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Displacement measurement by image processing in a field test
on dike failure

H.G.B. Allersma
University of Delft, Delft, Netherlands

ABSTRACT: A measurement technique based on digital image processing has been developed for
determining the surface displacement of a slope during dike failure. The dike was brought to failure by
overburden pore water pressure in deeper permeable layers, which may be assumed to simulate a high water
table in the river. The technique proved successful as a means of digitizing the slope deformation during
the field test, and it provided a sound basis for comparing small scale tests in a geotechnical centrifuge with
field tests.

1 INTRODUCTION

Real scale tests were performed under the supervision of the Netherlands Ministry of Transport, Public
Works and Water Management in order to examine the mechanism of dike failure caused by overburden
pore water pressure in the permeable layer underneath the clay dike. Interest in this failure mechanism
arose when a dike segment failed during groundwork undertaken to improve the dike’s water protection
capability. The additional weight of the soil that was deposited to increase the height and the width of
the dike, probably in combination with a short term water table rise in the river, caused serious damage to
the dike. An overall observation of the failure mechanism revealed that, in addition to the shearband in the
dike body, a deep horizontal shear zone had developed. This failure mechanism can be explained by reduced
friction in the subsoil caused by the overburden pore water pressure. Needless to say, the designers were
less than happy with this phenomenon. Instead of making the dike better, the putative improvement led to
an unstable embankment. A similar mechanism may also be involved when the height of a dike is increased
by simple means, e.g. a concrete wall along the crest of the dike.

In order to gain more insight into the potential danger of this mechanism, centrifuge and field tests were
carried out on a segment of an old dike. The segment had been rendered redundant after the river was
widened at the location concerned. Several monitoring systems were used to observe the behaviour of the
dike during the field test. This paper presents an optical monitoring system that can be used to observe
the surface displacement of the slope. Because the precise behaviour of the dike was not known in advance,
multiple systems were applied to measure the deformation. One system was based on the total station
principle, in which an automated theodolite works in conjunction with small mirrors installed on a pole on
the dike slope. The initial positions of the mirrors are determined using the remote control option of the
device. Thereafter, the device uses the coordinates stored in memory to perform subsequent measurements
automatically. The system measures in three dimensions to an accuracy of 1 mm. A drawback of this
system is its relatively long measuring cycle, which can give rise to problems in the event of large, rapid
deformations. Other problems that are observed are concerned with the reflectivity of the mirrors, which
are susceptible to condensation in some weather conditions. A second optical system was used to supply
additional data in the event of total station failure. This system uses a video camera connected to an
image processing station, and is based on techniques originally introduced by Allersma (1990) to measure
surface deformations during centrifuge tests. Several other applications have already been identified for
this measuring technique, including field measurements (Allersma et al., 1994). The system is less accu-
rate than the total station, but, on the other hand, it is faster and less sensitive to disturbances. The difference
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Figure 1. (a) Diagram of the dike section after being prepared for uplift testing. (b) Photograph of the video camera
housing.

with a previous application (Allersma, 1996) was the larger test area and the long term measurement
during day and night.

2 DESCRIPTION OF THE FIELD TEST

The widening of a river bed at a certain location by means of constructing a new dike meant that the old
dike segment had to be removed. Before doing so, however, the opportunity was taken to examine the
stability of the old dike. The dike lent itself to investigating a particular failure mechanism based on
uplift pressure (Allersma, Rohe, 2003), which is of great importance where the height of a dike is
increased in order to improve the water protection capability.

A 5m high segment of the old river dike (50 m long) with a slope angle of 60 deg. (length of slope
approximately 10 m) was prepared for testing. Broadly speaking, the dike profile consists of a clay body
and layers of peat (Fig. 1a). The subsoil consists of a permeable sand layer, with which the water in the river
bed is in contact. A rising water table in the river causes an increasing pore pressure underneath the
impermeable clay body, thereby reducing the friction between the sand and clay layers. This friction reduc-
tion can led to failure of the dike. It was infeasible in the field test to control the river water, so the uplift
pressure was simulated by means of injection wells in the sand layer. The water infiltration was increased
gradually until failure occurred, which took several days. In order to simulate conditions of water being
in contact with the dike, a basin was constructed of sheet pile walls at the river side of the dike and filled
with water. Because the moment of failure is not well defined, it was necessary to monitor the dike
throughout the entire period, day and night. The test dates were planned far in advance, which meant
that the weather conditions could not be predicted. The measuring system therefore had to be designed
to withstand all possible weather conditions.

3 DEFORMATION MEASUREMENT BY IMAGE PROCESSING

3.1 Equipment

Two image processing stations were used to monitor the behaviour of the slope. One system was pro-
grammed to store an image on the hard disk every 2 minutes. At this rate it was possible to store images
for 5 times 24 hours. The stored images were processed later. The second system was used to perform
real time operations in order to monitor the tests in more detail. One simple but effective operation is
the subtraction of two stages, which shows the changes in two images taken at different times. The sec-
ond system could also be used to store images at a higher frequency (1 image/2 sec, for a period of 3
hours), in the event of relatively sudden failure.

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, and several are available on the
market. In this test, two different devices were used: a rather simple one; (PFGPLUS-512-3-Hz-A from
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Figure 2. (a) Location of the video camera and light sources. (b) Visibility of the labels by night.

Imaging Technology, USA) offering 512 X 512 pixels and one from Matrox with 768 X 572 pixels. A
black-and-white video camera (VGA, model CV-M10) with a zoom lens (1:1.2/12.5-75) was connected
to the frame grabber. The large variations in light that have to be handled mean that it is important to be
able to adjust the sensitivity of the camera over a wide range. The aperture can be set mechanically to obtain
a coarse adjustment. A simple remote control was built to avoid jogging the camera during adjustment.
The camera itself also has a built-in electronic system to stabilize the light intensity over a certain range.
Finally, the camera has a software-controllable diaphragm. In spite of all these measures, some prob-
lems may still be encountered for a short period in the morning when the sun shines directly into the lens.

The camera was located at the toe of the dike approximately 40 m from the centre of the monitored
area (Fig.1b). Considerable attention was paid to anchoring the camera in position. Firstly, a metal shaft
was driven into the soil. The metal shaft was supported by three beams, each of which were also fixed
to shafts driven into the soil. The entire camera support was enclosed in a small wooden housing, which was
fixed in position by ropes and stakes. The housing served to protect the camera from rain and reduce the
influence of wind. The lens was pointed east, on the assumption that rain usually comes from the west.
However, to be prepared for exceptions, the lens was protected by a motor-driven transparent disk (Fig.2a).
The disk was made to spin in rainy conditions, so that rain drops were moved away by the centrifugal
forces. This protection mechanism turned out to be very useful because there was a strong wind with
rain from the east for some hours during the test. Two 250 W lamps were located close to the lens of the
video camera. The chosen location meant that relatively little light was needed to make the reflecting
labels visible (Fig.2b), but also had the advantage that the heat produced prevented condensation forming
on the transparent disk at night.

A video recorder was connected to the system as a backup test monitoring mechanism. If necessary,
it should be possible to process images retrieved from video tape.

The computer equipment was housed in a mobile break shed situated at the toe of the dike near the test
location. In addition, a remote-controlled film camera was installed in order to take conventional photo-
graphs. This camera was also enclosed in a wooden housing equipped with a rotating disk. A burning
candle inside the housing prevented condensation of the transparent disk and lens.

A software toolkit (TIM by Difa Measuring System of the Netherlands) was installed to enable image
manipulation. The toolkit allows software images from different stages to be subtracted and the coordinates
of labels to be digitized automatically.

3.2 Labels

Labels positioned on the slope, which can be separated from the background by digital processing of the
image, are used in digitizing the deformation. Because weather conditions can be far from ideal, simple
labels are preferred, which is why active labels such as light emitting types where not chosen. It was found
by trial and error that a black spot on a white plate is fairly easily recognized by digital image processing.
White plastic sheets of 250 X 250 mm and 400 X 400 mm (depending on the distance) with a 100 mm
diameter black spot were attached to 400 mm long wooden rods (30 X 30 mm) that were driven into the
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soil to a depth of 150 mm. Four arrays of five labels were installed (Fig.3). A special requirement was
that the labels had to be visible at night. Although some light sources were present at the test location,
there was no certainty that the light would be sufficiently uniform. A method was therefore developed
that could be used independently of other light sources, consisting of reflecting tape with a width of
30 mm glued to the edges of the square labels. By locating the associated light source close to the camera
lens, only a modest amount of light was needed to make the reflection (Fig.2b) visible

3.3 Practical conditions

Labels positioned on the slope, which can be separated from the background by digital processing of the
image, are used in digitizing the deformation. Because weather conditions can be far from ideal, simple
labels are preferred, which is why active labels such as light emitting types where not chosen. It was found
by trial and error that a black spot on a white plate is fairly easily recognized by digital image processing.
White plastic sheets of 250 X 250 mm and 400 X 400 mm (depending on the distance) with a 100 mm
diameter black spot were attached to 400 mm long wooden rods (30 X 30 mm) that were driven into the soil
to a depth of 150 mm. Four arrays of five labels were installed (Fig.3). A special requirement was that the
labels had to be visible at night. Although some light sources were present at the test location, there was
no certainty that the light would be sufficiently uniform. A method was therefore developed that could be
used independently of other light sources, consisting of reflecting tape with a width of 30 mm glued to the
edges of the square labels. By locating the associated light source close to the camera lens, only a modest
amount of light was needed to make the reflection (Fig.2b) visible.

4 IMAGE PROCESSING

Digital image processing can be considered to be a universal tool for visualizing, digitizing and analyzing
parameters in geotechnical tests. Image processing allows objects in video images to be isolated, digitized
and analyzed. The first operation is to extract relevant objects from the images, after which the object’s
coordinates have to be digitized. The principle of the measure ment in the field tests is simple. In order
to follow the behaviour of the slope, a series of labels are placed on the slope surface. The labels are isolated
from the background and the coordinates are determined. The coordinates for each label can be digitized
in time, which finally gives the displacement field of the slope of the dike.

The image frame consists of a matrix of 768 X 572 pixels, each of which can represent 255 different
grey levels. The pixel spacings are calibrated to allow transformation to distances in the field. The distance
per pixel depends on the distance between the camera and the labels. At 16 m, one pixel in the x-direction
represents a distance of 11.1 mm, where the distance is 11.2 mm in the y-direction. At 46 m, the pixels
in the x and y directions represent 31 mm and 33 mm. With this information, the coordinates of a label
can now be calculated from the row and column numbers of the pixel at the centre of the label. If there

414



[image: image5.jpg]> 2
> 2
o
<&
» e
(@) (b)

Figure 4. Visualization of the deformation of the slope by subtracting two images captured at different times
(a) using the labels, (b) double exposure with film camera.

is a significant difference in grey value between the labels and the background, the isolation of the labels
can be performed simply by selecting objects with a specific range of grey values. This selection can be car-
ried out with a threshold command supplied by the software toolkit. The command is of the form VAL
a b, which means that the only pixels that are left in the image have grey values in the range of a to b. For
example, if the grey value of the background is greater than 100, and the grey levels of the labels are lower
than 20, than a good selection can be obtained with VAL 0 30. Objects that 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 com-
mand (LABEL). The serial number can be used to recall a specific object (MARK a), where the pixel
number in the x and y directions of the centre are reflected. The procedure can be defined in a script file,
so that processing of the image proceeds automatically, with the coordinates stored in a file for later use
In practice, however, the processing of the image is far more complicated. Several disturbing effects
have to be eliminated by digital manipulation of the image. Disturbing effects may be generated by other
objects, differences in light intensity, people walking around and wind, for example. Several techniques
can be applied to eliminate unwanted objects. Examples of information that can help in the separation
procedure include the number of labels, the size of the labels, the ratio of surface area to circumference,
the length/width ratio and the approximate position of the labels. In spite of the disturbing effects it
appeared possible to digitize the labels almost completely automatically in more than 1000 images.

5 RESULTS

In the course of the tests, 1600 images were stored on the hard disk. The time interval between the images
was 2 minutes, which allows storage to continue for a maximum of 5 days. Time was indicated by a clock
included in each image. During the test, progress could be followed in more detail by subtracting
images taken at different times.

Examples of different time intervals are shown in Fig.4. Fig.4a shows images captured by the image
processing station, while Fig.4b shows two exposures taken with the film camera. Displacements of 10
to 30 mm could be made visible in this way. Subtraction is a convenient tool for visualizing the deformation
where the displacement proceeds slowly. It is clearly visible that the displacements are greatest in the area
close to the crest. It can also be observed that the direction of displacement is more or less parallel to
the slope close to the crest, whereas the direction is almost horizontal in the region close to the toe. It
appeared that the motion of corresponding 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.

In order to cause failure, a large amount of water had to be infiltrated into the sand layer. At one point
the infiltration capacity reached 1000 m* per hour. Because one of the injection wells was much closer
to the video camera than could be expected from an earlier design of the test site, some movement of
the soil occurred underneath the camera, and consequently the video camera was not a perfect fixed
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Figure 5. Graphical presentation of the displacement of the labels of the array closest to the camera; (a) crest side,
(b) toe side (Fig.4).

point. Unfortunately, there were no fixed reference points on the images that could be used to make cor-
rections, especially in the dark. However, there were fixed objects (vertical bars in Fig.4b) in the back-
ground on the photographs taken with the film camera, from which parameters could be derived to
correct for the displacement of the video camera. The digitized displacements of the labels in the array
closest to the camera are shown in Fig.5. A more or less linear relationship in time can be observed. The
displacements of the labels in the array furthest from the camera are shown in Fig.6. It is clearly visible
that the measurement is less accurate. A more or less linear displacement in time can also be observed
in this array. A slight displacement is visible in advance. Furthermore it can be seen that the final stage
had almost been reached. The measurement could not be continued to the end because the water infil-
tration caused wells so close to the measuring position that the crew were forced to evacuate. However,
visual observations and the measurement with the total station confirm that the deformation was almost
complete at that time.

6 CONCLUSIONS

Digital image processing was found to be a valuable method for observing the behaviour of a dike in
field tests that simulate water infiltration in deep layers. In relation to the large scale of the experiment,
the rheasurement was sufficiently accurate. The accuracy could be improved by using more cameras or
by optimizing the digital processing of the image. The method is simple in that all that is required is
labels on the slope of the dike and a video camera as sensor. Poorly accessible locations can be moni-
tored in this way. In the case described here, the video camera was not perfectly fixed as a result of an
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Figure 6.  Graphical presentation of the displacement of the labels of the array with the largest distance from the
camera; (a) crest side, (b) toe side (Fig.4).

additionally installed injection well. The resultant displacement could be corrected, however, by refer-
ence to fixed objects in the background. In future measurements, closer attention will be paid to such
points.

The measurement contributed to a deeper understanding of the failure mechanism of the dike, and
facilitated a better comparison with small scale tests performed in a geotechnical centrifuge.
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