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Centrifuge tests on the failure of dikes caused by uplift pressure

H.G.B. Allersma, A. Rohe & O. Dupont
Delft University of Technology, Delft, Netherlands

ABSTRACT: A series of centrifuge tests has been carried out to investigate the behaviour of dikes under up-
lift conditions. Particular attention is paid to clay dikes that are founded on a permeable layer of sand. A rising
water level in the river causes an overburden pore water pressure beneath the clay layer, resulting in a reduc-
tion of friction between the sand and the clay layer, which can lead to failure of the dike. A test set-up is de-
veloped to model a complete system including riverbed and hydraulic gradient in the sand layer. Points of re-
search are the determination of length and location of the uplift zone and the influence of material and
geometrical parameters. Special attention is paid to groundwater flow by adapting the sand layer. The effects
of a berm and a ditch are studied as well. A comparison is made between the centrifuge tests and analytical
and numerical calculations using a finite element program.

1 INTRODUCTION

In recent years, in the Netherlands, along the rivers
more and more often exceptionally high water levels
occurred. To protect the lowlands from flooding
these downstream parts of the rivers are closed off
by dikes. There are several reasons for expecting an
overall more frequent critical load on dikes in the fu-
ture, for example: a decreasing water storage volume
of the river, canalization of brooks to prevent land-
slides, increasing river flood levels, and settlement
of dikes. The most common solution to improve the
water protection capacity could be to just heighten
the dikes. But there is more analysis required deter-
mining in which way the rising water table influ-
ences the stability of the dike. In some cases the cal-
culations predicted failure, whereas the dike
remained stable. The reliability of the computer
models must be questioned.

Until now circumstances under which uplift fail-
ure becomes the critical mechanism in practice have
remained unclear. The geotechnical centrifuge of the
Delft University of Technology is used to make the
appearing failure mechanisms and the secondary
phenomena visible in small-scale experiments. Often
these mechanisms together cannot be estimated with
computer models. The experiments are used to de-
fine the states of transition like for example piping,
blowouts or critical toe circles and to determine if
uplift is the most critical mechanism. Another aim is
to make it reliable to use finite element programs to
estimate the uplift behaviour of dikes.
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2 UPLIFT MECHANISM

In the Western part of the Netherlands in particular,
the soil is horizontally layered in a combination of
soft clay and peat founded on a good permeable
layer of sand. When the sand layer has a hydraulic
connection with the river, a rise of the water level in
the river causes an overburden uplift pressure be-
neath the impermeable clay layer. The maximum up-
lift pressure pmax, on the boundary layer between clay
and sand obviously, is in equilibrium with the
weight y of the soil above, with thickness d:

1)

The configuration of the considered dike is given
in Figure 1. In here the hinterland is defined as the
area to the right of the dike (landside). The stability
of the dike is guaranteed by the equilibrium of hori-
zontal forces: the active force of the dike Fa, the re-
sistance force of the hinterland Fy, and the resistance
force of the uplift zone Fs:

Pmax = Yn detay

Fa< Fs+Fr @)

Due to the rising water level the pore water pres-
sure in the sand layer increases. This will reduce the
friction Fs between the clay layer and the sand sur-
face and can lead to failure of the dike by the uplift
mechanism. The uplift zone acts in this case as a
compressible medium with low stiffness and is sup-
posed to be located behind the dike. Always two as-
pects have to be investigated, both the equilibrium of
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Figure 1. Diagram of a clay dike overlaying a permeable sand
layer.

forces and the present groundwater situation (water
pressures and groundwater flow).

The groundwater analysis can be simplified by
supposing a quasi-steady state groundwater flow.
This is possible due to the low storage-coefficient S
of the deep sand layer. S characterizes the ability of a
soil layer to store groundwater. In the Netherlands, it
ranges approximately from 1*10 to 3*10”. The
limit-potential @, in the sand layer beneath the river
is reached when the pressure beneath the clay layer
of the hinterland is equal t0 pya, (Equation 1). The
critical potential ®c is reached when uplift starts.
Only between these two water levels an uplift zone
can develop.

The equilibrium of forces (Equation 2) is analysed
by a slip plane analysis. F, is calculated with the
equilibrium of lamellas (Bishop, 1955), while the
whole shear strength is mobilized. The total resis-
tance force Fs can be found by integrating Equation
3 (Terzaghi, 1951) over the length of the uplift zone
L, considering the local effective vertical stresses
o'

Fs=L(c'+0' tan¢') 0}

To determine Fy the procedure of Coulomb (Ter-
zaghi, 1951) is used, with the undrained stiffness of
the soil due to the quick occurrence of the uplift
‘mechanism:

Fr=Y%yh +2c,h (4)

3 CENTRIFUGE: TECHNIQUE AND TESTS

For carrying out the small-scale tests a centrifuge is
necessary due to the fact that clay is involved. In
general the behaviour of soil is stress-dependent
anyway, and in particular, the strong cohesion of the
clay has a great impact on the results as well as the
time-dependence of the consolidation process. By
using a centrifuge the dead weight of the model in-
creases proportionally to the acceleration of the cen-
trifuge. The cohesion remains uninfluenced. On this
way the shear stresses can get large enough to cause
failure in a short time interval. Large-scale tests,
however, would be very complicated and expensive
and it is rather difficult to find a suitable location
The tests are carried out in the geotechnical centri-

fuge of the Delft University of Technology shown in
Figure 2 (Allersma, 1994). This centrifuge is a quite
small device with a radius of 1,500 mm. Test models
with a dimension of 300 x 400 x 450 mm and a
weight of 500 N can be accelerated up to 160 g, be-
ing the limit for the electronic equipment. The low
weight of the samples makes the centrifuge conven-
ient to use and allows carrying out tests in short time
periods. On the other hand the centrifuge is large
enough to perform advanced tests. Problems accord-
ing to the restricted space for sensors are avoided by
using digital image processing techniques (Allersma,
1990). For monitoring the deformations only video
cameras are required. By subtracting a photo taken at
the end of the test from the one at the beginning, the
displacements can be made visible, see Figures 5-9.
Two pressure sensors control the water pressures.

To feasibly prepare the clay dike a system of two
bins is used. The internal bin without side panels and
a length of 430 mm can be taken out of the external
bin easily. After construction of the dike on it, it is
placed back on a plateau 50 mm above the bottom of
the external bin. The space beneath it is used as a
water reservoir. The transparent side panels are at a
distance of 80 mm. In Figure 3 the test set-up is
shown. The clay dike is constructed on a clay layer
covering a permeable layer of sand. Contrary to tests
performed in Cambridge (Padfield & Schofield,
1983) a complete system is modelled, including the
simulation of a riverbed and a hydraulic gradient in
the sand layer. An air-driven pump is developed in
order to supply water to the riverbed at any desired
gravity. The onboard computer controls the pump.
Signals from the pore pressure sensors in the sand
layer are used to adjust the desired water table in the
riverbed automatically. The water in the riverbed is
confined in a plastic bag. Therefore no undesirable
flow of water along the side panels occur. But also
infiltration of water into the dike is prevented. A
tube is used to make a connection between the river-
bed and the sand layer. On the other edge, the outlet
point, the sand layer ends in a height-adjustable
drain, which allows an accurate establishment of the
hydraulic gradient in the sand layer.

The centrifuge is accelerated in steps of 10 g per

Figure 2. Centrifuge facility of the Delft University of Technol-
ogy, Department of Civil Engincering.
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Figure 3. Test set-up to simulate failure of dikes by uplift

15 minutes after there is no variation in water pres-
sures observed. This corresponds to a consolidated
and drained performance of the test. The water level
in the riverbed is low during the start-up. After ap-
proaching the desired gravity the water level is
gradually adapted to the maximum height.

For all of the standard tests pottery clay was used
as construction material for the dike and the clay
layer. The soil parameters of the clay used in the
numerical calculations are determined by consoli-
dated and undrained standard triaxial tests: cohesion
(undrained) c,=25 kPa; cohesion (drained) c'=10
kPa; friction angle (undrained) ¢,=0° friction angle
(drained) ¢'=20°% Poisson’s ratio (undrained) v,=0.4;
Poisson’s ratio (drained) v'=0.15; shear modulus
Gs0=800 kPa; permeability k=10"* m/d; plasticity in-
dex 1,=37.6 %; dry soil weight ys=18 kN/m’; wet
soil weight y,=20.4 kN/m”.

The properties of the sand layer are described by
drained parameters: ¢'=0 kPa; ¢'=37°% v'=0.33;
Gs=7000 kPa; k=64.3 m/d; porosity n=35.5 %;
4=18 KN/m’; y,=20 KN/m’.

4 TEST RESULTS

A number of tests have been done. All tests are re-
lated to a dike with standardized dimensions that is
tested first. Besides applying a ditch and a berm a
combination of these is tested. Differentiation is
necessary between parameters with regard to the ma-
terial properties of the soil (different type of clay)
and to the geometry of the model (thinner clay layer
in the hinterland). By using different kinds of sand in
two more tests the influence of the groundwater flow
is determined. At last a bulldozer test is done to con-
firm the behaviour of the passive zone.

In the first instance a dike is tested with standard-
ized dimensions that are also symptomatic for the
subsequent tests only with different construction de-
tails. At a height of 60 mm the width at the toe is
200 mm. The slope angle at the riverside is 45° in
order to save space and 30° at the landside to make
slope instabilities less significant here. The 30 mm
thick clay layer of the hinterland is bedded on a sand
layer of 20 mm. A captured image of the video ex-
posure taken at the end of the test is presented in
Figure 4. Also the co-ordinates of the slip plane are
given. The presence of grid lines makes the slip
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Figure 4. Resulting slip planes of the standard dike, with co-
ordinates in [cm].

planes clearly visible. At a gravity of 100 g and the
maximum water height, the deep active slip plane
running from the crest to the sand layer becomes
visible, where the uplift zone starts half-way under
the slope and ends beneath the toe. That results in a
length of the uplift zone of 60 mm. At approximately
115 g the shallower slip plane becomes visible and
at 120 g it is possible to observe a passive straight
slip plane in the clay layer, starting beneath the toe
of the dike at an angle of about 45° running to the
surface In the uplift zone only horizontal displace-
ments could be observed. The slip planes and dis-
placements made visible by image processing are
shown in Figure 5.

Centrifuge tests have been carried out with ditches
of different depths and distances to the dike. One test
with a ditch of 10 mm deep at a distance of 90 mm
to the toe of the dike is most interesting. The dis-
placements are bigger compared to the correspond-
ing test without a ditch and the same geometry and
occur earlier, at a gravity of about 100 g. There is no
disturbance of the hinterland visible behind the ditch
(Fig. 6). In general it can be noticed that the active
slip plane does not change in shape and location.
The passive slip plane runs through the right end of
the deformed ditch.

Tests with different types of berms have been car-
ried out. For a berm with a length of 70 mm and a
height of 20 mm the deformations are shown in Fig-
ure 7. The uplift zone is lengthened up to 140 mm. It
runs through until beneath the toe of the berm. The
active and passive slip planes are unaltered in shape
and only the passive slip plane is moved up to the
right. At a gravity of 160 g and maximum water
height the slip planes are not formed very clearly.
This can be interpreted as a higher factor of safety
against failure.

Figure 5. Displacements of the standard dike.
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In case of applying a berm and a ditch the slip
plane in the centrifuge test develops at a gravity of
130 g (Allersma & Rohe, 2001). Apparently the
ditch had a significant detrimental effect on the sta-
bility of the dike. The uplift zone between the clay
and sand layer also starts half way along the slope. In
this test, a passive slip plane could be observed run-
ning through the right hand side of the ditch. In
words of safety against failure this test can be posi-
tioned between the tests with only a ditch and the
tests with only a berm.

A centrifuge test is performed with softer clay.
Failure occurs at a gravity of 100 g, while there is no
clear slip plane visible. Nevertheless the displace-
ments are large. The hinterland is disturbed stronger
and the uplift zone is longer (Fig. 8).

A test is done with a thickness of the clay layer of
25 mm. A longer uplift zone can be observed and
failure of the dike takes place at 80 g.

The test model is adapted by using two types of
sand with different values for the permeability k. On
this way at that boundary a vertical component of
flow can be created. Beneath the dike coarse sand is
used, while beneath the hinterland fine sand is
placed. In the test a longer uplift zone can be recog-
nized and the hinterland is disturbed more. Attention
has to be paid that the difference of permeabilities is
not too extreme. In the test a well develops behind
the dike because the resistance of the very fine sand
for the water was too big.

Another series of test is done, called bulldozer

tests, to prove the shape of the passive slip plane.
Only the part behind the dike is modelled and dis-
placed with the loading system. No water is used and
the uplift zone is modelled with a layer of petroleum
jelly. The passive slip plane corresponds to this in
the former tests with the whole configuration (Fig.
9). With an angle of approximately 45° it is running
from the toe of the dike along a straight path to the
surface.

Figure 7. Displacements of the dike with berm.

5 NUMERICAL CALCULATIONS

For the calculations the finite element program
Plaxis is used. They are carried out with the Mohr-
Coulomb model in three phases (gravity load, high
water, ¢-c-reduction). In the calculations the hydrau-
lic gradient in the sand layer is supposed to be linear
between river and polder. This results after the cal-
culation phase at high water level in the river, apply-
ing the g-c-reduction, in displacements as shown in
the Figures 10-12.

In the standard situation without berm or ditch,
shape and location of the slip planes correspond to
the centrifuge test. Clearly visible is also the hori-
zontal uplift zone starting halfway under the slope
and ending beneath the toe (Fig. 10).

If the ditch is located inside the passive zone no
influence can be observed. On the other hand if the
ditch is located outside the expected passive zone,
the hinterland is deformed more and the ditch at-
tracts the slip plane. This configuration results in a
longer uplift zone. From a distance of 125 mm (5
mm deep ditch) respectively 155 mm (10 mm deep
ditch) no influence of the ditch can be observed. In
Figure 11 the at the test corresponding numerical
calculation in is given with a distance of the ditch of
90 mm to the toe of the dike. The passive slip plane
is running through the end of the ditch.

Applying a berm shows two different failure
mechanisms: a shallow slip plane through the toe as
well as the uplift mechanism (Fig. 12). However, the

Figure 9. Passive slip plane in the bulldozer test
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Figure 10. Displacements of the standard dike in the numerical
calculation.
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Figure 12, Displacements of the dike with berm in the numeri-
cal calculation

displacements are smaller at the same gravity than
without a berm.

Using a different material hardly influences the
numerical calculations. Only the safety factor is
higher. The failure mechanism and the slip planes do
not change significantly.

6 DISCUSSION

To determine the moment of appearance of uplift as
well as the length and the location of the uplift zone
a comparison is made between the pore water pres-
sures p and the total vertical stresses o on the
boundary line between the clay and the sand layer in
a horizontal cross section. The resulting graph in
Figure 13 shows the effective vertical stresses o' in
the intermediate area. The linear course of the water
pressure is visible. The total stresses are maximal
beneath the crest of the dike and almost constant be-
neath the hinterland. It should be noted that the ef-
fective stresses never will be equal to zero. Only in
the region between 20 m and 30 m, the differences
are minimal. The equilibrium (Equation 2) is going
to be more critical. Also the forces are calculated
numerically by Plaxis as well as analytically (Table
1). The analytical calculation supplies safer results.
The differences are caused by the fact that the shear
stress t is assumed to be constant in the area of the
uplift zone in the analytical model. The basic princi-
ple is to use averaged values for the effective
stresses. It is also supposed to use safety factors.
Digging of a ditch can result in other failure
mechanisms than uplift. Most important to check is
the resistance against forming a well and piping. At
the location of the ditch the sand layer can erode and
a well can develop resulting in piping. Therefore
control is necessary by means of empirical rules, for
example. Another possible mechanism is a blowout.
This is dependant on the limit potential. Therefore
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Figure 13. Stress distribution beneath the dike (horizontal cross
section) in the real situation.

Table 1.Comparison of calculated forces

Fy Fs Fr (Fs+Fr)-Fa
[KN/m]  [kN/m']  [KN/m]  [kN/m']
Analytical 157 108 152 103
Plaxis 200 56 180 36

the thickness on the spot of the ditch has to be re-
duced. Only the adapted thickness may be taken into
consideration.

There are two different reasons of constructing a
berm: increasing the stability of the slope or prevent-
ing of piping. Both of the berms are based on differ-
ent design criteria. The height increases the stability
of the slope while the length promotes the resistance
against piping. This influences the course of the po-
tential in the sand layer. Generally, it can be noticed
that beneath the berm the effective stresses are
higher than in the corresponding situation without
the berm (Fig. 13). Often two mechanisms occur at
the same moment, the uplift mechanism as well as
instability of the slope.

The length of the uplift zone L is influenced by the
potentials in the river ®g [m] and the hinterland ®p
[m], particularly the difference between them A® =
@y — ®p, and the thickness of the clay layer. Since
there is no leakage, the gradient of the pore water
pressure in the sand layer is linear. Thus, the thick-
ness of the sand layer is not affecting the character of
the groundwater flow significantly. Also in the nu-
merical calculations the thickness of the sand layer is
not significant due to the linear assumption of the
water pressure gradient. The thickness of the clay
layer is indicative for the limit potential in the river.

7 CONCLUSIONS

The simulation of the failure of dikes by uplift pres-
sure is done in the centrifuge, with numerical calcu-
lations in Plaxis and with analytical models. It
proved to be good possible in even the small centri-
fuge to model the entire configuration, including a
riverbed and a gradient in the permeable layer. Both
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The numerical model could be validated.

The uplift mechanism is sensitive for changes in
the geometrical parameter as for example g, Op or
the thickness of the clay layer. In particular, the pres-
sure gradient in the pore water pressure influences
the uplift behaviour significantly. The flow is mainly
horizontal in the uplift zone and not orientated in
upwards direction.

A ditch, situated outside of the passive zone, has
a big influence on the behaviour of the passive slip
plane. The hinterland is deformed more up to the
ditch. Behind the ditch no effects can be recognized.

" The construction of a berm, obviously, has a stabiliz-
ing impact on the construction. Becoming clear is
the importance of reviewing both, the stability of
forces and the groundwater situation.

Uplift can occur when the effective stresses be-
neath the clay layer are not zero yet. The difference
between the total stresses and the water pressure is
getting smaller is indicative.

The centrifuge tests are inevitably necessary to get
more understanding of possible other failure mecha-
nisms occurring at almost the same circumstances. It
should be noticed that more tests are necessary to in-
vestigate the behaviour with other geometrical di-
mensions as well as with other materials. Further-
more tests have to be carried out to examine the
influence of groundwater flow. This can be done by
using different types of sand to create non-linear hy-
draulic gradients.
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