufficient accuracy.

The surface of the plume can be determined by counting the number of image pixels that cover the
plume and multiplying the result by the calibrated distance between the pixels. The boundary of the
plume can be digitized in more detail (Fig.5a) using the command contour. This command erases the
inner part of the object, so that only the contour is left. Using the Freeman code, a file can be
generated containing the column and row number of all the pixels that cover the boundary. These
pixel positions can easily be converted into mm using the calibrated distances between the pixels. In
Fig.5b the contours of several test stages are visualized.

The commands used to process the images can be used in a script file, so that the analysis proceeds
automatically. An on-line graph can be made of e.g. the vertical displacement of the front in time. It
is possible during the tests to store images at e.g. every 10 sec. on disk, so that afterwards other
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Fig.6_ Isolation of the plume ( for better Fig.7 Three dimensional plot of the oil concentration in
printing the back ground is not black). the plume in a composition of four different stages.

parameters can be determined. Also, good results are obtained by processing images from video tape.
Even with a simple video recorder it was found that little information is lost. The image processing
station can be equipped with a CD-ROM writer, so that large quantities of images can be stored
permanently in an inexpensive way.

5. Concentration measurement

More details about the infiltration of the pollution can be obtained by measuring the concentration of
the pollutant over the surface of the plume. For this reason a little paint is dissolved in the oil in
order to improve the contrast. The measurement is based on the existence of a relationship between
oil concentration and grey value. It is important that the significant area is illuminated uniformly.
Good results are obtained with onboard light sources and camera. Four small bulbs are used as a
point source to illuminate the sample. Also, good results are obtained with a fixed non-interlaced
camera outside the centrifuge and a strong fixed light source. It is easier in this case to illuminate a
large area uniformly. Furthermore a larger distance can be achieved, which reduces distortion.

In order to automate the measurement, it has to be known in which area the grey values are
significant. This area can be isolated easily by subtracting an image Fig.4b from the original image
Fig.3b. Since the grey value of the plume area in Fig.4b is zero at any point, subtraction did not
influence the plume in the original image. On the other hand, the grey value outside the plume area is
maximum (255), so that subtraction yields zero (negative grey values do not exist). The result of this
operation is shown in Fig.6 (for better printing the background is inverted to the maximum grey
value).

The position and size of the frame which just fits around the plume was already derived in a previous
operation. Within the area of this frame a scanning operation can be started to determine the grey
value distribution over the plume surface. Using a command of the toolkit a sub frame can be
defined (e.g. 10x10 image pixels), where the position can be adjusted at any location. The area
containing the plume can be scanned in a loop by changing x and y. The averaged grey value in the
sub frame can be derived by a direct command. A special feature is that pixels with grey value zero
can be disregarded in the averaging procedure, so that representative averaged values are obtained
for the boundary of the plume, even when the sub frame is partly outside the area of the plume (the
grey value in the plume is never 0). The averaged grey value and the associated position can be
stored in a file. The grey values can be used in different manners to visualize the
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Fig.8 Concentration in time at some location at the axis of the plume [4].

concentration distribution. As an example the measured values are presented in a three dimensional
plot in Fig.7. Four different stages are visualized in a composition, where it can be seen that the
concentration decreases during the course of the test. On the right hand side of the graph the water
table and the capillary zone are visible.

The link between grey value and concentration has to be made by calibration. The grey value at full
saturation can be derived at the beginning of the test, because at that stage the oil supply is so fast
that all pores are filled. The full saturation is also indicated by the uniform level of the initial plumes
(Fig.7). The oil content in the saturated area can be estimated from the change in oil table in the
supply container. However, it is also possible to determine the oil content in a saturated sand sample
at 1g conditions. Other calibration points can be defined by determining the oil concentration in
some points afterwards. In this technique the sand sample is moved out of the container, where small
samples at well defined locations are taken. The decrease in weight, after removing the oil with
petrol, is used to determine the oil content. It was found that there was an almost linear relationship
between grey value and oil concentration. The concentration ranges between 7% and 14%, which
causes a difference in grey value of 40 units. Furthermore it appeared that there was an almost linear
relationship between variations in the initial grey value and the grey value related to some oil
concentration, so that some change in light intensity (e.g. due to non-uniform illumination) can be
corrected. Trials were carried out on mixing sand with a known quantity of oil and determining the
grey value through a glass window. It was found, however, that this results in a different grey scale
than when the oil infiltrates the sand.

An alternative calibration method is by means of a numerical procedure. In this method the amount
of infiltrated oil is calculated by accumulating the locally measured oil concentration ratio (obtained
by scanning the contaminated area), multiplied by some factor. The calculated amount is compared
with the amount of oil which has left the supply container. The multiplication factor is adjusted by
numerical means such that the calculated amount is the same as the direct measured quantity. In all
cases it is assumed that the test is two-dimensional and that there are no significant boundary effects.
By using a mechanical sampling method it could be shown that a two-dimensional approach was
realistic.

The concentration measurement was performed in the dry zone. If the oil infiltrates the saturated
zone, separate calibration measurements have to be made. In the near future it will be investigated
whether it is possible to separate the oil and water content by optical means. Special tracers and/or
light sources might be helpful in this technique.
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The measuring technique is applied in analyzing the infiltration of LNAPL in [4] In this study,
graphs are made, for example, of the course of the concentration in time at some location (Fig.8).

6. Conclusion

!maging technology has proven to be a valuable technique for visualizing and digitizing phenomena
in two-dimensional pollution transport tests. The system can be used to monitor the test in real time.
As a result of this measuring technique, tests with a (small) geotechnical centrifuge have become
more cffective. Sensors can be replaced by a camera and image processing software. A camera
requires less space and the light does not influence the test. The optical measuring technique is able
to yield detailed information of a large area. The measurement of phenomena in a large area is very
helpful in analyzing tests on pollution transport problems. Several parameters can be measured by
using digital image processing in tests simulating the infiltration of a contaminant in soil, such as;
area of the plume; increase in area in time; width of the plume; height of the plume; velocity of the
front in a horizontal and vertical direction; digitization of the contour of the plume; digitization of
the oil concentration over the plume surface and oil supply in time

The toolkit TIMWIN contains commands which make it relatively simple to extract relevant
information from tests. For that reason it is not necessary to develop elementary software of your
own. There are several other suitable toolkits available on the market. The analysis of the image can
be performed automatically. However, in many cases it appeared to be helpful to use the image
processing station in remote mode. In this mode the cursor behaves as an electronic ruler, local grey
values can be visualized and the progress of a test can easily be visualized by subtracting images at
different time intervals. For this reason an interactive on-line system is highly recommended.

The measuring method is applicable for two-dimensional problems, only. The tests have to be
carried out carefully in order to assure an idealized two-dimensional test. In some cases the
infiltration of the contaminant proceeds in plumes with a very complicated shape (e.g. fingering). As
long as the test is two-dimensional the optical measuring technique is applicable.

In the first instance the measurement is applied in the case that only one fluid is present. When the
contaminant reaches the groundwater table it would be a good thing if both oil and water content
could be measured. Future investigations will be performed to determine if this can be achieved, e.g.
by using special tracers and/or light.
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