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ABSTRACT:

A test programme has been carried out in the geotechnical centrifuge of the University of
Delft to investigate how different design parameters influence the failure mechanisms and
displacements of dikes stabilized by three innovative methods. The three methods under
investigation are known as: mixed in place, soil nailing and expanding columns. The tests
included models without reinforcements (9 tests) as well as models partly simulating mixed in
place (6 tests), soil nailing (6 tests) and expanding columns (5 tests). Some of these tests are
discussed in this report. The parameters tested were expected to have a significant influence
on the three innovative methods. Centrifuge research indicates that, in comparison with non-
reinforced models, all three innovative methods can improve stability. The extent of the
improvement depends heavily on the design parameters, such as the smoothness, the number,
the inclination and the stiffness of the reinforcing structural devices. It was possible to adjust
the design of all three methods so that the model did not fail.

1. Introduction

A typical dike to be found in the Netherlands consists of clay and peat layers. These dikes
settle by a few millimetres a year. In future they might still be high enough to protect the
hinterland from flooding. However, since the water tables of the rivers are expected to rise at
the same time, the height of the dikes needs to be increased over many kilometres in the next
20 years. The necessary increase in the height of dikes combined with the rising water levels
will create several stability problems.
Firstly, raising the dike increases the height of the slope with a consequent reduction in the
safety factor of the slope. For instance, circular shallow shear bands might develop, or a part
of the dike might fail. The second problem is the uplift of the hinterland. If there is a
hydraulic connection between the river and a permeable layer of sand typically to be found a
few metres below the surface of the hinterland, the pore pressures in the sand layer will be
very high when water levels are high. High pore pressures might no longer be
counterbalanced by the stresses resulting from the self-weight of the clay layer above and the
hinterland could be uplifted. If the hinterland is uplifted, it will stop contributing to the
resisting forces, allowinga deep failure plane to develop and causing the whole dike to
collapse. This failure mechanism was investigated in more detail in a previous test
programme (Allersma, Rohe, 2003).
Methods such as flattening slopes and berms (additional weight around the toe of the slope)
have been used successfully to increase the safety factor of a slope. However, these
conventional methods based on adding weight/soil at a favourable location (see Abrahamson,
1995) are very space-consuming and not always possible where houses are close to the dike
in combination with a small river bed. Considering the length of dike to be stabilized in the
densely populated Netherlands, less space-consuming methods had to be found. For this
reason, a project was launched (http://www.minvenw.nl/rws/inside/home_inside.htm) to
invent, develop and test innovative methods of allowing dike stabilization with a) technically
satisfactory short and long-term effects, b) stabilization in an economic way (constructability
and maintainability) and c) minimum impact on the landscape.

2. Innovative methods for stabilizing dikes

Out of a variety of proposals, 3 were chosen for further research:
1. mixed in place;



2. soil nailing;
3. expanding columns.

Mixed in place means the mixing of cement and sand with clay found in-situ. This mixture
forms hardened columns with improved soil properties. Vertical columns consisting of
improved soil have been used for many years to stabilize dikes and embankments. What
makes mixed in place innovative is the inclination of the columns. The axis of a column is to
be designed nearly parallel to the inclined major stresses. Such inclined columns are less
susceptible to bending while being subjected to higher normal stresses. For this reason,
stresses resulting from bending are expected to be reduced while at the same time stability is
increased.
The idea behind the soil nailing method is to nail the sliding soil mass to the non-moving soil
below. The nails consist of steel surrounded by grout. Soil nailing has often been used to
stabilize sliding slopes. The innovative aspect of this method is the layout of nails and the
application of soil nailing for dike stabilization.
The expanding columns method proceeds on the assumption that a compaction effect of an
inflating expander can improve material behaviour and thereby dike stability. Steel rods
partly surrounded by geotextiles are installed in the dike. The geotextiles are inflated with
bentonite suspension. Besides the compaction effect, further retaining forces are transferred
into the potentially sliding soil mass.

3. Test design

In order to enable the use of small scale models, the tests have to be performed in a
geotechnical centrifuge. The self-weight of the clay is increased in a centrifuge, so that
cohesion forces are brought into a reasonable proportion with the shear stresses. The tests
were carried out in the geotechnical centrifuge of the University of Delft, which is a
relatively small example (Allersma, 1994). Compared with other centrifuges it has a
relatively small diameter,the advantage of which is that several configurations can be tested
in a short period of time at a reasonable cost. Miniature equipment and image processing
facilities allow this small centrifuge to carry out advanced tests.
The models built and tested do not aim to represent any real prototypes in detail. No attempt
was made to simulate the suggested reinforcements to the limits of attainable accuracy. To be
able to conduct a large number of tests, the following simplifying assumptions were made in
the test design.

1. Only two layers of soil were used (ceramic clay K 140 and fine sand).
2. The models were built with a slope angle of 45°  to be able to cause highly reinforced

models to fail at g-levels that the centrifuge can support. All the dimensions are depicted
in figure 1.

3. To simulate the uplift pressures at high water levels, no water or air pressure was used. An
extra 5 mm layer of clay was used to separate the dike, consisting of clay and the
underlying sand layer. The top of this thin layer of clay was greased along l2 and l3/2 (see
figure 1). Therefore, only a reduction of skin friction between the clay and sand layer
resulting from a reduction of effective stresses/high pore pressures was simulated. The
effect of high pore pressures and corresponding low effective stresses on the soil/structure
interaction was investigated.

4. The reinforcements were installed prior to flight and, therefore, at much lower stress
levels than the prototypes.



5. Acceleration started at 40g, increasingafter 10 minutes to 60g and then by 10g every 10
minutes.

Despite all the simplifying assumptions, the parameters studied were expected to have a
qualitatively similar effect on the stabilization methods suggested.
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Figure 1: Model dimensions

4. Parameters influencing mixed in place

Model mip2 was reinforced by eight vertical panels. The panels (cross section: 24 * 8 mm,
rounded at the ends) were driven into the model from the bottom of the clay layer (6 mm
from the toe of the slope). To be able to drive the panels in without breaking them, both the
hole and the panel were greased to reduce skin friction, which had the side-effect of
facilitating relative displacements between soil and panel. The panels consisted of clay (K
140), cement (200 g/l clay) and sand (100 g/l clay). The test was conducted when the
columns were 2 days old.
Model mip2 performed much better than the non-reinforced model of reference za2 (see
figure 2). In contrast to model za2, model mip2 showed no failure planes. On rescuing the
model from the liner, it appeared that four columns had broken at the lower end. As the
failure plane through the column was not smooth, some interlocking between broken parts
might still have contributed to the resisting forces. Another explanation for the model
showing no failure planes might be a transfer of stresses from the broken to the unbroken
columns. The arching effect has been researched and described by Liang and Zeng (2002).

    

Figure 2: Model za8 after 120 g (left) and mip2 after 160 g (right)

Models without
reinforcements (za)

za2 za8

Mixed-in-place (mip) mip1 mip2-6
Expanding columns (ep) ep1 ep2-5
Soil nailing (sn) sn1 sn2-4 sn5,6
dimensions [cm] ii v vii
l 16,5 16,5 16,5
l1 6,0 4,0 4,0
l2 2,9 6,0 6,0
l3 7,6 6,5 6,5
h 9,5 10,0 10,0
h1 2,5 2,0 7,0
h2 0,0 0,5 0,5
h3 2,0 1,5 1,5
h4 5,0 6,0 6,0
b 10,9 10,9 10,9
β 60,0 45,0 45,0



The test set-up for test mip3 was the same as for test mip2. The only parameter changed was
the mixture. The hardened panels consisted of clay (K 140), cement (100 g/l clay) and sand
(25 g/l clay) and water. Despite the mixture being weaker, the model also showed no failure
planes. However, the test yielded some interestinginformation about the breaking
mechanism. The broken columns had cracks developing from the side of the panels facing
the top of the slope. The cracks developed diagonally downwards (see figure 3).

    

Figure 3: Model mip3 – bottom details

Model mip4 was built using inclined columns at an angle of 30°  (for other parameters see
model mip3). Again, the model showed no failure plane on either side. Interestingly, the
lower ends of the panels seem to indicate a different breaking mechanism. Although it is
unclear whether the crack developed horizontally or diagonally, the test results seem to
indicate that the cracks start at the side of the panels facing the toe of the slope (see figure 4).

    

Figure 4: Model mip4 after 160 g –details

Models mip2-4 were built by pushing hardened and greased panels into predrilled and
greased holes. For this reason, the interaction between the improved panels and the
surrounding clay was low. In order to see how the hardened panels behave when panel/soil
interaction is high, nine vertical (mip5) and inclined (mip6) columns were injected (diameter:
8 mm). The columns consisted of clay (K 140), cement (300 g/l clay) and sand (100 g/l clay).
To be able to inject the mix, a larger quantity of water was added to the mixture. It should be
noted that the columns were injected under pressure. There was no control over compaction



of the fill and the diameter of the former gap. After flight, vertical failure planes could be
observed in both models (see figure 5). However, no column was broken.

    

Figure 5: Model mip5 (left) and mip6 (right) after 160 g

The displacements d of the top of the slope (see figure 6) were plotted allowing for gaps
between soil layers after modelling. These gaps close at lower g-levels, and to eliminate this
effect, the plotted displacements d are equal to: d = dcurrent g-level – d40g. Figure 6 shows that the
models with inclined panels/columns have smaller displacements than models reinforced by
vertical panels/columns. These results support the idea of installing panels/columns inclined
to improve the reinforcement behaviour. Furthermore, figure 6 shows that the models with a
high soil/structure interaction (models mip5 and mip6) have smaller displacements than the
models with a low soil/structure interaction (models mip3 and mip4).

Figure 6: mip - displacements of the top versus g-level
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6. Parameters influencing expanding columns

The dimensions of the models are depicted in figure 1. The columns were driven into the sand
layer by 20 mm.
Test ep1 was an orientation test with boundary and geometry conditions different from those
described in section 3. Sparklers were used simulate the columns. The angle of the columns
was varied along the axis of the slope from vertical to almost the slope angle. The cut through
the model after flight in the centrifuge (see figure 7, right) shows how the expanding columns
have rotated about the lower end and how the upper part cut the soil.

    

Figure 7: Model ep1 after 120 g

For test ep2, rods (sticking 20 mm into the sand; ∅ rods= 2 mm) and tubes with a hole for the
rods (length of the tube: 40 mm; ∅ tube= 8 mm; ∅ hole= 2.1 mm) were used. Both rods and tubes
were made of brass. In total, 10 expanders were installed. Figure 8, left shows the model after
flight, with a deep shear band from near the top of the slope down to the greased/non-greased
boundary. Furthermore, a very small shallow shear band can be seen around the toe of the
slope. Figure 8, right shows that the expanding columns rotate about the shear key. As no
buckling of the shear key nor any deflection along the axis of the expanders can be observed,
the resistance of the sand must have been too low to transfer the bending moment in the shear
key, thereby allowing rotation.

    

Figure 8: Model ep2 after 130 g

For test ep3, the same columns were used as for test ep2. However, a different design was
used. The model contained two expanders per cross section. One expander was installed
vertically, the other at an angle of 30 degrees to the vertical. In total, 2 x 9 expanders were
installed. Figure 9 shows the model after flight.



    

Figure 9: Model ep3 after 160 g

Model ep4 was conducted in order to explore the expanding effect. In fact, the columns were
not truly expanding. Rather, the columns were pressed into the slope during flight (at 100 g),
in the process of whichthe clay was pushed away laterally. Although the clay might have
been compacted, the geometry of the model was changed significantly in the area around the
toe (a berm was formed). For this reason, the displacements that model ep4 showed at g-
levels greater than 100 could not be compared satisfactorily with the results of the model ep5
(the same columns installed into predrilled holes, no compaction effect). For this reason, the
conducted tests allow no statement to be made about the compaction effect.
Figure 10 shows the displacements of model ep2 and ep3. The number of expanders seems to
have little influence on the vertical displacements of the top. In terms of horizontal
displacements, the difference between models ep2 and ep3 becomes more obvious. Model ep3
(two expanding columns per cross-section) shows significantly smaller horizontal
displacements than model ep2 (one expanding column per cross section).                    

Figure 10: ep – displacements of the top versus g-level



7. Parameters influencing soil nailing

All models representing soil nailing were reinforced with 9 nails (3 in a row, spaced as in
figure 11, left). The nail layout is depicted in figure 11, right (design a). Test sn1 was an
orientation test with boundary and geometry conditions different from those described in
section 3. Cuts through the model after flight in the centrifuge (see figure 12) show that the
nails did not buckle, although a slight bending can be seen, which occurs close to the
intersection of the nail with the deepest failure plane.

    

Figure 11: Nail layouts

    

Figure 12: Cut through sn1 after 110 g (left) and added images (right)

Model sn2 was reinforced with steel nails (∅  = 2 mm), which were driven into the clay
perpendicular to the slope (inclination: 45° ). All nails penetrated the sand by 20 mm. To
increase the skin friction, sand (grain size 0.5-1 mm) was glued to the surface of these nails.
No failure pattern could be observed.
Model sn3 was built to examine how reduced skin friction and reduced stiffness influence the
model behaviour. For this reason, non-greased PVC rods (∅ = 2mm) were used to simulate
the nails. After flight, the model showed failure patterns similar to the non-reinforced model
za8 (see figure 13). The slope moved along the nails by about 10 mm (after flight the nails
protruded from the slope less than before).

    

Figure 13: Model za8 after 120 g (left) and sn3 after 120 g (right)



When model sn4 was built, the only parameter changed was skin friction. The plastic nails
were grouted with sand (grain size 0.5 mm). Despite the increased friction, model behaviour
did not improve significantly. The slope moved along the nails by about 5 mm.
To support a higher soil/structure interaction, longer nails (longer by 50 mm at the lower end)
were used. For this reason, the nails were embedded further into the sand. Furthermore, the
upper ends of the nails were equipped with facings (diameter: 13 mm). Nonetheless, model
sn5 failed (see figure 14).

    

Figure 14: Model sn5 (left) and sn6 (right) after 160 g

Models sn2-5 were built according to design a (see figure 11, right; all nails perpendicular to
the slope surface). Model sn6 was basically the same as model sn5, except that design b was
used (see figure 11, right). Again, the model failed (see figure 14).
The displacements (see figure 15) seem to indicate that design b is better than design a. With
all parameters the same, model sn6 (design b) shows smaller displacements than model sn5
(design a). Furthermore, and according to expectation, the results displayed in figure 14 show
that model sn2 (steel nails) performed best, followed by model sn4 (grouted PVC rods),
followed by model sn3 (smooth PVCnails).

8. Conclusions

The centrifuge testing technique has proven to be valuable to investigate methods to improve
the stability of dikes. The failure mechanism can be made visible and several different
configurations could be tested. 
Centrifuge research has shown the following:

•  in comparison with unreinforced models, all of the three methods improved the model
behaviour;

•  the improvement effect depends on the design. It was possible to adjust the design so
that the model did not fail.

Further research should consider the following:
•  true simulation of the uplift effect by circulating water through the models (during

flight);
•  the models should be built to more closely resemble the real in situ conditions

(dimensions and material parameters of both the soil and the reinforcements).

However, only full scale tests of the methods and monitoring of dike behaviour will finally
yield information on the suitability of each of the three methods in practise.



Figure 15: sn - displacements of the top versus g-level
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