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CENTRIFUGE TESTS ON WIDENING OF EMBANKMENTS ON SOFT SOIL

H.G.B. Allersma’

ABSTRACT

Centrifuge tests are described for investigating the behavior of embankments on soft
clay during widening. The attention was focussed on the evaluation of the mechanism
which can cause cracks in the asphalt pavement of roads. Since the test can be
reproduced accurately the influence of different methods of widening could be
visualized. The pore water pressure and deformations were measured in flight and could
be used to control the test in order to simulate the reality as well as possible. It was
found that a gradient in the vertical deformations can cause cracks and that the gradient
is influenced by the method of widening.

1. INTRODUCTION

The behavior of embankments on soft seils is of interest in the analysis of the cracking
behavior of asphalt road surfaces during widening. Furthermore, dikes have to be
improved by making them wider and higher. To prevent uncontrolled deformations,
this process of improvement has to be performed under well defined conditions. Very
little centrifuge research has been done on the widening of embankments. Most of the
embankments investigated in a centrifuge were stabilized by reinforcement (Almeida et
al., 1985) or founded on consolidated clay (Davies et al. 1986). In the Netherlands,
however, several embankments have to be founded on soft soils, so that an additional
test program was required to investigate the behavior of this material. In a centrifuge
the phenomena can be simulated rather easily. It can be tested at what height failure
will occur when a sand dike is built on clay. Several widening procedures can be
simulated, so that the behavior of an embankment under different conditions can be
observed. Parameters like pore water pressure and deformations can be measured in

flight and can be used in a test to control the widening procedure, in agreement with
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that used in practise.

Centrifuge research (Taylor, 1995) is a world wide accepted method of investigating
the behavior of soil structures. A typical application is the verification of calculation
methods and the examination of failure mechanisms. Furthermore, several geotechnical
problems cannot currently be solved at all by mathematics, so that experimental
research is the only possibility for gaining insight to a particular geotechnical
phenomenon.

In a centrifuge, even in a small model, a good ratio can be obtained between shear
stresses and cohesion. Due to this condition small scale tests can be performed on clay
models. Furthermore, the stress dependent behavior of sand is taken into account.
Usually calculation methods are validated by predicting the behavior of real scale
problems. However, in reality, the geometry is often rather complicated and the soil
characterization contains several uncertainties, so that, in the first instance, the
validation has to be carried out on a complex problem. In centrifuge models, however,
a start can be made with simple configurations and the soil parameters are much better
under control, so that a better connection with the theory is obtained. Because the
models can be reproduced accurately, differences in behavior due to slight changes in
the construction procedure can be made visible. For mechanism studies a small
centrifuge is preferred, because models can be built in a short time and several tests can
be performed due to the low costs of operation.

The mechanism of failure and the deformation in a test model can be made visible by
means of labels. The deformation can be digitised on line by means of digital image
processing. If the mechanisms of failure are known it is better possible to design
methods that improve the stability. In many cases new construction methods can be

tested rather easily in a centrifuge model to investigate the effect.

2.TEST FACILITIES

2.1. THE CENTRIFUGE

The tests are performed in a small geotechnical centrifuge (figure.1). This device has
been developed at the Geotechnical Laboratory of the Faculty of Civil Engineering of
the University of Delft (Allersma, 1994c). The design concept was to obtain a device
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Fig.1. The University of Delft geotechnical centrifuge.

that is flexible and cheap in operation. The centrifuge, which has a diameter of 2.4
meters, contains two swinging platforms to carry the samples. With the present motor
power, samples with a weight of more than 300N and a volume of 15x40x40 cm can
be accelerated at up to 150 times earth’s gravity. In most cases the weight of the model
containers is less than 200N, so that they can be handled by one person. This means
that the centrifuge is very convenient in use.

An advanced electronic system, containing a single-board IBM PC compatible computer
(486 central processor, 66Mhz), is installed in the spinning part of the centrifuge in
order to control the tests. The computer can be accessed in a normal way via slip rings.
A link with the mechanical devices is made by means of an analog to digital converter
with a 16 channel multiplexer, two voltage controlled outputs of more than 5 amps each
and two 16 bits counters.

A special feature is that several phenomena can be measured by using the video images
of the on-board camera. Digital image processing is used to visualize and digitize
automatically the surface deformation of clay and sand samples (Allersma, 1990). The

deformation of the clay is made visible by means of a grid, which is copied to the clay
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surface. Several devices have been developed in order to perform tests in flight
(Allersma, 1994a). In this test program, a computer controlled sand supply system is
used to manipulate the course of the test. A vane apparatus is used to determine
parameters of the clay layer in flight. Miniature pressure sensors are used to measure

the overburden pore water pressure during the widening of the embankment.

2.2. IN FLIGHT TEST EQUIPMENT

The following miniature devices have been used to perform in flight tests on
embankments: sand sprinkler; vane apparatus

Sand sprinkler

A computer controlled sand sprinkler has been developed in order to make
embankments in flight. Embankments with a height of approximately 60 mm can be
built over a distance of 150 mm. The device has proven to be reliable at more than 120
g. Several options can be accessed in the control program. It is possible to sprinkle sand
layer by layer or at one particular location. The control program of the sand sprinkler
also reads the output of pressure transducers, which can be placed in the clay layer. The
pore water pressure is plotted on the screen.

Vane apparatus

During flight parameters of the clay can be measured by a vane apparatus. The device
has been automated in such a way that the depth (range 100 mm) can be adjusted in
flight. The rotation speed of the vane can be varied in the program. The horizontal
position of the vane apparatus can be adjusted over a range of 250 mm during flight,
so that several tests can be performed without stopping the centrifuge. A complete test

procedure can be defined in advance in the control program.

2.3. SAMPLE PREPARATION

An important requirement is that the soil samples can be reproduced in a very accurate
way. Two different devices have been developed for preparing clay and sand layers. In
order to visualize the slight differences in widening methods the reproducibility in the
preparation of the clay layers was of particular importance.

Up to now it has been found that the best control over the samples was obtained by
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making artificial clay. In this technique clay powder is mixed with water, where the air
content is kept as low as possible. A technique has been developed in which an air free
slurry is obtained under normal atmospheric conditions. The principle of the device is
that the clay is added in a thin layer to the water, so that no air is included as a result
of differences in capillarity. The natural clay was gently mixed with water until a slurry
was obtained. The best way to make clay with a smooth and realistic gradient of water
content and strength over the height of the sample is to consolidate the slurry in the
centrifuge at the same g level as will be used in the tests. The consolidation will take
several hours or even days when a low permeablility clay is used. Therefore a special

centrifuge has been built which is only used to consolidate the clay layers.

3. DESCRIPTION OF TESTS

3.1. TEST PROGRAM

A test program was carried out in the small geotechnical centrifuge of the University
of Delft to investigate the effect of different methods of widening embankments founded
on soft soil. In the first instance tests were carried out on kaolin (Allersma
et.al.,1994b). In a new research project, however, a natural clay was used as test
material. Most tests are performed on a clay layer with a thickness of approximately
0.07 m. At 100g the same shear stresses can be simulated as in a clay layer of 7
meters. Different methods of widening were simulated, where also the excess pore
water pressure was taken into account. In centrifuge tests the same pore water pressure
can be generated as in reality. Because at 100g the real dimensions of the model are a
hundred times smaller than the prototype problem the consolidation time is reduced by
the square of the artificial gravity. The soil parameters were determined by laboratory
tests, such as compression tests and triaxial tests, and in flight vane tests. These latter
tests were also used to investigate whether the clay was homogeneous and whether all
clay samples had the same strength. To validate the soil parameters found and to
investigate whether the clay model behaved as expected, embankment tests were
performed. From these embankment tests the maximum embankment height was found.
This information was used to prevent the widening embankment from becoming too

high. To investigate the two widening methods, several tests were performed. The pore
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Triaxial tests Vane tests
Kaolin clay ¢'=0, ¢'=29.2° C,/0,'=0.16
OVP clay c'=3.9, ¢'=28.4°

Table 1 Strength parameters of kaolin and natural clay (c" in kN/m?).
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Fig.3. Determination of soil parameters by means of an in flight vane apparatus.
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pressure measurements were used to determine the waiting time between the
construction of the different layers.

3.2. EMBANKMENTS

Embankment tests were performed to determine the maximum height of an embankment
on a layer of clay. The embankment was made in flight, at 100 g, by means of the
computer controlled pouring device. After the sample was fully consolidated in the
centrifuge, the sand was dropped at some place. In this way the slope of the
embankment appeared to be 30°. The sand was dropped until the clay collapsed. Since
this procedure took less than one minute, the test can be considered to be performed
under undrained conditions. The slip circles could be well observed by the grid that was
made on the clay.

In figure 2 the slip circle can be seen, which passes almost through the centre of the
embankment. This corresponds well with the Bishop theory. The maximum height was
found to be 0.043m, which is 4.3 meters in reality. The safety factor of this
embankment calculated with the Bishop’s method and numerically was 0.77 and 0.86,
respectively. From the embankment tests it can be concluded that the centrifuge tests
give realistic results. However, it appeared that the determination of the soil parameters
is very important. In this test program it was found that the parameters determined with
the triaxial apparatus gave better results in calculations than those of the in flight vane
apparatus. The vane apparatus, however, is the only device that enables the
determination of the soil parameters in flight. Information can be obtained about the
reproducibility of the prepared clay layers and the gradient of the undrained shear
strength can be measured in flight in this way. Typical results of the vane tests are
presented in figure 3. In figure 3a the torque during the rotation of the vane is shown.
1t appeared that the maximum value is dependent on the rotation speed of the vane. In
this research the lowest speed was used. In figure 3b the Cu value is shown in relation
to the penetration depth. It was found that the kaolin and the natural clay had a very
similar course over the depth of the sample. However, the ratio of Cu over the vertical
stress differs, which was mainly caused by the difference in volume weight.

The strength parameters of the two clay types are displayed in Table 1.
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3.3. WIDENING OF EMBANKMENTS

The widening tests are performed at 100g on a clay layer with a thickness of 0.07m and
embankment heights of approximately 0.04m. This agrees with a prototype condition
of 7m clay and an embankment with a height of 4 meters. Two different types of clay
were used: Kaolin and a Dutch natural clay. Two different methods to widen
embankments were investigated and compared, i.e. the horizontal-method and the gap-
method. In the horizontal-method the widening is made of horizontal layers. In the
gap-method first a new embankment is constructed at some distance from the existing
embankment and the gap is then filled. These tests were performed to investigate the
existence of differences in the deformations of the existing embankments and if in some
way they could be made visible. Those deformations, especially horizontal
displacements, can be the cause of cracks in the asphalt covering a dike.

The existing embankment was made at 1 g, and had a height of 0.04m. Beads were
placed in the embankment to be able to follow the deformations. On the clay layer a
grid was copied to be able to follow the deformations. Two pore pressure transducers
were placed in the clay layer, one located where the top of the widening would come
and one under the existing embankment. To prevent instability by overburden pore
pressure the clay layer with the initial embankment was accelerated very gradually
(100g was reached after 15 hours). After the clay layer was fully consolidated, the
widening process was started. The widening part had a maximum height of 0.05m,
depending on the drainage during the test.

The pore pressure readings were used to determine the waiting time between the
application of the different layers. The waiting time was 1500 to 2000 seconds, which
is 173 to 230 days in reality. In figure 4 the excess pore pressures for the two widening
tests can be seen. After the suppletion of the first layer, the next layer was only
supplied after a reduction of the excess pore pressures to almost zero. This process was
repeated for the following layers. The fifth peak visiblein figure 4b was the filling of
the gap. The pore pressure transducer was located under the new embankment. The
course of the vertical and horizontal displacements at a point located at the initial
embankment is determined during the dissipation of the pore water. It appeared that

mainly vertical displacements take place.
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Fig.4. Measured pore pressure during widening, each peak represents a new layer (a
new layer was supplied after 100% consolidation): a)horizontal method; b) gap method.
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Fig.5. Presentation of the optically measured displacements. a) Gap method; b)
Widening layer by layer; c) Schematic presentation of the mechanism causing cracks.
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Fig.6. Behavior of sand layer, subjected to bending.

With the help of image processing, the displacements of the nodes of the grid on the
clay layer and displacements of the beads in the existing embankment can be

measured. Image processing could also be used to digitize the shape of the sand
embankment. In figure 5 the displacement field of a test on the natural clay is visualized
by combining the digitized grid on the clay layer of two test stages. For both clay types
it was found that there was almost no horizontal displacement under the initial
embankment. The difference of vertical displacements at the toe of the existing
embankment and more to the centre were larger for the horizontal method (figure 5b)
than for the gap-method (figure 5a). From this phenomenon a mechanism can be
deduced as presented schematically in figure 5c. The gradient for natural clay at
different widening procedures is given in degrees in Table 2. The differences are only

horizontal method, 0% cons. «=3.2°
horizontal method, 100% cons. (= phle
gap method, 0% cons. =13
gap method, 100% cons. =04

Table 2 Gradient in the vertical displacement using different widening methods.
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a few degrees. It has to be realized, however, that 3 degrees can cause a crack of more
than 25 cm at the surface of an embankment with a height of 5 meters if the
mechanism of figure 5¢ is assumed.

The gradient in the vertical displacement decreased when the clay was consolidated fully
after each supplied layer of sand. The main difference between the kaolin and the
natural clay was that the natural clay showed larger deformations. However, the
difference in deformation between the different widening methods was almost the same
for both clay types.

In figure 6 a sand embankment is tested, where the gradient in the vertical displacement
is simulated by a hinged platform. It is demonstrated with this test that at a small
distance the sand follows the motion of the platform. At higher levels, however, the
sand seems to have forgotten what the initial deformation was, because strong local

gradients in vertical displacents of the grid lines can be observed.

4. CONCLUSIONS

The small geotechnical centrifuge was very convenient for investigating the stability of
embankments. In a relatively short time a large number of test conditions could be
investigated, where the costs are very reasonable.

The widening tests show very clearly what mechanism causes horizontal deformations
at the surface of the original embankment. It was found in all the tests that the gap
method causes a smaller gradient in the vertical displacement, so that smaller cracks can
be expected. It was found that a smooth gradient in the vertical displacement in the
subsoil can cause strong gradients in the vertical displacement at the surface of an
embankment.

It is believed that a small centrifuge is very valuable for testing new ideas in

geotechnical engineering.
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