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Abstract

Digital image processing has proven to be a useful tool in analyzing experiments on
geotechnical problems. The technique has been applied as a method for measuring the
deformation of soil samples on-line in a small geotechnical centrifuge. The advantage of the
method is that only a video camera is required as sensor and that, unlike mechanical sensors,
light does not influence the behaviour of the soil.

It soon appeared that there were many more applications for this measuring method in
geotechnics. In the laboratory the method is used to measure deformation parameters in soil
testing devices, and to monitor the transport of contaminants. In the field the method is applied
to measure the surface deformation of a dike during water infiltration, which can for example
be caused by wave overtopping.

A more advanced application of imaging technology on granular material can be achieved by
using doubly refractive grains. With this technique it is possible to obtain information about
the stress distribution in the interior of the model. By using digital image processing techniques
it is possible to apply this method in a geotechnical centrifuge.

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 Allersma (1990) in order to enable deformation
measurements in small samples. In a small geotechnical centrifuge the space for mechanical
‘m is so limited, that it is not easily possible to monitor the progress of a test. By using
el processing techniques, however, it was possible to extract significant data from
‘the mgcs captured by a video camera. 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
ﬁc quality of the frames was not constant the first step was to select good frames

9

- automatically. Next the frames were processed in order to digitize the co-ordinates of grid

lines copied to the clay surface, so that the deformation of samples can be evaluated. Today,
mﬂp@mems are available which can also be placed in a small centrifuge, so that the model
.can be viewed continuously via sliprings
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Under prototype conditions little information can be obtained about the behaviour of the soil
body. Mainly the displacements and loads at the boundaries can be measured. In the
laboratory more possibilities are available for performing measurements. However,
systematically monitoring deformations and stresses in the interior of a sample can only be
performed under specific circumstances, such as plane strain tests or tests with transparent
grains. In particular when special test techniques are applied, such as for example
geotechnical centrifuge research, monitoring of process parameters by electro/mechanical
sensors is rather complicated and the own weight of the sensors can influence the
measurement. Measuring displacements using light only is therefore preferred in centrifuge
tests. Small cameras can be located easily in very specific positions. As a result of the low
cost, several applications become attractive in the laboratory. Examples are: deformation
measurement in soil testing devices and diameter measurement in triaxial samples.

Imaging technology can also be used in field tests. This technique was applied for
measuring the surface deformation of a dike during water infiltration. Labels were placed at
the slope of the dike, which were monitored by a video camera. During the test an image was
stored every 3 seconds on the hard disk. Afterwards the co-ordinates of the labels were
digitized automatically and synchronised with time. By using this measuring technique the
behaviour of the dike could be followed in more detail.

By replacing sand with photoelastic material, such as crushed glass, stresses can be made
visible in plane strain deformed samples. By means of imaging technologies, parameters can
be obtained which can be used to calculate the strain and the stress distribution in a model
test. Thanks to digital image processing it becomes, in principle, possible to apply the
photoelastic measuring technique in a geotechnical centrifuge.

Description of system used

For the applications described in this paper a rather simple and cheap system is 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 486-100MHz central processing unit with a
2GB hard disk) with a frame grabber (PFGPLUS-512-3-Hz-A from Imaging Technology,
USA), which was connected to an industrial black and-white video camera. The frame grabber
operates with frames of 512x512 pixels. Because the frame grabber has no colour options a
black and white camera is preferred. 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 which is used currently 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. If the size of the
camera is not important, industrial CCD cameras are used. Depending on the problem, it has to
be realized that automatic functions, such as black and white balance or diaphragm are not
always preferred. An automatic diaphragm 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 diaphragm to be adjusted
automatically, because information would then be lost

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 infra-red diodes, so that no additional
light source is required. It appears, however, that some phenomena show a better contrast with

normal light.
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Fig.1 Geotechnical centrifuge of the Delft University of Technology

The elaboration of images is easier if a good contrast is realized between significant and non-
significant objects. However, the contrast can be optimal in the first instance, where the
progress of the test can influence the contrast in a negative way. Furthermore, variations in
illumination can occur in field tests or if the sample is spinning around in a geotechnical
centrifuge. In general, the negative effect of the disturbances can be eliminated by software.

Since the elementary operation of the frame grabber board is rather specialistic a software
toolkit is recommended for manipulting the images. In the applications described in this paper
the toolkit TIM (Difa measuring systems) is used. This program can be used interactively, but
it is also possible to make a script file to manipulate the images automatically. In both modes,
the result of each operation is visible on the monitor. The toolkit contains a large number of
commands, which makes it possible to extract relevant information from the images. In most
cases the extraction of information is, in principle, rather simple. However, due to all manner
of disturbances several processing operations are necessary.

Centrifuge tests

Centrifuge research (e.g. Leung et al, 1994) is an effective method for performing small scale
tests on constructed facilities which behaviour is strongly dependent on the properties of soil.
Under normal circumstances small scale tests on soil structures are not useful. In clay samples,
for example, the dimensions are reduced, so that the stresses due to the self weight are much
lower than the cohesion. It is not possible in this case to examine the failure criterion. Also the
behaviour of sand is stress dependent. It appeared, for example, that the relative bearing
capacity of a footing is significantly higher at lower stress levels. In a centrifuge the self weight
stresses are increased due to artificial acceleration, so that the stresses in the small model are
the same as in the prototype problem. To enable the simulation of a large variety of
geotechnical problems it is required to manipulate the test during spinning of the centrifuge
Furthermore, parameters have to be measured in order to be able to follow the progress of the
test. In a large centrifuge sufficient space is available to locate sensors to measure logds,
displacements and pressure. Several geotechnical problems, however, can be investxgat_ed ina
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. For that reason a small geotechnical centrifuge (Fig.1) has
been developed at the Geotechnical laboratory at the University of Delft (Allersma, 1994a)
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The centrifuge has a diameter of 2.5m and can accelerate samples with a dimension of
400x150x300mm and a weight of 400N up to 300 times earth gravity. Several miniature
computer controlled accessories (Allersma, 1994b) 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. In a small centrifuge, however, the space for
sensors is limited. This disadvantage can be overcome by using digital image processing for
measuring displacements. An additional advantage of this measuring technique is that light has
no influence in any way on the progress of the test.

In centrifuge tests the displacement is one of the most significant parameters which has to be
measured. The displacement can be related to the movement of an object or to markers located
on a clay or sand sample. The most simple %::nve&cnve method of observing the progress of a
test is by subtracting images of two different stages. It can be visualized how the deformation
proceeds and what region is affected during the test. In particular when the displacements are
small it is difficult to follow the test by eye. An example of a trapdoor test on sand and a two
dimensional test on the widening of a sand embankment on soft clay is shown in Fig. 2. In the

Fig.2 Visualization of the deformation in centrifuge tests by subtraction.

trapdoor test the sand sample is marked with thin layers of black coloured sand. In the
widening test the boundary of the clay layer is marked with a grid of paint. The distance
between the grid lines is 10mm. A special technique (Allersma, 1994b) has been developed to
copy the grid to the clay boundary without removing the transparent wall. In both tests the
subtraction operation yields information about the mechanism. In the trapdoor test for example
it can be seen that dilation causes volume expansion, so that the effect of the sand discharge at
the bottom is neutralized at some distance from the source. In the widening test mainly vertical
displacements can be observed under the existing embankment

In Fig.3 an image of the widening test is elaborated further. If a good contrast between grid
and background is realized the separation of the grid can be performed by using the threshold
command. With this command only a specific range of grey values 1s left. If the grey value of
the background is not uniform the grid can be removed first with the maximum command (a
square area is replaced by the maximum grey value in that area). A more uniform -‘)ack.ground
is obtained if the background is subtracted from the initial image. After extracting the grid from
the background the lines can be skeletonized (lines with a thickness of one pixel remain)
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Fig3 a) Emction of the grid at the clay surface. b) Computer plot of the digitized geometry
of a widening test at 100g in a geotechnical centrifuge.

If there are some unwanted objects left which are not connected with the grid, the size of the
objects can be used to make a choice between relevant and non-relevant information. In F ig.3a
two stages are combined, so that it is visualized more clearly that only vertical displacements
occur beneath the original embankment

If the skeletonized lines are available the nodes of the grid can be isolated by using a
command which erases pixels with less than three neighbours. Some simple commands are
available to digitize the nodal points. The process described can be carried out automatically
In Fig.3b the digitized geometry is used to make a computer plot of the widening test. Also the
boundary of the sand layer is digitized. By means of this measuring technique it could be
shown that cracks in an asphalt layer which covers the original sand embankment are not a
result of horizontal displacements but are caused by a gradient in the vertical displacement
underneath the embankment (Allersma et al., 1994). Thanks to the imaging analysis it could be
shown that the gradient in vertical dispalcement under the existing embankment (Fig.3b) can be
influenced by the method of widening. The differences in the gradient was only a few degrees,
so that accurate modelling and measuring is required. If an area of 150x100mm is considered,
displacements of 0.3mm can be measured. Instead of a grid also black markers can be used to
schematize the soil surface. However, this method is more sensitive to noise because there is no
additional property (such as the size of a grid) to separate relevant and non-relevant objects

In Fig.4 the rotation of a shallow circular footing (at 150g) is observed during sliding. By
means of a simple measurement using the cursor, sufficiently accurate data could be obtained
If a large series of tests is required, the procedure can be automated rather easily. It was
surprising that the footing rotates anti-clockwise during sliding to the right hand side.

Centrifuge research can also be used to simulate water flow in soil. Flow problems are of
interest in the examination of the stability of dikes during water infiltration or the investigation
of the transport of contaminants in soil. In Fig.5a an exercise (at 1g) is shown where the
diffusion process of a tracer in clay is digitized automatically by image processing. In principle
it is also possible to determine the gradient of the grey value over the surface of the spot. An
example is shown in Fig.5b. More research is required to investigate whether this technique can
be used to monitor contamination transport in centrifuge tests

Laboratory tests

The applications in the laboratory are mainly devoted to the measurement of surface
deformation of soil samples in soil testing devices. In this application the nodes of a grid are
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Fig.4 Monitoring of the rotation of a shallow footing in a centrifuge test.

Fig.6 Cubical triaxial cell to minimize optical distortion of the sample
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d:gllmed._ The method is for example used to check the uniformity of the deformation of clay
samples in a biaxial apparatus.

A pew applit_:arjon is the measurement of the diameter of cylindrical samples in a triaxial
apparatus. Dnnngamaxialtmthcdiameterofmesamplehaswbelmownmorderm
calcn.lla!: the vertical stress. However, when the sample is confined by a cylindrical cell it is not
possible to determme the diameter easily. Some researchers use a mechanical system to
measure File diameter during a test. These systems, however, are very sensitive and the
d.la;netcr 1s measured at one location only. An alternative is to monitor the sample by means of
a vn@eo camera. Since a cylindrical confining cell distorts the sample dramatically a rectangular
cell is built (Fig.6) with two transparent walls. By creating a suitable background the diameter
(ca. 40mm) of the sample can easily be determined by digital image processing. By placing
markers on the membrane it is also possible to measure the height (ca. 90mm) of the sample. If
the full scale of the frame is used the diameter can be measured to an accuracy of 0. lmm

Field tests

Digital image processing can be used in field tests in order to measure the movement of soil
structures. The advantage of this method is that the object can be observed from a distance and
a more or less continuous measurement can be realized. An example of a field test is shown in
Fig.7a. In this test a dike was subjected to water infiltration. In order to be able to measure the
surface deformation the slope was marked with labels. The length of the slope was
approximately 10m. The images are obtained with a camera located at a distance of 30 m from
the labels. During the test images were stored on the hard disk with a speed of 1 image per 3
seconds. By subtracting images, displacements of Smm could be made visible in real time
Afterwards the images were analyzed, where it was possible to digitize the co-ordinates of the
black spot of the labels automatically. The digitized data can be used to make a time-
displacement diagram of each label. In Fig.7b the isolated marks are added to the photograph
of the dike, so that the failure mechanism could be made visible. It appears that failure starts
at the surface, where the clay layer which covers the sand body moves downwards parallel to
the slope. Contrary to the conventional hypotheses, failure did not start with a deep shear band
However, if the observation was not done in this way the mechanism would not have been
clear, because after the event it looks as if a deep shear band failure had occurred

Stress measurements

Advanced techniques are available for measuring all kind of parameters in tests. However, up
to now it is still not possible to measure stresses in the interior of soil samples easily. Therefore
it is not possible to validate the output of finite element calculations in detail. The use gf
mechanical sensors is not possible, because the large quantity of sensors necessary to obtain
field information about the stresses would disturb the test too much. At this moment only an
optical method based on the doubly refractive property of transparent granular mate‘rizd 1s
available to measure stresses systematically in assemblies of granular material. In this test
technique the grains themselves are used as sensors, which translate the discrete contact forces
into components of the stress tensor and make them measurable with rotating polarized light
This test technique can be applied on three dimensional assemblies of crushed glass (Dantu,
1957) which are tested under plane strain conditions. To enable light transmission through the
sample, the pores are filled with a liquid having the same refractive index as glass. An optical
measuring technique and an automated mechanical scanning device have been developed
(Allersma, 1987) to obtain digital field information about the principal stress direction and the



[image: image9.jpg]IMAGING TECHNOLOGIES

Fig.7 Field test to examine the behaviour of a dike during water infiltration

a

Fig.8 Computer plot of digitized principal stress directions and principal stress differences
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prncipal stress difference (Fig.8). If some boundary values are known the stress distribution
can be determined in model tests. In order to simplify the measuring device a technique is
under development where the image processing system is used to extract significant
information from the tests. The optical stress information cannot be stored in a single picture
Therefore, several images have to be stored e.g after each 2 degrees of rotation of a
polarization filter. If there are stresses in a material point the light intensity will change with a
sinusoidal function during rotation through 180 degrees. The tensor components can be
deduced from the amplitude and the phase of the sinusoidal signal. If the images are stored on
disk a material point can be defined by a sub frame and the variation in light intensity can be
determined by playing back the stored frames and determining the averaged light intensity in
the sub frame. This process can be carried out with standard commands of the image
processing toolkit. Since this measuring set-up 1s compact and not sensitive to high gravities,
the method also becomes suitable for centrifuge research

Conclusion

Imaging technology has proven to be a valuable technique for visualizing and digitizing
phenomena in experimental geotechnics. g

In the laboratory the technique can be used in several soil testing devices to monitor and
digitize the deformation of the samples.

Tests with a small geotechnical centrifuge have become more effective. In several cases
mechanical displacement transducers can be replaced by a camera and image processing
software. A camera needs less space and the light does not influence the test. The optical
measuring technique is able to yield detailed deformation parameters of a large area. The
measurement of phenomena in large areas is also useful in centrifuge research on pollution
transport. Image processing enables stress measurements in photoelastic granular material in
centrifuge tests, so that more elementary directed research becomes possible by this testing
technique.

Several applications in field tests are possible. In this paper the measurement of the
deformation of a dike during water infiltration is described. Large objects, such as a dike, can
be observed by this technique, where relevant points could be digitized automatically
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