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ON LINE MEASUREMENT OF SOIL DEFORMATION IN CENTRIFUGE TESTS BY IMAGE
PROCESSING

H.G.B. Allersma
Geotechnical Laboratory
Delft University of Technology, Delft, The Netherlands.

A method based on an optical technique has been developed to measure
displacements in scale models in a geotechnical centrifuge during flight.
Surface deformations as well as displacements of boundary segments and
objects can be quantified in this way. The image of a rotating model was
captured by a fixed TV camera using a flash light triggered by an optical
switch. A computer with a frame grabber was used to digitize the images.
Standard functions of an image processing tool kit were used to select the
images and to isolate and digitize points which represent boundaries or a
soil surface schematically. The control of the centrifuge can be
integrated in the program, so that the rotation speed and test procedure
can be made dependent on phenomena, which are "visible" to the computer.
The method was used to register the behaviour of vertical cuts and slopes
in a small centrifuge.

INTRODUCTION

Tests with scale models in geotechnical centrifuges are very useful for
investigating the behaviour of granular materials. In a centrifuge the
body force of the granular material can be increased, so that the stress
level in a small model is the same as in the prototype. Stress dependent
behaviour which occurs in the real problem can now be simulated in scale
models which are hundreds of times smaller than the prototype problem.
For this reason centrifuge tests can be used to predict the behaviour of
full size constructions.

Several centrifuges have been built for geotechnical work and a great
variety of problems are studied using this technique ( Corté [1] ).
Although accurate sensors and actuators are generally available in the
spinning container there is still the same problem as in 1g experiments,
which is: How to measure stresses and strains in the interior of the
granular model. Knowledge of the stress distribution and strain is
required to analyze the problem and to enable the results to be compared
with calculation methods.

Photoelastic tests with crushed glass ( Allersma [2] ) have shown that
the stress distribution in models with granular material is in general
rather complex. It is therefore not possible to measure the stress
distribution systematically in a model by means of electrical/mechanical
transducers. At this moment only the photoelastic measuring method is
available to obtain details about the stress distribution in the interior
of a plane strain granular model. However, this technique is not yet
available for centrifuge modelling, so that only very approximate
information can be obtained about the stresses in centrifuge tests.

In contradiction with the stress measurements, several techniques are
available to measure the deformation in a granular material. The most
simple way to obtain information about the deformation is to measure the
co-ordinates of markers which are located on the surface of a soil model.
A more advanced technique is the use of X rays, so that markers can be
watched which are located in the interior of a model. A very good
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technique has been developed by Butterfield et al. 131y They uses the
stereo-photogrammetric method based on the structure of the grains to
determine the strain in a region. The advantage of this method is that
the deformation can be derived very locally. However, a granular
structure is required in this technique, so that the method is for example
not suitable for clay models.

If there is a need for the deformation to be measured on line in a model
in a spinning centrifuge, only methods based on normal light have so far
proved suitable, which means that only the surface deformation can be
measured. The surface of a sample can be visualized in flight by means of
a TV camera. The images can be stored on tape, so that a lot of exposures
are available. The picture of the surface of a model can be processed
automatically, to isolate and digitize the co-ordinates of relevant
points. The displacement of the points can be used in principle to adjust
the test parameters, such as the rotation speed of the centrifuge, or to
monitor the test so that an alarm is given or the video recorder is
activated if an interesting phenomenon occurs.

MEASURING TECHNIQUE

In the measuring technique discussed in this paper the co-ordinates of the
markers are determined by optical means so that no mechanical or
electrical contact with the model is required. The deformation of a plane
strain model can be derived from the displacement of markers which are
located on the surface of the model. In the case of a clay model several
methods can be used to label points on the surface. For this purpose it
is most convenient to cover the surface with a grid, so that points are
defined by the nodes of lines. An additional advantage of a grid is that
the formation of shear bands can be observed very clearly in a deforming
model. There are several methods for labelling a clay surface with a
grid. Care must be taken, however, to prevent the surface from being
damaged locally. A small injury will be magnified dramatically in a
centrifuge, so that the failure mechanism may be influenced by it. The
best results have so far been obtained by copying a grid from a paper
sheet to the clay surface. In this technique a grid is plotted on a paper
sheet by a plotter. Next the relevant clay surface is covered with the
paper sheet for a while. Because the clay surface is moist the ink is
soaked off the paper sheet and left on the clay surface after the paper
sheet has been removed (Fig.1%).

If samples of sand are used a grid can be created by covering the free
sand surface with a plate with holes. Fine black coloured sand is
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Fig.1 a) Copied grid on a clay surface, b) grid on a sand surface.
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pluviated over the surface until the sand in the open holes of the plate
1s covered with a thin layer of black material. When the plate is
removed carefully the light Enckground which is not covered with the black
material forms a grid (Fig.1").

The model is placed in the centrifuge after preparation and is made visible
in flight by means of a television camera and a flash light. The image of
the spinning model is stored in a RAM memory located on a special board in
a PC. Image processing software has been used to check the quality of the
image and to isolate and digitize the nodes of the grid. Several
exposures can be made and the co-ordinates of the nodes of the different
stages can be stored in a file. When the test is finished the measured
co-ordinates can be plotted so that the local displacements of the surface
during the test become visible.

EQUIPMENT

Several components are required to be able to watch the model in flight
and to capture, digitize and store the image of the surface of the model.
The most important components are: TV camera; flasher; PC with a frame
grabber board and a video recorder.

The TV camera and flasher are used to visualize the rotating model. The
image can be captured by the frame grabber and processed by the PC.
Interesting moments can be stored on tape by means of the video recorder.
The model is located in such a way in the centrifuge that the significant
soil surface is visible to the TV camera. Cameras with a CCD element can
survive large accelerations, so that they can in principle be mounted
inside the centrifuge. However, a rather large centrifuge is required to
create sufficient distance between the camera and the model and to hold
the camera and the rigid construction necessary to connect the camera and
the model container. It was found that a fixed camera with a flash light
could be used, also to obtain an acceptable image of the model in flight.
The arrangement of the optical components to observe a model in a spinning
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Fig.2 Diagram of an observation system with a fixed camera.
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triggered by the spinning centrifuge by means of an optical switch, so
that the model is illuminated when it is in front of the camera lens.
Although the flash time of the flasher is much shorter than the frame time
of the camera (1/10000 and 1/60 sec respectively) a fairly good image is
obtained on the TV screen. The image flashes somewhat and if the picture
stream of the camera is observed frame by frame the stream is found to
contain black-, half illuminated- (even or odd lines are black) and
complete frames depending on the moment of flashing during the scanning
procedure of the camera. The production of half frames is due to the fact
that in the video protocol the even and odd lines are scanned after each
other. The video images can be stored in digital form in the computer
memory by using an additional board, known as a frame grabber. The size
of the digital image is 512x512 pixels, where each pixel has 255 grey
levels. The video image is visible on an additional video monitor. The
computer memory is organized in such a way that three images can be stored
at the same time. The board can operate in several modes and several
image processing functions can be selected from the keyboard. To digitize
the co-ordinates of points automatically in a spinning model a method has
been developed which uses the information on the video images.

SOFTWARE

The operation of the frame grabber can be controlled by setting codes in
special registers. This is a rather unfriendly method of programming and
the elementary technique of image processing is rather specialized. Use of
a software tool kit is therefore recommended to enable the frame grabber
board to be utilized in a more advanced way. An example of a software
package is available under the name TIM. The functions of this software
package can be divided into four groups. The commands of the first group
are used to adjust the operation mode of the frame grabber board. The
second group contains functions for transport operations, which handle the
transport of images between video source, memory, display and disk. A
third group is formed by commands used to communicate with external
devices such as printers and plotters. The fourth group contains a large
number of functions for processing a video image. The result of an
operation is displayed on the screen of the additional video monitor.
Possible operations are, for example, arithmetical (e.g. adding and
dividing of images), window operations (i.e. replacing all the pixel
values in a small window by the value of the lowest grey level in the
window), binary (such as selection between object and background), etc.,
etc. The image processing commands and other statements can be stored in
a logical sequence in a script file, which can be executed under TIM.
More details about the software packet can be found in the Users Manual
TIM ( Ekkers [4] ).

MEASURING PROCEDURE AND IMAGE PROCESSING

The surface of the model is covered by a grid, so that the displacement of
a point on the clay surface can be detected by determining the
co-ordinates of the nodes of the grid lines. The first step in the
measuring procedure is to decide when an exposure has to be taken of the
surface of the model. Up to now this exposure timing was done manually
or a time interval was chosen after which an image of the surface was
captured. It is possible, however, to make the sample frequency of the
surface dependent on the displacements of a significant point.

Although the image processing system can be used to select the most
interesting periods of a test it is of course also possible to store the
whole test period on videotape. The image processing system can be used
afterwards to analyze the test. In this case it is possible to stop the



[image: image5.jpg]Fig.3 Image of a clay model in a spinning centrifuge, captured by the
frame grabber from the picture stream of the TV camera

videotape when an image is analyzed, so that no information is lost. If a
large virtual memory is available it is possible to store the images of a
lot of test stages. These stages can be analyzed afterwards and may for
instance be copied to another videotape to obtain a condensed visual view
of the progress of the test.

Three segments (X, Y and E) of RAM memory of 256 Kb each are available to
store the captured images. An image is formed by a matrix of 512x512
pixels, where each pixel can represent 256 different grey levels. The
pixels in the memory are accessible from the keyboard, so that operations
can be performed to manipulate the image. The various operations needed to
obtain the desired result can be stored sequentially in a script file. A
number of functions will be discussed here to show how the grid on a
clay surface can be separated from the video image and how the
co-ordinates of the nodes can be determined automatically. The first step
in the procedure is the capturing of an image, which is sent from the TV

camera to the PC, using the command "dig 1". The image is stored in one
of the three memory segments, i.e. the X-segment. Due to the stroboscope
system not all the images are suitable for processing. It is possible

that only a half image is captured or even a black frame. The next task
is therefore to check the quality of the picture. This can be performed
in a simple way by comparing the actual average grey level with the
averaged grey level of a good quality picture. An automated method of
assessing the average grey level of a good quality picture is to determine
the largest averaged grey level of several randomly selected pictures in
advance of a measuring cycle.

Once a good quality image is in memory, the procedure can be started to
isolate the grid. To separate the grid from the background the image has
to be filtered in such a way that the grey value range of the grid
differs significantly from the background of the image. The most ideal
case would be if a black grid were drawn on a smooth light background. In
reality, however, deviations from the ideal case can be observed because
the grey value of the background does not differ significantly in every
point from the grey value of the grid (Fig.3). Variations in the grey
level of the background can be minimized by isolating the background and
subtracting the background from the original picture. The background can
be isolated by removing the grid, using the command "max a b". This
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Fig.5 Separation of the grid and the background. Some unwanted objects
can also be observed here.

command replaces a small area defined by a and b by the maximum gray
value of that area. The result of the subtraction is shown in Fig. 4.
Now the difference in contrast is sufficient to isolate the grid from the
background, e.g. using "val O 80" (the digits represent the range of grey
values which have to be saved), as shown in Fig. 5. In several cases not
only the grid remains but also some other unwanted objects. Several
functions now have to be used to eliminate these objects. In the first
instance a percentile filter ("perc") is used to eliminate single black
points in a white region or single white points in a black area (a black
pixel in the grid lines would disturb the process in a later stage). The
next step is to skeletonize ("1sk") the lines of all the objects until
lines remain with a thickness of one pixel. Since there are still some
unwanted objects the function "lskz" is used 10 times to cut pixels from
the end points of the lines. In this way short lines are reduced to
single dots which can be deleted simply by using the function "1lps". The
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Fig.7 The final stage of the image processing procedure. The nodes are
isolated and can be digitized automatically.

few objects which are left are numbered with the command "label" and the
size of an object is specified by the command "mark x", where x is the
number of the object. The grid is considered as a single object and will
be in most cases the largest one, so that the computer can easily check
whether an object is the grid or an unidentified body. Since each object
has a unique grey level, it is easy to isolate the grid. The result of the
described procedure is shown in Fig.6.

The next step in the procedure involves converting of the nodes of the
grid into single pixels. This operation can be performed in a convenient

way by using the "lver" command. The effect of this command is to delete
all pixels which have fewer than three neighbours, so that only the
pixels in the nodes are left (Fig.7). The pixels are considered as

objects and can be numbered by the "label" command. The cursor can be
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Fig.8 Comparison between the located nodes and the nodes of the grid in
the original image.

Fig. 9 Computer plot of the velocity field during failure of a vertical
cut in clay.

moved to the centre of an object by using the command "mark a", where a is
the number of the object. The co-ordinates of the cursor position are
given by the commands "cursx and cursy". The values can be printed on
screen or to a file. In Fig.8 the intersection points of the grid,
determined by the image processing procedure, are compared with the
original grid on the clay surface. This comparison can be made simply by
adding the original image to the image of Fig.7. To increase the
accuracy some reference points can be defined in a non-deforming area.
These points are used in the plotting program to calibrate the offset.

MEASURING EXAMPLE

As an example, the results of a centrifuge test with a vertical cut of 2.5
cm in a clay layer are presented. The dimensions of the model were 10 cm
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X 6 cm, the specific weight y = 20 kN/m’ and the cohesion ¢ = 30 kN/n?.
The test was started with an acceleration of 50 g. The variables in the
program were adjusted in such a way that the acceleration was increased by
10 g every 30 minutes. The test can be considered as a drained test
because the water in the clay had sufficient time to adapt to the new
conditions. After each acceleration step an image was captured and the
co-ordinates of the nodes were determined and stored in a file on disk
After the test had been finished the data were used in another program to
plot the velocity field of the nodes during the test. In Fig. 9 the
co-ordinates of the nodes are plotted at accelerations of 100, 110, 120
130 and 140 g. Deformation was found to be take place mainly in a small
region. It is easily possible to estimate the shape of the shear band in
this test. In a large region of the sample the deformations are small,
which is visualized by the graphical presentation. In regions close to
the boundary it can be assumed that there are no displacements, so that
the nodes have to be marked by one dot. As shown in the figure, there is
some scatter. It must be realized, however, that a deviation of one unit
of length is plainly visible in the plot. If the deformation is so large
that the lines of the grid are cut, problems may arise in the processing
of the image, the result being lost points or extra points which do not
refer to a node. This problem can be solved by using black dots instead
of a grid.

ACCURACY

Since the video image has a maximum of 512x512 pixels the accuracy
increases if a smaller area of the model is considered. If an area of
10 cm x 7 cm covers the active surface of the TV camera, the screen of the
monitor is just filled. This means that there are more pixels in vertical
direction per unit of length than in the horizontal direction. In the
case of an area of 10 cm x 7 cm the distances between the horizontal and
vertical pixels are 0.19 mm and 0.14 mm respectively

The reproducibility of the measuring method can be tested in a simple way
by comparing several measurements of the same sample under constant test
conditions. In Table 1 the co-ordinates of four points were determined

Table. 1
point no X y point no X
200,55 "'1335.5 18 334.5
201 336 18 334
201 335.5 18 334
201 336.5 18 334
200.5 |336.5 18 334.5
227.5 1269.5 50 256.5
28y, 270 50 257
22T 270.5 50 257
227 270.5 50 256
226.5 |270.5 50 257

Table 1 Demonstration of the reproducibility in the determination of the
co-ordinates of the nodes, based on 5 independent measurements on the same
model.

five times, where the rotation speed of the centrifuge was 640 rpm ( 100
g). It seems that a maximum deviation of one unit can be observed in the
presented data, so that the reproducibility in the horizontal and vertical
directions is * 0.09 mm and * 0.07 mm respectively. A similar deviation
was found if the absolute distance between the lines of the grid was
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determined at different locations. The results are so good that they can
hardly be improved by improving the image processing procedure. For most
observations the accuracy will be sufficient. However, the accuracy can
be improved by decreasing the surface of the considered region. This can
be done simply by adjusting the zoom lens of the camera. In most tests the
most interesting phenomena take place in a small region, so that
sufficiently accurate measurements can be made. If a larger region has
to be considered with the same (or a better) accuracy, the camera can be
mounted on an accurate x-y manipulator so that smaller regions can be
analyzed at a time. A similar technique has been developed for
monitoring the displacements of black markers in tests with transparent
assemblies of crushed glass ( Allersma [5] ). In this measuring
procedure a small region with only one marker is analyzed individually,
and the previous co-ordinates of a marker are used to position the camera
roughly. An accuracy of better than * 0.01 mm was achieved in this way.
Instead of a grid it is also possible to mark a surface with black spots.
In this case other techniques have to be used to eliminate unwanted
objects, because the properties of the grid cannot now be used to separate
irrelevant and relevant data.

CONCLUSIONS

Image processing techniques are very suitable for determining the surface
deformation, automatically and on line, in soil models. An acceptable
level of accuracy can be obtained using a standard configuration. However,
the accuracy can be increased significantly by using special techniques
and equipment. Several techniques are available to mark the surface of a
model and it is possible to elaborate tests from photographs or film, so
that advanced techniques like the X ray method or observations with high
speed cameras can also be analyzed. The method is particularly suitable
for monitoring the progress of the test in a geotechnical centrifuge
because detailed information can be obtained on line about the deformation
of the fast rotating model. The image processing technique has several
other applications in experimental soil mechanics. Some examples are:
determining particle size distribution and shape factors; measurement of
the diameter of triaxial samples; settlement measurement; displacements in
ground water flow; displacement measurement of objects; field
measurements.
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