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- Application of a small geo-centrifuge to soft soil problems
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- ABSTRACTS: Several test programs have been carried out in the geotechnical centrifuge of the University of Delft to
examine the behavior under various conditions of embankments on soft soil deposits. This paper presents research
results concerning the construction of embankments on soft soil and the widening of embankments used for road
construction. An investigation was also carried out into the stability of embankments used for water protection, where
the pore water in the embankments plays an important role. Some simulation test results are presented of methods of
- improving dike stability that are more economical in the use of space.
Advanced in-flight computer-controlled testing equipment was used to enable in-flight embankment construction. An
in-flight water circulation system facilitated tests on water-related dike behavior. The centrifuge modeling technique
.~ appeared to be extremely valuable in gaining a better understanding of the mechanisms involved in deformation and
failure. Even the small centrifuge of the University of Delft allowed relatively complicated prototype problems to be
simulated. It was possible in some cases to compare the test results with real scale field tests.

~ 1. INTRODUCTION can be accelerated to 150 times earth's gravity. The
samples are light enough to be handled by one person. In
Centrifuge modeling is a powerful technique for spite of the small size, the system electronics enable
evaluating the behavior of geotechnical structures on a advanced computer-controlled tests to be performed. In
- small scale. The artificial gravity in a centrifuge order to reduce the noise on the measuring signals, the
- increases the self-weight stresses to a level comparable control system is placed in the spinning part of the
with the prototype. Clay poses a particular problem in centrifuge. A special feature is that several phenomena
small scale tests, which are impractical at normal gravity. can be measured using a technique (Allersma, 1997) in
The problem is that the self-weight stresses are so low in which video images of a test are captured in flight by a
comparison with the cohesion that the shear stress is frame grabber and then processed to isolate the relevant
insufficient for examining the failure conditions and parameters.

other behavior. Centrifuge modeling is therefore a very
effective tool for investigating geotechnical problems in
which the behavior is dominated by the properties of
 clay.

Several centrifuges are in operation around the world,
some of which are huge devices that are expensive and
time consuming in use. The special feature of the
' University of Delft centrifuge is that it is small. Indeed,
the test models and testing equipment are so small that
‘one person can handle them, making it possible to
perform quick tests at a reasonable price. On the other
l'iand, the device is large enough to perform advanced
in-flight tests.

A Many of the problems encountered in the Netherlands
are related to soft soil conditions. This is reflected in the
range of in-flight tools available for the centrifuge and
the wide variety of problems they allow to be simulated.

Figurel. The University of Delft geotechnical centrifuge

?- TEST FACILITY Numerous devices are available for performing in-flight

tests. This research program used a computer-controlled
sand sprinkler to construct embankments in flight
(Allersma, 1994b). The device consists of a hopper,
which can be moved laterally on linear bearings and
tempered steel shafts. The lateral movement (range 150
mm) is controlled by means of small DC motors. The
hopper position and sand flow are controlled by the on-
board computer. The sand can be poured layer by layer

 The geotechnical laboratory developed the geotechnical
centrifuge (Fig.1) at the University of Delft. The design
' goal was to create a device that is flexible and
inexpensive in operation. The centrifuge, which has a
S:Wing arm of 1.2 m, is equipped with two swinging
' Platforms to carry the samples. Samples weighing more
than 300N and having dimensions of 150x400x400 mm
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[image: image2.jpg]or at one particular position. A simplified pouring
device is used to supply larger grain sizes up to 10 mm.
The output signal of pore pressure transducers in the
clay layer can be read before, during and after pouring.

An in-flight air-driven pumping system was developed
to circulate water during a test. The pump is controlled
by the on-board computer, so as to maintain a certain
water level using the signals from pore pressure sensors.

An in-flight vane apparatus is used to determine the
properties of clay layers.

In the embankment construction tests clay samples of
normally consolidated clay were used. The samples are
obtained by consolidating clay slurry in the centrifuge.
In the tests on dikes commercial available pottery clay
was used to construct dike bodies.

3. TEST RESULTS

3.1 Embankment construction by dumping method
Road construction and coastal land reclamation involve
constructing embankments on soft soil. The aim of this
research project was to investigate the behavior of a soft
soil deposit during embankment construction by the
dumping method. Two important questions are: how
much dumped material will penetrate into the subsoil,
and what volume of dumped material is required to
achieve a given height. The parameters that were varied
in the tests were concerned with the supply scheme and
the particle size of the dumped material. A typical test is
shown in Fig.2. Most of the tests were performed with

| WaterLevel

Figure2. Diagram of sample box and location pressure sensors
(distances in mm)

normally  consolidated  kaolin clay.  Because
consolidation is a lengthy process, a special centrifuge
was built for this task. After consolidating for about 10
hours, an undrained shear strength (derived from in
flight vane test) over the depth h of C,/,,, = 0.14 Gy =
n,h) was measured for normally consolidated clay.
Fig.3 shows test results (at 100g) with different
suppletion strategies with the same volume of sand of
0.1 mm diameter. In case Al, the sand was supplied
layer by layer. Case B1 involved single point pouring in
steps. In both cases, the process took approximately 20
minutes. In case C2, however, the sand was supplied as
rapidly as possible (a few seconds). In Fig.4, the pore
water pressure clearly shows the differences in sand
suppletion, with the fastest suppletion resulting in the
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largest pore pressure and in the lowest embankment.
Because -it yielded the highest embankment with the 1
same volume of sand, the layer-by-layer methods would
appear to be the most efficient.

distance (mm)
Figure3. Profile of sand for different pouring methods
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Figure 4. Course pore water pressure (P in Fig.2) during pouring

@
3

ssg

&
S0

elevation (mm)

X3

o

100

200
distance (mm)
Figure 5. Embankment shapes for different particle sizes
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In Fig.5, material with different particle sizes was used
for constructing the embankment. In all cases, the
pouring was as fast as possible. It was observed that the
slope of the embankment was steeper for larger grain
sizes (higher friction angle). On the other hand, supplies
with larger grains penetrate deeper into the clay, so that
the steeper slope of the embankment did not result in a
larger height.

The penetration of the supplied material was
significantly less with over-consolidated clay layers
(Allersma et al., 2000).

3.2 Widening of embankments

When roads are constructed on soft soils, sand
embankments are constructed in order to guarantee
stable asphalt lanes. However, as traffic increases, the
demand for the widening of roads, and therefore
embankments, increases too. In some cases, traditional
embankment widening methods cause serious problems,
such as large settlement, resulting in dangerous




[image: image3.jpg]Jongitudinal cracks in the asphalt pavement. Several
new sand suppletion strategies have been tested with a
view to reducing the damage. One such strategy is based
on the gap method, in which, instead of widening the
road embankment layer by layer, an embankment is first
constructed close to the existing embankment after
which the gap created is filled. In order to examine
whether the methods yield different results, a test
program was carried out in the centrifuge. A video
image of a widening test by sand suppletion is shown in
Fig.6. The initial embankment was constructed under 1g
conditions on a layer of normally consolidated kaolinite
clay. The deformation of the subsoil and the existing
embankment is visualized by means of image

existing
embankment

widening
Iayer by layer; fast

Figure 7. Plot of the digitized displacements

305

processing techniques. The digitized displacements are
presented in Fig.7. It can be seen that the widening
causes mainly vertical displacements. It is interesting
that a gradient in vertical displacements can be observed
in a horizontal direction. It appeared that that this
gradient could be influenced by the chosen strategy of
sand suppletion. In the case of layer-by-layer widening
(Fig.7A), a strong gradient underneath the existing
embankment can be observed. The gradient in vertical
displacement causes bending of the existing
embankment and therefore cracks in the asphalt
pavement. Using the gap method results in a gradient
underneath the widening part that does not influence the
existing embankment.

The centrifuge tests have shown that the strategy of
sand suppletion indeed influences the deformation of
the embankment. It was also found that the rate of
suppletion has a significant influence on the
deformation (Allersma et al., 1994b).

3.3 Dike failure by wave overtopping

Several failure mechanisms can cause instability of
dikes. One mechanism associated with wave
overtopping was not understood clearly. In this case, the
sea level is so high that the waves cause water to flow
over the top of the dike. The volume of water itself is of
no great concern because a polder has sufficient
capacity to absorb it. The point is, however, that the
water can infiltrate the sand body of the dike because the
crest of the dike and the land side slope have no
impermeable covering layer. It appeared that the water
pressure in the sand core dramatically reduces the
stability of the slope on the land side. Initially, the
failure was observed in the field only after the event,
making it impossible to study the real mechanism. The
resemblance of the dikes following failure to Bishop's
shear mechanism prompted this theory to be used to
calculate the stability of the dikes. Because doubts
remained as to the soundness of this approach,
centrifuge tests were carried out to examine the failure
mechanism in more detail. A simple water supply
system was developed for this test program, in which
water is made to circulate by means of air pressure
(Fig.8).

Contrary to expectations, the mechanism observed was

Figure 8. Diagram of test setup for simulating water infiltration in
dike body



[image: image4.jpg]not Bishop-like. When the dike is constructed of pure
sand, gradual erosion as a result of seepage at the foot
damages the dike. Fig.9 shows a simulated

improvement of a clay dike. The height of the initial
(strong, impermeable) clay body was increased by sand
suppletion. To prevent wind erosion, and to allow grass
to grow, the sand was covered by a clay layer. Cracks in
the clay layer allow water to infiltrate the sand. In the
centrifuge test, the water infiltration was simulated by
supplying water at the crest, as shown in Fig.8.

Figure 9. Failure mechanism of sand supply on impermeable
strong clay body (simulated by metal profile)

Fig.9 shows that the clay layer moves downwards in the
reduced friction conditions resulting from overburden
Ppore water pressure. This movement causes cracks in
the clay layer, mostly close to the crest. Almost full
saturation of the sand layer was required (Allersma et al.,
1994c). Water infiltration into the cracks finally causes
the dike to erode gradually. This test program presented
an opportunity to compare the centrifuge tests with a
field test on a dike with a similar configuration (Fig.10).
In the field test, running water was allowed to flow

Figure 10. Field test of dike failure by water infiltration; the size
of the displaced square labels are 250x250 mm

down the slope. The displacement of the slope surface
(distance between white and black labels) was detected
by subtracting successive images of labels placed on the
slope (Allersma, 1996). As in the centrifuge tests, the
clay layer moved downward and buckling was visible at
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the toe of the slope. After the test, a cut was made in the

dike. It appeared that the field test also exhibited no

Bishop-like failure mechanism.

3.4 Dike failure by uplift pressure

Settlement of dikes, and, more often, exceptionally high
water levels in the Dutch rivers, demand improved
water protection by raising the dikes. The dike usually
remains stable if increasing the height is accompanied
by increasing the width, in order to keep the slope angle
the same. However, under some possible soil conditions,
the dike will not become stable. A diagram of a

active
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uplift
zone

passive
zone

high water level Water headin
&

the sand lager

Figure 11. Diagram of dike configuration sensitive to uplift
failure

configuration is shown in Fig.11. The clay dike is
founded on a clay layer overlaying a sand deposit. A
common situation is that the sand layer is in hydraulic
contact with the water in the river bed. An increasing
water table in the river causes overburden pore water
pressure in the sand layer, which reduces the friction
between the sand and clay layers. An important question
was whether this friction reduction could lead to failure,
even if the slope of the dike was adjusted. In the first
instance, this mechanism was simulated in the centri-

o = Pressure sensor

Figure 12. Diagram of test setup to simulate dike failure by uplift
pressure. Model is visible throught perspex front sheet

fuge. The clay dike and sand layer were situated above a
water reservoir. The soil was confined laterally between
two transparent perspex sheets SOmm apart. A
connection was made between the river bed and sand
layer with an outlet to allow the formation of a pressure
gradient in the sand layer, which was not the case in
earlier tests of Padfield et al. (1983). The signals of
pressure sensors were used to control the pump so as to
maintain a certain pressure underneath the toe of the
dike. A typical test result is shown in Fig.13. In this case,
two mechanisms are active, namely a shallow shear.

!




[image: image5.jpg]Figure 13. Two failure mechanisms of a dike at 120g. The grid
size is Smm

Figure 14. Failure by uplift pressure only

band and a deep shear band as a result of the uplift
pressure. In Fig. 14, the shallow shear band is suppressed
- by supplying a berm at the toe of the dike. The deep
shear band is still active, showing that more
reinforcement is required to stabilize the dike after
raising the crest. There appeared to be fairly good
agreement with FEM calculations (Allersma et al.
2003a). In this case too, it was possible to compare the
small scale test with a field test. The agreement with the
location of the end of the shear bands at the crest is
remarkable. Both tests show that the shallow shear band
ends at the land side of the crest and the deep shear band
at the water side, with a small part at the river side
remaining undisturbed.

This research has demonstrated that failure by uplift
pressure, as schematized in Fig.11, can be a significant
mechanism that has to be taken into account in raising
dikes.

3.5 Improving the stability of dikes

Preventing failure by uplift pressure would require
- improving a large area on the land side of the dike
(Abrahamson, 1995). However, several areas exist
where there is no space for ground work because of the
close proximity of residential areas to the dike. This
means that new dike improvement methods are being
considered that are economical in the use of space. Two
methods that have been examined are based on soil
nailing techniques and making columns by the soil
mixing method. The main goal of the research was to
examine to what extent the failure mechanism is
influenced by the reinforcements. A typical failure
pattern of a test without reinforcement is shown in
Fig.15. In this test model, a clay dike was supported by a
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Figure 15. Test model to simulate failure by upheave pressure,
tested at 120g. Grid size is S mm

Figure 16. Failure mode at 120g, using nails. The visible nail was
located into the soil about 10mm from the surface

clay layer, overlaying a sand layer. Because friction
reduction tests by water pressure were complicated and
not so good reproducible, the failure mechanism by
upheave pressure in these tests was simulated by
creating a layer of low friction between clay and sand.

Fig.16 shows three arrays of nails of tin-solder with a
diameter of 1mm that were pushed into the dike body,
spaced at intervals of 20mm horizontally and 5 mm
vertically, where the center row was displaced. The nails
penetrate into the sand by 20mm. Several shear bands
are visible, distributed regularly through the clay body
of the embankment. Because the nails are fixed in the
sand, they were drawn back into the clay body. Cuts
through the model shows that the nails did not buckle,
although a slight bending could be seen close to where
the nail intersects the deepest failure plane. An
interesting observation is that sticking nails through the
shear band does not simply prevent failure.

Fig.17 shows almost vertical nails protruding 20mm
into the sand layer. It appeared that the part in the sand
layer did not deform. The clay body, however, moves to
the right, causing a sharp kink in the nail at the transition
between sand and clay. Furthermore, because the
horizontal movement of the nail at the crest surface is
more than the movement of the clay, the nail is dragged
through the clay. In this case too, the reinforcement
appeared to be insufficient to prevent shear band



[image: image6.jpg]Figure 17. Failure mechanism with vertical nails, at 120g

Figure 18. a) Reinforcement with more and stiffer nails. b)
Soil improvement by cemented columns

Figure 19. Test at 120g; soil reinforced by cemented soil columns

formation. However, both methods can be made more
effective by using a larger number of stiffer nails, as
shown in Fig.18a. Roughness and the use of facings also
influence the result (Allersma et al. 2003b).

Fig.18b shows a cut in which the dike was stabilized
by columns of cemented material. The columns are
made in principle by the mixed in place method. In the
scale tests, vertical holes are made in the clay. The
columns are then made by mixing cement with the clay
and inserting them into the holes, penetrating about 20
mm into the sand layer. It can be seen in Fig.19 that this
method can be designed in such a way that no shear
bands are formed at the testing level of 120g. By using
additional soft columns, it was possible to visualize the
formation of cracks (Allersma et al. 2003b).

308

4. CONCLUSION

The centrifuge testing technique has proved to be
extremely valuable in examining problems involving
soft soil. The failure mechanism can be made visible and
several different configurations can be tested in order to
examine the influence of design parameters. In some
cases, experimental methods are the only way to gain an
insight into the problem.

In tests on clay, it was found that several output
parameters could be influenced by changing the time
interval. On the other hand, in many cases time hampers
a sharp determination of failure in tests on clay
structures.

Unexpected failure mechanisms were observed in
several experiments. This has led to a better
understanding of the problem, which in turn will allow
more reliable predictions.

In some cases, it was possible to compare the
centrifuge tests with real scale field tests. It was worthy
of note that the same failure mechanisms could be
observed in both testing methods. This similarity
demonstrates the value of the centrifuge testing
technique in the field of geotechnics.
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