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ABSTRACT

A measurement based on digital image processing has been developed in order to determine
the displacement field of a slope during the failure of a dyke. The dyke was brought to failure
by water infiltration, which was supposed to be a simulation of wave overtopping. It was
found that the measuring technique could successfully be applied to digitize the deformation
of the slope during the field test. Thanks to the measurement a good comparison could be
made between small-scale tests in a geotechnical centrifuge and field tests.

INTRODUCTION

A real scale tests has been performed under the supervision of the Dutch Ministry of Public
Work in order to examine the mechanism of failure of dykes during water infiltration as a
result of wave overtopping. The interest in the failure mechanism dates from 1953. In that
year a large area in the Southwest part of the Netherlands was flooded by the sea during a
heavy storm in combination with spring tide. It appeared that several dykes were not
damaged at the first instance by mechanical forces at the seaside, but on the landside. The
water table of the sea had reached such a high level that it flowed over the crest of the dyke
thanks to wave action. The amount of water itself was not very critical because a polder has
sufficient capacity to store this water. The point was, however, that the water infiltrates into
the dyke. This was possible because the top of the dyke and the slope at the landside were not
covered with a water impermeable layer. The water infiltration in the soil dramatically
reduces the stability of the slope at the landside, which finally causes failure of the dyke.

In order to estimate the potential danger of the actual dykes, several theoretical analyses have
been made for determining the stability of dykes when wave overtopping occurs. It appeared
that the steepness of the slope and the appearance of different soil layers are important
parameters. The theoretical approaches, however, did not explain the behaviour satisfactory,
so that tests are required to get more insight in the contribution of the different parameters.
Since a real scale tests is expensive and time consuming centrifuge tests are performed in the
firsts instance to gain more insight in the problem. Several different profiles of dykes were
tested in order to examine the effect of water flow through the dyke. It appeared that the
centrifuge tests show in some cases a different failure mechanism than assumed in the
theoretical analyses and in previous field observations. For that reason special attention was
paid to examine the failure mechanism in more detail in the field test, which was performed
after the centrifuge test. The results of the centrifuge tests appeared to be helpful in the design
of the setup and measuring plan of the real scale test. An old dyke located in the province of
Zeeland was chosen as a location for the field tests. The water infiltration by wave
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overtopping was simulated by running water over the slope of the dyke, which was supplied
b){ a tube with holes located at the crest of the dyke. The conﬁguratioﬁ of the dyke agrees
with the dyke simulated in the centrifuge, namely: a sand core based on a impermeable layer
and cgvered with a clay layer. Several sensors are installed in the soil in order to monitor the
behavnog of the dyke. However, a problem arose to find a method to monitor the surface
deformation of the slope of the dyke. This information was important in order to compare the
field tests with centrifuge tests. It appeared that no standard equipment was available to
measure the surface deformation. Therefore the Geotechnical Laboratory of the University of
Delft was invited to develop a measuring method to detect the surface displacement of the
slope of the dyke. It appeared soon that the measurement could be performed by image
processing techniques. A measuring system based on image processing was devel'oped by
Allersma (1990) in order to measure surface deformations during centrifuge tests. It was
already found that this measuring technique could be applied for several other purposes i.e
field measurements (Allersma et al., 1994a)
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Figurel. a) Photograph of the dyke section, prepared for performing a water infiltration test.
b) Photograph of the housing of the video camera.

DESCRIPTION OF THE FIELD TEST

A dyke with a height of 8.7 m and a slope angle of 60 degrees (length slope ca. 10m) was
flooded by water. Globally the dyke profile consists of a sand body, which was covered by a
clay layer with a thickness of 0.3m. The water supply system consists of a tube with a
diameter of 200mm, which was located at the crest of the dyke (Figure 1a). To be sure that
the settlement of the dyke does not influence the distribution of the water, holes are made in
the tube at regular distance. The water flow through the holes was made completely
dependent of the pressure in the tube. To prevent that erosion disturbs the course of the test in
the first stage folio was used to protect the slope close at the outlet of the water supply tube
The water supply was kept constant during the tests. Three tests were rried out. In the first
tests no measuring equipment was installed. These tests were used to adjust the water supply
system and an indication was obtained how the tests proceeds and how much time it takes
before failure occurs. The second tests were for performing a water infiltration test. The
second tests were equipped fully. The third tests were performed additionally. Since the
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measurement by.image processing requires little preparation only this measuring technique
‘was used to monitor the third test.

DEFORMATION MEASUREMENT BY IMAGE PROCESSING

Equipment

Two image-processing stations were used to monitor the behaviour of the slope. One system
was programmed to store an image at the hard disk at every three seconds. The second system
was used to perform real time operations in order to monitor the tests in more detail. A simple
but effective operation was for example subtraction of two stages. This operation shows the
changes in two images taken at different time intervals.

»Each image processing station comprises a PC with a frame grabber and a CCD video
‘camera. The frame grabber is the interface between the PC and the video camera. Several
frame grabbers are available on the market. In this test a rather simple device (PFGPLUS-
5_12-3-Hz-A from Imaging Technology, USA) was used. An industrial black-and-white video
camera (Sony, model AVC-D7CE) with a lens with automatic diaphragm (25mm, F1.3 from
Ermnitec, Denmark) was connected to the frame grabber. A video mixer was used to make time
continuously visible in the image. To enable manipulation of the images a software toolkit
' (TIM from Difa Measuring System, the Netherlands) was loaded.

Additionally a video recorder was connected to one of the stations, in order to have an extra
guarantee that the test was monitored. In principle it is possible to elaborate the images from
video tape.

The camera was located at the slope of the dyke at a distance of approximately 30m of the
center of the monitored area (Figurelb). Special attention was paid to fix the position of the
camera. In the first instance a metal shaft was blown into the soil. The metal shaft was
supported by three beams, which are also fixed to the soil by shafts. The whole camera
support was confined in a small wooden house, which was fixed by ropes and sticks. This
house protects the camera from rain and reduces the influence of wind. Afterwards this
protection was very useful, because there was a strong wind at the day of the tests.

Labels
In order to digitize the deformation of the slope markers are required, which can be separated

from the background by processing the image. Since water is running over the slope simple
labels are preferred. Therefore it was chosen not to use an active label e.g. a light emitting
source. By trial and error it was found that a black spot on a white plate was an object which
could rather easily be recognized by digital image processing. Plastic sheets with a size of
250x250 mm with a circular black spot with a diameter of 100 mm were fixed to aluminum
tubes (dia. 25mm) with a length of 300mm. The tubes were driven into the soil over a length
of 100mm. Three arrays of six labels were installed: one array in the centre line of the test
section and two arrays 2.5m out of the center (Figure 1a).

Practical conditions y :
Several points have to be taken into account in order to obtain a good result. The location of

the dyke was East- West, where the camera was viewing in the East direction. This means
that the visible side of the labels were in the shadow in the morning, where the background
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was‘in the sun shine. This would not led to sufficient contrast. Therefore the tests had to be
carried out in the afternoon, with the sun in the back.

A large part of the sky was visible at the image. Since the camera had an automatic black and
white balans control the dyke at the foreground become very dark. This problem was solved
by covering a part of the lens, so that the sky was not longer visible. The camera was
equipped with an automatic diaphragm. This was a very useful option, because due to partly
f:louded weather in combination with a strong wind there was a large variation in light
intensity.

Trial and error exercises had shown that he contrast between the labels and the grass was low
when the grass was just mowed (the grass has a brown color). For that reason it was arranged
that the grass was mowed a week before the tests was carried out.

ELABORATION IMAGES

Digital image processing can be considered as a universal tool to visualize, digitize and
analyze parameters during geotechnical tests. By means of image processing objects in video
images can be isolated, digitized and analyzed. Firstly relevant objects have to be extracted
from the images and next the coordinates of the object have to be digitized. The principle of
the measurement in the field tests is simple. In order to follow the behaviour of the slope a
series of labels were placed at the slope surface. The labels are isolated from the background
and the coordinated are determined. The coordinates for each label can be digitized in time,
which finally gives the displacement field of the slope of the dyke.

The image frame consist of a matrix of 512 x 512 pixels, where each pixel represents 255
different gray levels. By calibration, the distance between the pixel can be transformed to
field conditions. In the x-direction one pixel represents a distance of 15.6mm, where the
distance is 11.4mm in the y-direction. The coordinates of a label can now be calculated from
the row and column number of the pixel which is located at the center of the label. If there is
a significant difference in gray value between the labels and the background the isolation of
the labels can be performed simply by selecting objects with has a specific range of gray
values. This selection can be carried out with a threshold command which is supplied by the
toolkit. The command is like VAL a b, which means that only pixels are left in the image
which have gray values in the range of a to b. If the gray value of the background is larger
than 100, and the gray level of the labels are for example lower than 20, than a selection is
obtained with e.g. VAL 0 30. Objects which are not connected to each other are treated as
separate objects. The objects can be counted and linked to a serial number by a single
command (LABEL). The serial number can be used to recall a specific object (MARK a),
where the pixel number in x- and y-direction of the center are reflected. The procedure can be
defined in a script file, so that the elaboration of the image proceeds automatically, where the

coordinated are stored in a file for later use.

In practice, however, the elaboration of the image is much more complicated: Several
disturbing effects have to be eliminated by digital manipulation of the image. Disturbing
effects are generated by e.g. other objects, differences in light intensity, people who were
walking around and wind. Several tricks can be applied to eliminate unwanted objec_ts.
Information which can help in the separation procedure is e.g. the amount of labels, the size
of the labels and the approximate position of the labels. In spite of the disturbing effects it
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?ppeared to be possible to digitize the labels completely automatically in more than 3000
images.

c D

Figure 2. Visualization of the deformation of the slope by subtracting two images after
different time intervals.

RESULTS
During the tests 3180 images were stored on the hard disk. The time interval between the

images was 2.9 seconds. In each image the time was written. Since the course of the test was
not known as many frames were captured as possible. During the test the course of the test
could be followed in more detail by subtracting images, taken at different time intervals. An
example of different time intervals are shown in Figure 2. Displacements of Smm could be
made visible in this way. Subtraction is a nice tool to visualize the deformation in the case
that the displacement proceeds with a slow speed. It is clear visible that the displacements are
largest in the area close to the crest. Further it can be observed that the direction of
displacement is parallel to the slope close to the crest, where the direction is almost horizontal
in the region close to the toe. This is caused by elevation of the covering clay layer thanks to
overburden pore water pressure. It is visible that the labels beyond the toe did not show any
movement. It appeared that the motion of comparable labels in the different arrays are very
similar. This means that the test conditions in the measuring area can be considered to be two

dimensional.
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Figure 3. Graphical presentation of the displacement of some diamond shaped labels during
the course of the test
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Figure 4. Addition of the measured locations of the labels to a photograph of the initial stage
of the dyke 3

Figure 5. Photograph of dyke failure in a small scale test, where water infiltration was
simulated in a centrifuge

In Figure 3 the displacement of some diamond shaped labels (number 1, 3, 4 and 5, starting
from the crest in Figure 2a) is shown in time. The digitization is performed each 2.9 seconds,
beginning from the start of the test. Also the direction of the displacement with respect to the
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horizontal axis is presented. It can be seen here also, that closer to the toe the direction
becomes more horizontal. The displacement is largest close to the crest, probably because the
c.lay is softer because infiltration starts at that location. It seems that the displacement is not
linear in time. During two time intervals of approximately 15 minutes the displacements of all
Fhe labels are smaller. Probably more pore water pressure has to be build up in order to
increase the speed. The well-synchronized behaviour indicates that the whole clay layer
moves uniform during the test.

In Figure 4 the position of the labels during some stages of the tests are added to the
photograph of the initial stage of the dyke. This addition can be performed easily using
commands of the image processing toolkit. The difference in direction of the displacement at
the crest and at the toe is clear visible in this presentation.

The behaviour of the field test was close the same as a similar test in a geotechnical
centrifuge (Figure 5) (Allersma et al., 1994b). In this test a stiff clay dyke was simulated,
which was made higher by a sand cover. To prevent erosion by wind the sand surface is
usually covered by a clay layer. Also in this test the clay layer moves parallel to the slope,
where there was horizontal displacement at the toe causing a bubble. An important
observation was that there was not a shear band failure mechanism as is supposed in many
calculations model. Instead of that initially the clay layer moves down thank to reduction of
friction caused by overburden pore water pressure. This finally causes cracks in the clay
layer, so that further failure is caused by gradual erosion of the sand body.

CONCLUSIONS

Digital image processing was found to be a valuable method to observe the behaviour of a
dyke in field tests, simulating water infiltration by wave overtopping. In relation to the large
scale of the experiment the measurement was sufficiently accurate. The accuracy can be
improved by using more cameras or by optimizing the digital processing of the image. The
method is simple, because only labels have to be installed at the slope of the dyke, and only a
video camera is needed as sensor. Locations with poor assess can be monitored in this way.

Thanks to the measurement a better insight was obtained in the failure mechanism of the
dyke, and a better comparison was possible with small scale tests preformed in a geotechnical
centrifuge. It was found in the field test that the dyke did not fail along shear bands. Instead
of that a mechanism of gradual erosion could be observed. A very similar mechanism could
be observed in small-scale centrifuge tests.
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