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ABSTRACT

Since geotechnical centrifuges have become a widely accepted
tool for investigating soil structures in scale model tests, there
has been a trend to increase the size of the devices. The reasons
to increase the size of the centrifuges are that more details can be
modelled in the samples and that more space is available to
install sensors and intelligent actuators. However, as a result of
miniaturization of electronics and the development of new
measuring techniques, small centrifuges have become also a
serious tool for performing model tests. The advaniages of a
small centrifuge are the lower costs of operation, the much
shorter time between idea and test results and the relatively large
number of tests which can be performed in a project.

A small centrifuge (12g-ton) has been developed at the
geotechnical laboratory of the University of Delft. The
dimensions have been chosen in such a way that it is believed
that an optimal ratio is obtained between possibilities and
convenience of operation. Several topics can been tested under
wh‘whsevenlpmblmumlaledwoﬁshmengimﬁng.mhu;
sliding behaviour of spudcan footings, buckling of large diameter
piles during driving, gas blowouts and suction pile installation.

INTRODUCTION

Centrifuge research (e.g. Leung et al., 1994) has proved to be
effective in investigating the behaviour of soil and other granular
mmsﬂals.whhmiswchnithispossibbwuse:ukmodclsw
emimdmbehaviourofhrgescalepmhlms. Chyisatygiul
exampkafamaleﬁzlwithnsuongmsdzpendembehawmu
but also materials like sand behave differently under different
stress levels. In most practical problems the stress dcpcndznt
behaviourhaswbctakenimowcouminoxd:rm make reliable

redictions. g s
pmmﬂ:ncyhasbeenmimreasem:simofmunmﬁlgasm
order to model more details. For several geotechnical problems,

however, the use of a small centrifuge is quite adequate. By
making an optimal choice between size and facilities and using
up-to-date electronics and computer control, advanced tests can
also be performed in a small centrifuge. A small device is cheap
in operation, and the development of the equipment did not take
50 long compared with a large centrifuge.

A geotechnical centrifuge with a diameter of 2.5m has been
built at the Geotechnical Laboratory of the University of Delft.
To enable the performance of advanced tests in flight, the
carriers of the centrifuge were made large enough to contain
computer-controlled devices. The test containers and actuators
are so small that they can be conducted by one person. This is
convenient during the preparation of the tests and leads to good
reproducibility of the soil samples. Thanks to the low weight
modification of the centrifuge for different tests is simple, so that
a flexible operation is obtained. A disadvantage of a small
centrifuge is the limitation in the use of sensors during a test.
This restriction, however, can be compensated by digital
processing of images taken with the on-board video camera.
Miniature devices have been developed for performing advanced
tests in flight, such as: loading, displacement and controlling the
flow of sand, water and air. The devices operate under the
control of software, which runs in a PC compatible computer
located in the spinning part of the centrifuge.

To improve the reproducibility, sample preparation is
automated as much as possible. A special centrifuge has been
built to consolidate clay shurry, in order to obtain a very soft
normally consolidated clay.

Several research projects related to offshore engineering have
been carried out in the centrifuge, e.g.: sliding behaviour of
spudcan footings, buckling of large diameter piles during
driving, gas blowouts and suction pile installation. Some related
areas are; flow induced slope instability, trapdoor problem,
pollution transport. The flexibility of the centrifuge is
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demonstrated by the fact that three quite different model tests can
be performed on the same days.

THE SMALL CENTRIFUGE

The geotechnical centrifuge at the University of Delft
(Allersma, 1994a) was designed by the Geotechnical Laboratory
of the Department of Civil Engineering and was built by the
‘mechanical workshop of the University. The electronic systems
were designed and built by the Geotechnical Laboratory. The
advantage of an in-house design is that the system can be
expanded and modified under own supervision, thus
guaranteeing a good interaction between the facilities of the
device and the tests.

Mechanical construction
Thccemiﬂxgeisasocalledbeum!ypeeem'ifugewimtwo
swingingmmnrs(ﬁg.l),AbeamwilhalcnghoflSOOmmix
connected to the axis, so that it can be rotated in the horizontal
plane.No;wingingcan'ienanconmaedmthebeamby
means of brackets. The carriers are formed by two plates at a
distance of 410 mm apart, which are connected to each other by
{mncyljnd.ﬁcalsmelbeams.ﬁemrfwenflh;pmuismx
mom.s:mplzswilhawcightomembemcelzmwdup
to 300 g (12g-tons). The centrifuge is driven by an 18 kW
electric motor via a hydraulic speed control unit. The hydraulic
xpudwmlluismanimhwiby:mpmanr.whichis
iuufawdmaPC,Awmp\uerpmmmhuhundzvelopedm
;djuslt.hespettlof&hccemiﬁlgeusingﬂwsigmlofa
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is, for example possible to make the acceleration dzpendemv on
Wm,mwstpammmm,suchasmpnmwmpmmn
clay sample.

FIG.2 DIAGRAM OF THE ELECTRONICAL CONIROL AND
MEASURING SYSTEM.

Electionic faciiiies

The system electronics enable the performance of
computer-controlled tests in flight (Fig.2). To minimize
electrical  disturbances, the control unit is placed in the
spinning part of the centrifuge. The unit contains a small single
board IBM-PC compatible computer (180x120x25mm; 486CPU;
66Mhz; 16Mbyte RAM; 32Mbyte ROM disk; 1 Gbyte hard
disk; 1.44Mbyte floppy disk), a 12-bit analog to digital converter
with a 16-channel multiplexer, two voltage controlled outputs of
8 Ampere each; two 16-bit counters and several digital inputs
and outputs. The 1Gbyte hard disk is placed just in the centre of
the centrifuge and operates correctly up to at least 160g at 1
meter.

The signals from the sensors can be read in a computer
program via a analog to digital converter. The voltage controlled
outputs are used for proportional control of small DC-motors,
where the digital inputs are used to detect the rotation of pulse
wheels in order to deduce displacements. The digital outputs can
be used for on/off control of several devices, such as DC-motor,
electro/pneumatic valves, etc. Eight power slip rings are
available to feed the electronics and the actuators. 24 high quality
slip rings are used to transmit the more sensitive signals, such as,
for example, two video lines and the connection between the
on-board computer and the key-board and monitor in the control
room (10 lines). Thanks to commercial available line driver units
the on-board computer is accessible just like a normal PC
During a test the relevant parameters are displayed in graphical
form and stored in the solid state disk unit or the hard disk. A
special feature is that several phenomena can be measured using
the video images. In this technique the video images of the in
flight test are captured by the frame grabber in the PC and
processed until the relevant parameters are isolated and digitized.
Image processing can be used to visualize and digitize the
surface deformation of clay and sand samples, to digitize the
consolidation of a clay layer or to digitize the displacement of
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FIG.3 DAGRAM OF THE TWO DIMENSIONAL LOADING
DEVICE.
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FIG.4 DIAGRAM OF THE IN FLIGHT PILE DRVING HAMMER.

objects (Allersma, 1990, 1994d). Since light is used as
msuﬂngmedi\nnmemcasummcmdidminﬂumemmin
any way.

DEVICES FOR IN FLIGHT TESTING

Several devices have been developed in order to perform
advanced tests in flight. The devices used for meamh.in
offshore projects are: tWo dimensional loading system, pile
driving hammer and air supply system.

FIG.5 DIAGRAM OF THE SAND PREPARATION DEVICE.

Iwo dimensional loading system

The two dimensional loading system (Fig. 3) can be
considered as a universal tool, which can be used for several
tests. The system is driven by two miniature DC-motors. The
displacement is measured by means of small pulse generators. A
vertical and horizontal displacement of 100mm and 200mm can
be adjusted, respectively. The accuracy is better than 0.1mm.
The loads in the two perpendicular directions are measured. The
measured loads are used in a computer program to control the
device. Loads of more than 5 kN can be applied by the system.
Except for loading tests the device can be used as a simple robot
to manipulate tests in flight or to take samples. Up to present the
device has been used at gravitation levels of more than 150 g.

Alr supply system.

In some tests it is required that gas can be supplied to a soil
sample. Since the small centrifuge is not equipped with fluid slip
rings the gas has to be stored in the spinning section of the
centrifuge. To make the storage as compact as possible, two high
pressure (200 bar) cylinders of 5 litres each are mounted on the
‘beam of the centrifuge. A computer controlled air supply system
has been developed in order to regulate the pressure and the gas
flow. Flow rates of 10 s can be achieved.

The gas in the high pressure cylinders represents a
considerable amount of power, which can be used, in principle,
for tests in which large loads or energy arc needed. The gas
supply system is used for several tests, such as: pile driving,
water circulation, control trapdoor test, simulating gas blowouts
in soil layers and simulation of suction pile installation.

A simple in flight hammer has been developed to enable the
simulation of pile driving. The hammer is driven by compressed
air. A cylinder with a piston is mounted on the pile head (Fig.4).
During flight (150g) the piston is lifted up by air shots. The
supplied air escapes via holes in the cylinder, so that the piston
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(a) Horizontal failure

FiIG.6 LOAD PATH APPLIED TO A SPUDCAN FOOITING,
SIMULATING STORM CONDITIONS.

falls down abruptly. The bounce with the bottom plate of the
cylinder gives sufficient impact to penetrate a pile over some
distance. To allow settlement of the hammer the air is supplied
by means of a telescopic tube through the centre of the piston. A
rate of about 5 blows per second can be reached, where hollow
cylinder piles with a prototype diameter of at least 2.5 metres can
be simulated.

SAMPLE PREPARATION

An important aspect of centrifuge research is sample
preparation. Samples of different soil types have to be prepared,
in which the density can be varied. To enable the results of
different tests to be compared, a good reproducibility of the
samples is required.

An automated computer controlled curtain rainer has been
developed to prepare well defined sand layers in the test
containers (Fig.5). The falling height of the sand can be adjusted
in order to control the density. The height is kept constant during
raining by means of an optical sensor and an actuator.

Sand samples with a surface area of 300x300 mm and a
‘maximum thickness of 150 mm can be made. The porosity can
be varied between 35% and 39%. The sand samples can be
reproduced with a standard deviation of less than 0.2 percent.
The preparation of the sample with a thickness of 100mm takes

about 20 minutes.

APPLICATIONS
Twshavabeenm:ﬂodnminmdcrwamlyusevml

different geotechnical phenomena in offshore :ngmecnng For
most geotechnical simulations, many tests are required to get a
hencrinsishlimﬂmproblem,mupecmlfummufamll
eem-ifngeischanhemstscanheperfomadinamhﬁvely short

period.

(b) Vertical failure

(c) Failure point

Sl

Shallow footing (spudcans) are used for the foundation of
mobile drilling platforms used offshore. If the spudcans are
installed on clay the penetration depth of the footing due to the
pre-load is approximately one diameter. In the case of sand,
however, the penetration depth is much less, so that the
foundation elements are more sensitive to sliding during storm.
To get more insight into the sliding behaviour several research
projects have been carried out in centrifuges, e.g. Tan, 1990 and
Murff, 1996. More information, however, was needed about the
sliding behaviour of spudcans at low verical loads, shallow
founded on sand and sand over clay. Purthermore methods
should be tested to improve the sliding capacity. The small
centrifuge appeared to be very suitable to perform the required
large number of tests on well reproduced sand beds.

By means of the two dimensional loading system the loading
path which can occur during a storm is simulated (Fig.6). After a
pre-load has been applied, the vertical load is reduced to half the
maximum value. From this point the combined loading program
is started (Fig6c). The course of the horizontal and vertical load
is shown separately in Fig.6a and b, respectively. By performing
tests with different loading patterns a curve is obtained
representing critical combinations of the horizontal and vertical
load. At low vertical loads the critical points form a straight line.
The slope of this line is an important parameter for the design
practise. Most tests are carried out at 150g. Because dry sand
was used, the stress gradient agrees with a higher acceleration if
a prototype of saturated sand layer is simulated. A footing with a
diameter of 6 cm is therefore equivalent to a prototype footing
with a diameter of 14.4m. This is a realistic prototype
dimension. The test results showed that the first sliding check
(based on the slope of the failure curve) as advised in the
Recommended Practice for Site Specific Assessment of Mobile
Units is applicable to restricted loading conditions and may
therefore be too optimistic (Allersma et al., 1997a).

In a next test program the (sliding) behaviour of spudcans on
sand overlaying stiff clay (Cu=95kPa) was examined (Allersma
et al., 1998). It was found that the clay layer has a significant
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FIG.7 LOAD DISPLACEMENT DIAGRAMS OF SPUDCANS
FFOUNDED ON SAND OVERLAYING CLAY.
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FIG.8 OPTICALLY MEASURED PRINCIPAL STRESS TRAJECTORIES
IN A CENTRIFUGE TEST; A) VERTICAL LOAD, B) SLIDING.
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mechanism could not be observed. Since the penetration depth in

TABLE 1 COMPARISON OF DIFFERENT MODIFICATIONS TO
IMPROVE THE SLIDING CAPACTTY OF SPUDCAN FOOTINGS.

layered soil is more than in pure sand the spudcans are less
sensitive for sliding in layered soils.

To achieve a more save foundation the sliding capacity of the
spudcans can be improved by modifications of the shape.
Examples are: a spicular tip, pins, ribs, skirt or a rough surface.
Centrifuge research has proven to be extremely suitable to
examine the influence of these modifications on the sliding
capacity (Allersma, 1997). Three pins and a skirt appeared to be
most effective, but also the roughness contribute significantly to
the sliding capacity. In Table 1 the different modifications are
compared with smooth spudcan without a tip. Thanks to the
good reproducibility of the sand samples the effect of small
changes in the shape of the footing and installation procedure
could be visualized.

A missing element in experimental geotechnics is that the
stresses cannot be measured in the interior of a sample of
granular material. The only available method of obtaining
continuous information about the stress distribution is the use of
optically sensitive granular material, such as crushed glass
(Allersma, 1987). An assembly of crushed glass can be made
transparent by submerging the pores with a liquid with a
matching refractive index. By means of polarized light, the
stresses, for example, during a cone penetration test can be made
visible. A first attempt to apply this test technique in a centrifuge
is shown in Fig.8, where the principal stress directions
underneath a footing before and after sliding are plotted.

Suction plle Installation

Suction pile foundations have been applied increasingly
often in offshore engineering. 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 in
centrifuges 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. Centrifuge tests on the installation of suction
piles in clay are performed by Renzi et al. 1991. Since the
resistance of clay is relatively small the tests could be
performed at atmospheric circumstances. The installation of
suction piles in clay or sand generally poses no problems, so
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FIG.9 DIAGRAM OF THE TEST SETUP TO SIMULATE SUCTION
PILE INSTALLATION.
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FIG.10 COURSE OF PRESSURE AND DISPLACEMENT DURING
ATESTS ON A SUCTION PILE.

that there is not much interest in performing centrifuge tests
on this subject. There are some special cases, however, where
testing can yield interesting information. For example, the
behaviour of suction piles in layered soil (sand, clay, sand)
was not well known. It was not clear what happen when the
pi.lemmth:clayaﬁerpassingth:sand.ﬂlmweredoubts
if the clay layer in the pile allow sufficient water flow.
Furthermore, for engineering practice it is interesting to know
what limits apply with respect to the height and diameter of
the piles. B A

A suction pile is a huge can which is pluped upside down on
the sea bed. Installation occurs by pumping _wuter out of the
pile. The pressure difference causes a driving force, where

ﬂxepoundnlynndﬁpresimisted\wedbyloul
ﬂ“idmﬁmu“hesnnduaresultoﬁheinducedmd
wmr flow. A problem in centrifuge tests is that the
maximum pressure difference is dependent on the water
deth. In particular, in a small centrifuge it is not so easy to
simulate a water depth of 40m by means of water. However,
by perfomung the test in a closed container and by connecting
the inside of the suction pile to atmospheric pressure, a
pressure difference can easily be achieved, by pressurizing
the container. No pumps are required in this case and a large
water depth can be simulated. The limit of the pump capacity
can be simulated simply by means of a nozzle. A diagram of
the test set-up is shown in Fig.9. At 150g prototype piles can
be simulated with models with a diameter of 60mm and a
height of 66mm. Parameters that can be measured are: the
pressure difference, the penetration depth and the water flow.
A typical output of a test is shown in Fig.10.

In homogeneous sand it was found that there was almost a
linear relationship between the dimensions and the required

{mm]

G8HEKERBa
Penetration

pressure (Allersma et al., 1997b). The load required for
installation by suction is approximately eight times smaller
than needed for mechanical penetration. It could be observed
in transparent piles that fluidization is only in a restricted
zone close at the boundary. If the diameter becomes too small
the whole soil plug starts to fluidize, which causes
considerable upheave. It was found, however, that piles with
a diameter over height ratio of 1 over 4 could be installed
without any problem. An initially inclined pile tends to
‘become more straight during installation. Centrifuge tests
have shown that a clay layer in layered soil (sand, clay, sand)
did not hamper the installation of a suction pile. In the
meantime, the feasibility of installing suction piles in layered
soil has also been demonstrated in practise.
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The need for a pile driving device originated in the
investigation of the buckling behaviour of open ended hollow
cylinder steel piles. This problem was related to an offshore
project at the West coast of Australia (Goodwyn). A
production platform was founded in soft soil by piles with a
diameter of 2.7m, wall thickness of 45mm and a length of
100m. The piles were installed as far as a calcareous sand
layer by hammering. Since the soft soil did not yield enough
shaft friction, the piles were not supposed to be capable of
resisting the pullout forces. Therefore it was planned to drill
through the open piles into the calcareous layer (50m), so
enabling the installation of an insert pile. The whole system
was to be fixed by grouting. However, a problem arose when
an attempt was made to enter the piles with the drilling
‘machine. It appeared that almost all piles had progressively
collapsed over a distance of 30m from the tip. Looking at the
tip a peanut shape could be observed.

In order to gain more insight into this problem, tests have
been performed in the centrifuge. Piles with a diameter of
12mm and a wall thickness of .2mm were inserted into dry
sand at a gravity of 150g. To prevent plugging of the sand
during installation, it appeared to be necessary to install the
pile by hammering. For this purpose it was not necessary to
know the energy of each blow exactly. The important point
was to ensure similarity of the installation with practice in
the field. Therefore the simple pncumatiF pile driving
hammer could be used to drive the piles in flight. About 200
blows were required for the pile to penetrate .medium dense
sand by 20m. The tests on the large diameter pile have shown

FIG.12 SIMULATION OF A GAS BLOWOUT IN SAND AT 150G.

clearly that a small initial physical damage is required at the
tip in order to simulate collapse of piles during driving. Some
shapes of pile tips are shown in Fig.11.

o fiow

A human made crater can occur during drilling to gas/oil
reservoirs. If the control over the pressure is lost at the moment
that the cover of the reservoir is penetrated an internal blow-out
occurs. Because of accidental canals the escaped fluid and gas is
able to reach the surface. If the flow is strong enough, a crater
with fluidized soil can be formed, which can, for example cause
the drilling installation to sink down. A chain reaction can be
initiated in the case that neighbouring production pipes enter the
crater zone. Therefore safety valves are installed in many cases
A prediction has to be made about the installation depth. The
formation of a crater is a complicated process, which cannot be
described simply by analytical or numerical models. Therefore
tests are the only possibility for acquiring more insight into this
phenomenon. Since it is almost impossible to perform field tests
small scale tests are the only way to study the mechanism. Small
scale tests at 1g are not realistic, because the capillary cohesion
influences the results significantly. In a centrifuge, the own
weight stresses are increased, where the capillary cohesion
remains the same. To enable visualization of the process several
tests are performed under plane strain conditions. Sand layers
with a maximum height of 40 m are simulated. The gas pressure
and flow rate can be adjusted in flight. In Fig.12 a typical test
result is presented in a sand layer. The most important results are
(Allersma et al., 1994c):
- A crater is formed mainly when the gas supply is started
abruptly.
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- Also a foundation elemext at the sand surface causes a crater at
a gradual gas supply.

'CONCLUSIONS

‘The small geotechnical centrifuge at the University of Delft has
proved to be successful in operation. The small size of the
samples means that the machine is very flexible in operation and
tests can be performed in a short period after an idea has been
formulated.

Due to the application of state-of-the-art electronics, measuring
techniques and special tools, advanced tests can be performed in
flight. Since the computer is located in the spinning part of the
centrifuge, only a few slip rings are required to manipulate on
board equipment, and the electrical disturbances are minimal.
‘The small sand samples could be reproduced accurately with the
automated device.

It appeared that several offshore problems could be examined
quite adequate in a small centrifuge. With small models the
‘behaviour of structures could be examined, which could not
easily be predicted by calculations or real scale tests.
Modifications can be made very easily and a large number of
tests can be performed in a project to examine the influence of
several parameters. The test have led to a better understanding of
several problems and the results have proven to be valuable for
the design practise.
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