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ge tests on slope failure during water infiltration

ABSTRACT: A description is given of centrifuge tests for investigating the behaviour of slopes of embankments during
water infiltration. The stability of embankments during infiltration has to be known in order to predict the degree of
safety provided for the protection of land from flooding. Tests have been performed for investigating the failure
mechanism and for verifying assumptions of the mechanisms in calculation methods. The phenomena are relatively
simple to simulate in a centrifuge and reproduction of the test was good possible. Furthermore, the phenomena could be
made visible in detail and it was possible to manipulate the water table in the embankment.

1 INTRODUCTION

Centrifuge research is a method with world wide
acceptance for investigating the behaviour of soil
structures. A large variety of geotechnical problems can
be modelled by this technique (e.g. Kimura et al. 1998). A
powerful application is the validation of calculation
methods and the visualization of mechanisms.
Furthermore, several geotechnical problems are currently
not susceptible to any solution by mathematics, so that
experimental research is the only possibility for gaining
insight into a particular geotechnical phenomenon. In a
centrifuge, even in a small model, it is possible to obtain a
good ratio of shear stresses to cohesion. This
circumstance allows small scale tests to be performed on
clay models. Furthermore, the stress dependent behaviour
of sand can be scaled correctly. It is usual to validate
calculation methods by predicting the behaviour of real
scale problems. However, in reality, the geometry is often
rather complicated and the soil characterization contains
several uncertainties, so that 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 under much tighter control, so
that a better connection with the theory is obtained.
Because the models can be reproduced accurately,
differences in behaviour arising from 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 thanks to the low costs of
operation. The applications of centrifuge research to slope
stability engineering in the Geotechnical Laboratory of
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the University of Delft are devoted to the behaviour of
embankments for the protection of the land from floods.
The resistance of dikes to the infiltration of water are of
interest in the prediction of the degree of safety provided.
In 1953, several dikes protecting the low lying areas of
the Netherlands against the sea were breached during a
heavy storm in combination with spring tides. It appeared
that for several dikes, damage was not sustained in the
first instance by the mechanical forces of the waves on the
sea side, but, rather, on the land side. The sea had reached
such a high level that it flowed over the top of the dikes as
a result of the wave action. The water infiltrated into the
dike because the top of the dike and the slope on the land
side were not covered with a waterproof layer. Water flow
in the soil reduced the stability of the slope on the land
side, causing failure of the dike. Centrifuge tests have
been performed to gain more insight into the mechanism
causing failure. Clay dikes that were made higher by sand
were tested in a previous test program (Allersma et al.,
1994c). In a later test program more attention was paid to
homogeneous dikes of sand that were covered with a clay
layer.

In a centrifuge model, the cohesion attributable to
capillary action exhibits the same ratio to the shear
stresses as pertains in the prototype problem. Because the
capillary rise of the water is also in good correspondence
with the prototype dimensions, the water flow through the
dike can be made visible by means of tracers and the
mechanism of failure can be visualized.

The aim of this test program was to investigate the
mechanism leading to slope failure of pure sand dikes and
sand profiles covered with clay, during water infiltration.



[image: image2.jpg]Fig.1 The University of Delft geotechnical centrifuge.

Furthermore, methods were tested that could improve the
stability, and the effect of homogeneity was examined.

When the mechanisms of failure are known, there is a
better possibility of designing methods that improve the
stability. In many cases, new methods can be tested
relatively simply in a centrifuge model to investigate the
effect. Examples are the use of drains to improve the
stability during infiltration.

2 TEST FACILITIES
2.1 The centrifuge

The tests are performed in a small geotechnical centrifuge
(Fig.1). This device has been developed at the
Geotechnical Laboratory of the Faculty of Civil
Engineering of the University of Delft (Allersma, 1994b).
The design goal was to obtain a device that is flexible and
cheap in operation. The centrifuge, which has a diameter
of 2.4 metres, 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 up to 150 times earth’s gravity. In
most cases, the weight of the model containers is less than
200N, so that the tests can be conducted by one person.
This makes the centrifuge 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
for the purpose of controlling 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 analogue to
digital converter with a 16 channel multiplexer, two
voltage controlled outputs of more than 5 amps each and
two 16 bit 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, 1991). In this test program, the
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Fig.2 Test box with an air lift to simulate the effect of
wave overtopping.

course of the tests could be analyzed in more detail by
subtracting images of the tests taken at the end of
different time steps. Several devices have been developed
in order to perform tests in flight (Allersma, 1994a). In
this test program, a computer controlled water circulation
system has been used to manipulate the course of the test.

2.2 In flight test equipment

Water is circulated by means of an air lift (Fig.2). In this
technique, air is injected into water confined within a
plastic tube. The advantage of this system is that the
water supply can be controlled very smoothly from zero
to the maximum flow and the device is very simple and
cheap to build. The flow rate is detected by a small
turbine, the rotational speed of which is converted to a
voltage via an optical sensor. A maximum flow of about
10 I/min can been obtained at 100g.

3 WATER INFILTRATION TEST

The tests were performed in plane boxes with transparent
walls separated by 50 mm (Fig.2). The dimension of the
box was 360x400 mm. The model of a dike was located
on a metal platform. The space left under the platform
was used as a water reservoir. An air lift driven by
compressed air was used to circulate the water. The tests
were performed at 80g. At this gravity, dikes with a
height of approximately 2 to 7 meters could be simulated
in the test box. The water was supplied at the top of the
dike through a small box with holes. A filter at the
bottom distributes the water evenly and prevents erosion
of the top layer through fast running water. In reality,
during wave overtopping, the water infiltrates not only
into the crest, but also into the slope of the dike. It was
found, however, that the infiltration pattern did not
change significantly if the water was supplied at the crest
only.

During centrifuge tests, a video camera was focused on
the model. Thanks to the transparent boundaries it was
possible to watch the groundwater behaviour in the soil.



[image: image3.jpg]Fig. 3 Different stages showing the behaviour of a dike of
pure sand during water infiltration.
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Since the capillary rise is only a few mm at 80 g a
phreatic line could be created in the small model. The
water table in the sand layer was visible as a result of the
difference in contrast between wet and dry sand. The
stream lines are visualized by means of a tracer. The
tracer consists of grains of potassium permanganate,
which are inserted into the sand during preparation. As
soon as the groundwater flowed around the grains,
coloured stripes representing the streamlines of the water
flow became visible. Owing to the higher g level, the
pseudo cohesion induced by the capillary forces (36 cm
water at 1 g) could be ignored. On the other hand, the
flow rate of the pore water in the dune sand during tests
at 80 g was still low enough (maximum flow rate in the
test series was 0.016 m/s) to keep the Reynolds number
(the estimated max. value was 1.6) below the value
indicating turbulence (Goodings, 1984). If the flow can
be assumed to be steady state and laminar, the flow rate
of the water varies linearly with the acceleration of the
centrifuge. Additional tests have shown that Darcy’s law
is valid at the acceleration level employed. The slopes are
made of dune sand, which is characterized by
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Unit weight 16 KN/m
Permeability  0.01 cm/s
Do 0.1 mm
Dso 0.2 mm

Friction angle ~ 36°

3.1 Dike of pure sand

In Fig.3, a number of test stages are presented where a
dike of pure sand is infiltrated by water. If a
homogeneous dike of sand with a critical slope is
infiltrated in the centrifuge, the failure of the dike started
in all cases near the toe owing to seepage-induced local
instability. The initial failure of a homogeneous dike
appeared to be a surface phenomenon. Even in the case of
a critical slope, the test did not show a Bishop like
shear band mechanism. The local instability proceeds
with increasing water flow, which results finally in a total
failure of the embankment. In Fig.3c a slope with a
smaller angle is shown after failure. Also in this case
failure starts near the toe. In Fig.3d the stream lines are
made visible by a tracer. The seepage is clearly visible,
which explains the erosion of the sand. In accordance
with the exception more water can be infiltrated if the
slope angle is smaller. It was found that the mechanism is
not significantly influenced by density and particle size.

3.2 Sand dike with clay

In this case a dike is constructed with a sand body to
which a clay layer is applied to prevent erosion of the
sand by wind and rain. Usually grass is growing on the
clay layer. Because the clay layer has relatively poor
contact with the subsoil, the clay becomes dry. This



[image: image4.jpg]Fig.4 Moment of cracking of a clay layer covering a sand
dike; the stream lines are visualized by means of a tracer.
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drying process can cause small cracks in the clay layer. If
water runs over the slope, infiltration occurs via the
cracks. In Fig4 a test is performed on a sand dike
covered with a clay layer. In this test the water is
infiltrated at the crest only. The stream lines are made
visible by a tracer. If the sand slope is covered with a clay
layer, the first visible sign of failure is the crack in the
clay layer (Fig.4c). The crack is caused by the fact that
the clay layer is lifted up, so that the friction between
clay and the sand slope is reduced strongly. A crack
appears as a result of the inherent weight. The moment of
uplift of the clay layer can be deduced from the curvature
of the visualized stream lines. It appeared that the
location of the crack in the clay layer was dependent on
the thickness of the layer. The larger the thickness of the
clay layer, the closer the crack comes to the crest of the
dike. This tendency is shown in Fig.4d. In practice the
crack is mostly located at the transition between slope
and crest.

Fig.5 Centrifuge tests to examine the effect of a drain at
the toe of the embankment.

3.3 Effect of a drain

The influence of a drain close to the toe of the dike is
tested in Fig.5. This is a typical demonstration of how
centrifuge modelling can be used to examine alternative
constructions. It should be pointed out that it is almost
impossible to make such a comparison in field tests. As
was expected more water was required to cause failure.
The stream lines show clearly that water is discharged via
the drain. The practicability of a drain as a solution is a
matter for debate. Dikes have to be reliable for hundreds
of years, whereas there can be no certainty of the drain
continuing to work well for such a long time. For the
same reason, the use of geotextile for dikes has not been
common to date.




[image: image5.jpg]Fig. 6 Effect of a heterogeneity during infiltration.

3.4 Effect of inclusion

In Fig.6, the effect of a heterogeneity in the sand body is
visualized. This test was performed as a response to
critical remarks that only homogeneous sand bodies
could be tested. The stream lines of the groundwater flow
are made visible by a tracer. It was found that a
heterogeneity can have a positive effect on the stability.

Fig.7 Deformation of a real embankment during water
infiltration.

3.5 Field tests

The centrifuge tests could be compared with field tests.
In this test a real dike with a height of 6 metres was
infiltrated by water. The construction of the dike was
comparable with a sand Fig.7 Deformation of a real dike
during water infiltration.

covered with a clay layer. The water was supplied over
some length via holes in a large tube at the crest of the
dike. The water ran over the slope, so that some
proportion infiltrated into the sand body. The surface
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deformation of the dike was measured by digital image
processing (Allersma, 1996). For this purpose, labels
were placed at the slope of the dike. The labels are
monitored by a video camera mounted on a fixed point 30
metres distant. The deformation of the dike body could
be visualized easily by subtracting two images, taken at
different time steps. A typical example is shown in Fig.7.
It can be seen that in the field tests almost the same
mechanism is visible as in the centrifuge tests, i.e. failure
does not occur along deep shear bands. Rather, the clay
layer slides over the sand surface, so that a crack is
formed at the transition between slope and crest. After
that, the water infiltrates the sand body via the crack,
which causes a gradual erosion of the dike body.

In practice, the water supply by wave overtopping is
given in litres/s/m. In the field test, about 1 litre/s/m was
supplied. In the centrifuge tests the water infiltration at
failure varies between 0.1 and 0.3 I/s/m. There are no
accurate measurements available from practice. In the
design rules, the permitted quantities lie between 0.1 and
10 I/s/m, depending on the protection of the slope. The
data show that there is a realistic agreement between the
tests.

4 CONCLUSION

The small geotechnical centrifuge was very convenient
for investigating the behaviour of slopes of embankments
during water infiltration. In a relatively short time a large
number of test conditions could be investigated, were the
costs are very reasonable.

The moment of failure of a sand slope during wave
overtopping is dependent on the degree of saturation and
the slope angle of the sand body. Critical slopes with an
angle of 36° show failure if the phreatic line has reached
the soil surface at a height of 1/3 of the slope. Non-
critical slopes can be completely saturated before failure
occurs. It appeared that the failure of sand slopes during
water infiltration is initiated by seepage-induced local
instability. This is in contradiction to some theoretical
hypotheses, which assume that failure starts with a slip
circle mechanism, as is supposed in the failure
mechanism of Bishop. In the centrifuge tests, the
behaviour of a clay layer covering a sand slope could be
visualized. It appeared that the clay layer is lifted up by
the water pressure. Due to reduction of friction between
clay and sand the self weight of the clay causes tensile
cracks. Infiltration of the water into the cracks results in
progressive failure of the slope. A similar mechanism
could be observed in a field test. This agreement is a
satisfying demonstration that centrifuge tests are a very
realistic simulation of practice.

The centrifuge tests can be used to examine the effect
of alternative constructions. A typical example is the
visualization of the effect of a drain. Moreover, the effect
of a heterogeneity can be visualized, so that conclusions
can be drawn about tendencies in practise. It is believed



[image: image6.jpg]that a small centrifuge is valuable tool for testing new
ideas in geotechnical engineering.
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