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ABSTRACT

A test program has been carried out in the small geotechnical
centrifuge of the University of Delft to investigate  the installation
of suction piles in sand. A test technique has been developed to
simulate a pressure difference of more than 30 meters water.
During installation, the displacements and pressures are
measured. The influence of several parameters are tested and the
mechanism which is active during installation can be examined in
more detail. It appears that there is almost a linear relation
between the pressure and the dimensions of the suction pile. Piles
up 1o a ratio of B/D=4 could be penetrated without any problem.
The penetration load during suction is approximately 8 times
smaller than during mechanical penetration.
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INTRODUCTION

In recent years, suction piles have been applied increasingly often in
offshore engineering (Wang et al., 1978; Senpere et al., 1982). Suction
piles are attractive because of the convenient method of installation. A
pile with a diameter of 9 m and a height of 10 m can be installed in 1
hour, by using a pump only. Several research programs have been
carried out to investigate the bearing capacity of suction piles.
However, little research has been performed to examine the behaviour
of suction piles during installation. Some measuring data has been
obtained from piles which are installed in practice. In these cases,
however, the installation proceeds well, so that the limits of this
foundation technique could not be examined. Since prototype tests are
very expensive and time consuming, it is not so easy to investigate the
process parameters during installation under different circumstances.

In small scale tests it is much easier to change parameters. The soil
type can be varied as well as the dimensions of the suction pile and
other process parameters. In a small scale test, however, problems arise
concerning the stress dependent behaviour of sand. Furthermore, the
required pressure gradients are so low that measurements are not
accurate enough to visualize differences in design. These restrictions
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can be survived by performing the tests in a geotechnical centrifuge.
Centrifuge test on suction piles are reported in literature by Fuglsang et
al., 1991; Renzi et al., 1991 and Helfrig et al., 1976. The attention in
these tests, however, were mainly focused on bearing capacity and the
suction tests were performed on clay. At the University of Delft a test
technique has been developed in the centrifuge in order to simulate the
installation of piles in sand by suction. In a centrifuge the soil stresses
over a similar depth is the same as in the prototype situation. At 150
times earth gravity a suction pile with a height of 10m and a diameter
of 9m can be simulated with a can with a height 67mm and a diameter
of 60mm. The effect of water depth has been simulated by performing
the test in a container which can be pressurised, where the interior of
the suction pile is connected with atmospheric pressure. During the
test, penetration depth, pressure difference and flow rate of the water
are measured.

More than 30 tests were carried out in the geotechnical centrifuge.
Since the centrifuge is small the samples can be prepared rather
quickly, so that several tests can be performed in a short period.
Thanks to small-size computers and measuring techniques based on
image processing, advanced tests can be performed, even in a small
centrifuge.

The aim of this study was to examine the influence of several
‘parameters on the installation of suction piles in dense sand.

PRINCIPAL OF SUCTION PILE

A suction pile is a large diameter steel cylinder which is closed at the
top either by a dome formed section or by a flat stiffened plate. The
pile is open at the bottom. Pump inlets and release valves are installed
at the top as well as the lug to connect the pile chain.

The pile, which can be launched from an installation vessel or from the
aft deck of a supply boat, must be landed softly on the sea floor. The
cylinder is lowered to the sea floor with open valves so that the
enclosed air can escape rapidly.

Once the pile has penetrated the sea floor by its own weight the release
valves are closed. To avoid piping when pumps are started, additional
weights are usually needed in cohesionless soils like sands to
penetrate the skirt into the soil sufficiently.

Pumping the trapped water out of the pile by means of pumps mounted
on the top causes a pressure difference between the external
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hydrostatic water pressure and the water pressure inside the pile. The
pressure difference generates the driving force for soil penetration

In permeable soils water will flow through the pores to the tip of the
pile during pumping, so that the soil stress around the tip is reduced
due to local fludization. Due to this reduction, the driving force is
sufficient to ensure penetration of the pile. Pumping is stopped after
reaching the designed penetration depth. In general this depth is
reached in about 20 min to 1 hour, depending on the soil configuration,
the pile dimensions and the pump capacity.

After installation, pore pressures in the soil regain their initial values.
The loads are therefore resisted by the soil in a similar way to a
conventional driven or drilled pile with regard to friction. The pump,
the aur valves and possible measuring equipment mounted on the top of
the pile, can be made retrievable for recovery after complete
installation.

SIMULATION OF THE INSTALLATION IN A CENTRIFUGE

In order to model the stress dependent behaviour of sand in a correct
way the test program was carried out in the geotechnical centrifuge
(Fig.1) of the University of Delft (Allersma, 1994). This centrifuge has
a diameter of 2.5 meter, which can accelerate models with a weight of
300N up to 300z Through the use of several computer controlled
devices, a large variety of geotechnical problems can be simulated in
the centrifuge. In this test program the computer controlled air supply
system was used to manipulate the suction pile. A powerful option of
the centrifuge is that digital image processing (Allersma, 1990) can be
used 10 perform measurements in flight. In these tests the displacement
of the pile during installation was measured by this technique. An
advanced computer controlled loading system was used to measure the
load during mechanical installation of the suction pile

To be able to simulate a large water depth the tests are carried out in &
perspex container (Fig2) which was placed in the centrifuge. The
interior of the suction pile was connected with the atmosphere, so that
the required pressure difference could be realised simply by increasing
the pressure in the perspex container. This has the same effect as in
the prototype situation where the ambient pressure is constant and the
pressure inside the pile is reduced by suction. The top of the suction
pile was connected with the space outside the container through 2
flexible plastic hose.

water
storage

sensor

Fig.2 Diagram of the test container.

A second small hose was connected with a pressure transducer, i
order to measure the pressure inside the pile. The pressure outside the
suction pile was measured also, so that the pressure difference is
known dunng installation The flow rate of the waler during
installation was measured by elaborating video images showing the
water table in a transparent cylindrical container. The limit of the
pump capacity was simulated by a nozzle.

In all the tests performed, the sand inside the pile reached the top
cover. The soil heave h inside the pile can therefore be calculated by
the difference between the height of the pile and the final penetration
depth H reached at the end of the suction test A heave parameter a
can be defined as

a=— 1)

H
Al the tests are carried out in homogeneous sand layers. In order to
reduce the particle size effect, a sand with a small grain size was used
The main characteristics of this sand are displayed in Table 1

Cone
Penetration
Triaxial Test|  Test | Shear Box
[ n% | 451-413 [ 416 418
() e R S TR

[ | Permeability Test
49.6-414
7.410°-2.910°

Table 1 Properties of the sand used
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TEST PROGRAM

ln&:ﬁmhahnw,ﬂmsncﬁonpﬂﬁmpcnmated into the sand
soley by means of a computer controlled loading system. This data was
used to examine the stress dependent behaviour of the sand and the
dnhnfﬂumnﬁnnm:mﬂdthmhemmpumdwimthesemna
nguﬂnuﬁmmwunquwmedmdaumaldiﬂml
circumstances. The dimensions of the piles were varied, as were the
density of the sand and the suction procedure.

Four different model piles were used in this test program. One of the
piles was made from transparent material in order to observe the
behaviour of soil inside the pile. The main characteristics of the piles,
the height H and diameter D are given in Table 2.

pile model prototype
type H/D | H [ D [wall [ H D [ wall
mn [om [wm | mm m m [ _mm
medium 275 |39 0.5 11,3"[’ L) P ]
stubby 1|60 |63.2] 0.75 | 9.0 | 9.5| 113
slender 4 |108 |25.2| 0.27 | 16.2 | 3.8 41
plexiglas| 1 | 61 (69 | 2.0 9.2 [10.4| 300

Table 2 Main characteristics of the piles used

The dimension of the models has to be multiplied by 150 to get the
dimensions of the prototype. The thickness of the wall was larger in
‘comparison to most prototype situations. For technical reasons, thinner
walls were hard to obtain. It is not impossible, however, to decrease
the wall thickness.

‘The weight of the models was also larger compared with the weight of
the prototypes. For the mechanical penetration tests the weight of the
pile was compensated at the beginning of the test, so only the force of
pushing and pulling the anchor was measured. For the suction test, the
underwater weight was also taken into account.

DISCUSSION OF TEST RESULTS

In the mechanical penetration tests the pile was driven into the sand at
a speed of approximately 2 mm per second. During displacement, the
required load was recorded. An example of some tests with a suction
pile with a diameter of 60 mm and a height of 67mm is shown in Fig.
3. Since the range of the loading system was at that moment 30 mm,
the tests were performed in two steps. In the figure only the final 30
mm of penetration is shown. The tests were performed under different
gravities and the load was divided by the actual gravity. Also, to enable
a better comparison with other fests, the loads are converted to
pressures at 150g conditions. As can be seen the sand behaves in a very
stress dependent manner, in particular, at lower stress levels. The test
at 150g was repeated in order to demonstrate that the experiments can
be reproduced well.
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penetration H (mm]

Fig.3 Mechanical penetration of suction piles at different g levels, the
load is normalized.

Several suction tests were carried out in order to investigate the
behaviour of suction piles with different geometries. Sufficient data
was available to present the suction process in graphical form. A
typical example of the course of a test is presented in Fig 4, where the
pressures and the penetration depth are shown as a function of time. At
=0 the centrifuge was started, which is visible in the form of an
increase in the hydrostatic pressure. At t=320s the air pressure in the
test container was increased (starting pumps in prototype). A pressure
difference was then visible between the inside and outside of the
suction pile where a vertical displacement of the pile could also be
detected. The pressure difference increases during penetration and
stabilizes at the moment that penetration stops. At t=350s the air
pressure in the container was decreased to zero. At about t=440s the air
pressure was again increased to a higher value in order to examine
whether more penetration could be achieved at a higher pressure
difference. The pressure was decreased again and at t=500s the
centrifuge was stopped. Also, the flow rate of the water during suction
was available continuously, by using a calibrated relation between head
loss in the tubes and flow rate

From the suction tests, the maximum load required for a given final
penetration can be derived. It appeared that the required load by
suction is much lower than the load required for penetration of the pile
by a mechanical loading system

In all tests penetration proceeded gently. Even after stopping the water
flow for a while the penetration continued at almost the same pressure
difference when the water flow was restarted. It appeared that the axis
of the suction pile tends to a vertical position even when the initial
position is not vertical.

If the initial penetration depth of the suction pile is not sufficient,
piping seems to occur. This phenomenon was observed with suction
piles of Plexiglas, having a lower weight and a larger tip surface. In
this test program no special attention has been paid to examine the
relation between initial penetration, tip surface and piping.

If the initial pressure difference was sufficiently large to start
penetration it could be measured how much extra water was required
above the volume of the pile. It was found that this was only a few
percent of the pile volume. Subsequent analysis of the sand plug in the
suction pile has shown that only the sand close to the boundary was in
a fluidized state. More to the centre the sand looks undisturbed. This
phenomenon was also observed on line in a transparent pile which was
penetrated into dry sand using a vacuum pump at lg. However, if the
diameter of the pile became too small, full fluidization could be
observed, which results in a significant upheaval of the soil plug. Due
to the upheaval it was not possible to penetrate the pile completely. In
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Fig4 Graphical presentation of the course of the pressure and displacement in time.

the centrifuge tests model, piles up to a ratio H/D=4 penetrate without
any problem. This ratio is more than the limit of about 3, which is
usually taken in practice to avoid fluidization. A more specific test
‘program is required to determine the critical F/D ratio.

The most important test results are summarized in Table 3. The total
load Fror at maximum penetration is the sum of the underwater
weight 7 and the force derived from the maximum pressure difference
Fap. For ftests made in several steps (eg. 19.1, 19.2, 19.3), the

maximum load required to reach the maximum penetration after each
step is given. The pressure difference AP also includes the own weight
of the suction pile. Results obtained with the same anchor are very
close to cach other.

416 X

23| 398 |ezs 108
"Medivm® pile C

191] 392 |385 a8
192| 392 385 51
193] 392 385 56

20| 389 [385 60
[*Slender” pile F

16| 419 |253 27
17.1] a19 |253 26
172] 419 [253 32
173 419 [253 33

22| s09 [253 28

Table 3 Summary of suction tests: total forces Fror for a final
penctration H

In Fig. 5 and 6, it is shown how the pressure difference increases with
the penetration depth. It appeared that a nearly linear relationship can
be observed. Fig. 5 shows the relation with the density of the sand (test
pile D 13, 15 and 23 of Table 3). As may be expected, the pressure
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Fig.5 Graphical presentation of the influence of the density on the
required pressure.

level increases if the density increases. In Fig. 6, it is shown with
similar tests (test pile C 19 and 20 of Table 3) that there is not a large
difference between suction at once or suction by steps. As can be seen,
the pile starts penetrating if the same pressure difference is reached as
the maximum value before the pressure is decreased to zero.

In order to examine the influence of the different parameters, the
characteristics of the piles used were rather different. Therefore not all
parameters could be compared in a quantitative way. If the pressure
difference is considered in relation to the final penetration depth, it is
clear that the pressure increases if the depth increases. In an attempt to
normalize the penetration depth, the pressure difference AP is divided
by the height H of the pile (a linear relation is assumed because of the
results in Fig. 5 and 6). It appeared that the obtained relative values
were rather close to each other (D:1.1; C:1.3; F:1.0). A relative number
for the total load can now be obtained by multiplying the previous
numbers by the pile surface. The following data is then obtained
D:7.1; C:3.8, F:1.0. A remaining difference between the piles is the
circumference (linear with D) and the wall thickness (linear with d)
Since the water flow is only effecting the soil close to the boundary, it
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Fig6 Suction test to demonstrate that a stop during the process has no
significant influence. The dashed line represents the calculated
pressure required to fluidize the sand at a similar depth.

can be assumed that the wall of the suction pile behaves as a long strip.
Theoretically the length and wall thickness of a strip have a linear
influence on the penetration resistance. If the previous values are also
normalized by the wall thickness and circumference, the following
Tatios are found D:0.95; C:1.0; F:1.0. It appeared that the values are
very close to each other which means that simple linear relations can
be used to compare the results of the different suction tests. This also
indicates that the dimensions of the tested piles (e.g. H/D ratio) have
o special influence on the penetration load. The relation can be
described by the following non-dimensional equation

APD_ . 2)
JHd

where C is a constant and y is the volume weight of the soil
The roughness of the boundary of the suction pile can be assumed to be
the same for all piles.

The penetration-pressure difference diagrams can be used to compare
the driving load during suction with the mechanical driving load. A
comparison between the results of penetration tests and suction test
with the stubby pile D was made. In each test, the saturated sand
samples have been used with porosity near the minimum porosity.

The mechanical penetration test required a load of 3.44 kN for a
penetration of 50 mm. In prototype dimensions a force of 77 MN would
be necessary for a final penetration of 7.5m. Suction tests performed in
the same soil configuration required a total penetration load of about
10 MN. As expected the resistance during mechanical penetration is
much higher than the force needed in the case of suction. Since the
difference is much more than two times larger it can be concluded that
the reduction of penetration load is mainly caused by reduction of the
tip resistance.

For the soil heave analysis, only tests performed under the same
conditions have been considered. These suction tests are performed in
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samples with almost the minimum porosity. By means of a nozzle,
snmh-pmmuonspeedsmobhimdmdnﬁnawuusedwpmvem
discharge of sand .

Table 4 Calculated results for heave factor a

As expected, the heave factor a tends to remain constant. The higher
a, the greater  the soil heave for the same penetration depth. A more
accurate comparison between the different piles can be obtained if the
volume of the sand heave is related to the volume taken by the wall of
the pile in the soil. Pile D has comparatively a greater wall thickness
than anchor F, as indicated by the d/D ratio in Table 4. At a same
penetration depth, pile D will thus comparatively heave more sand
because of the higher volume taken by the anchor wall. Therefore, the
greater the @/D ratio, the greater the soil heave and the higher a
becomes (see Table 4),

French experiments (Fau and Raynaud, 1986) carried out at 1g in
saturated sand on 1/50 scale models have led to a heave factor of about
0.2. This large heave obtained at lg can probably ot occur with the
prototype  because a sand column with a low porosity can only be
stable on a small height. In centrifuge modeling a more realistic
behaviour of the soil is obtained. Thercfore the sand heave probably
reaches a lower value

Numerical calculations with the FEM computer program Plaxis (1995)
have shown that fluidization in the anchor will preferentially occur
near the wall and the edges. In Fig. 6 the dashed line indicates the
calculated pressure difference at which the sand starts to fluidize near
the inner wall. This line, which is based on calculations with Plaxis, is
in good agreement with the measured pressure difference. The finite
element analysis can only be used to calculate the start of fluidization.
At a later stage the sand properties change, so that it is not known what
soil parameters have to be used in the calculation. The definition of the
soil parameters is also a problem in calculating the driving load during
suction. Therefore no further attempts were made in this stage to
predict the driving load by FEM calculations

CONCLUSION

The main objective of this research was to investigate to what extent
suction pile installation can be simulated in a geotechnical centrifuge.
The test technique developed appeared to be successful. It was possible
to simulate the pump capacity by pressurizing the test cylinder and the
relevant parameters could be measured sufficiently accurately.
This technique has been employed to simulate the installation of a
suction pile in dense sand. The results of these suction tests are in good
agreement with each other. As expected, the resistance during
mechanical penetration is much higher than the force needed in the
case of suction.
The analysis of results confirmed the following phenomena:
« Water flowing through the soil reduces the tip resistance and the
‘boundary friction strongly (totally by a factor of 8).
In dense sand, local fluidization seems to help in achieving
complete penetration. Experiments have shown that in the pile the
critical gradient is reached. Thus the sand along the inside wall of
the pile must be fluidized. This involves a movement of the sand
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*  The inclination of a model pile decreases during penetration into
the soil by suction.

* A pile with a ratio H/D=4 could be penetrated without any
problem. However, more tetst are required to determine the
mmwwem%nﬁnmmﬁﬂmhmdmmmm

* The relation between the pressure difference 4P, the pile diameter
D, the height H and the wall thickness / appeared to be linear.

Adopting adequate scaling rules, test results have shown a good
agreement with numerical calculations of the water flow. Theoretical
calculation of the required pressure to reach the final penetration is
quite delicate because the sand strength parameters in the fluidized
area are not known. Experimental testing in the centrifuge seems
therefore to be a very helpful tool for obtaining empirical data
supporting the theoretical analyses.

A more intensive test program is required to validate the linear
influence of the different pile dimensions. Also the influence of the
surface roughness needs to be investigated in more detail.
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