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ABSTRACT 
The use of suction caissons is envisaged for stabilizing a vessel 
equipped with cranes. It would be possible to maintain the suction for 
the relatively short period that the anchoring load is needed. The 
research objective was to investigate how much additional uplift 
capacity this might yield. Furthermore, various configurations of 
suction caissons were determined, with due regard to the constructional 
possibilities. The uplift capacity during suction was determined in tests 
carried out at 1g and in the geotechnical centrifuge of the University of 
Delft. The test results were compared with numerical simulations. It 
was found that a reasonably-sized anchoring system is able to yield the 
required anchoring capacity. 
 
KEY WORDS: ship stabilization, offshore foundation engineering, 
geotechnical centrifuge research. 
 
INTRODUCTION 
 
The installation of devices offshore requires cranes barges that are able to 
lift huge and heavy objects. However, a disadvantage of these large crane 
barges is the low transport speed. One idea put forward to create a more 
nimble lift device is for a vessel designed for transporting large units to be 
equipped with two cranes. The intention is for the vessel to transport large 
and heavy units to the desired destination and then position the units with 
the crane of the same vessel. 
   A disadvantage of this idea, though, is a vessel's instability during wave 
action, which makes it difficult to control the position of the load by crane. 
One way to improve the stability of the vessel is to use pre-tensioned cables 
anchored to the sea floor, with suction caissons envisaged as a temporary 
anchoring system. This technique starts by positioning caissons with their 
open end on the sea floor. The pressure difference between the inside and 
outside of the caisson that is produced by a pump attached to the closed end, 
in combination with the friction reduction that results from groundwater 
flow, allows the caissons to penetrate easily into a sand or clay bottom. The 
pumps would usually be removed after installation, so that the pullout 
capacity of the pile would be determined mainly by friction. However, 
when stabilizing a vessel, the pullout capacity can be increased by 
continuing to pump, because the anchoring system has to be used only for a 
few days. 

 
The objective of this research is to examine whether sufficient pullout load 
can be achieved. In comparison with the common use of suction caissons, 
there are several restrictions in this application. It is planned to position 2x2 
suction caissons at each side of the vessel approximately 4.5m above the 
water level. The first restriction is on the height, so as to avoid an 
unacceptable drag on the vessel if caissons should hang in the water. What 
is more, several applications are in relatively shallow water areas (10-20m). 
Consequently, the research investigated whether a limited caisson height 
can be compensated for by a larger area, and to what extent the shallow 
water can be compensated for by active suction. Furthermore, various 
anchoring system configurations were examined, while keeping within the 
limits of constructional feasibility. 
   Several research programmes have been carried out to examine the 
effect of passive suction on the uplift capacity of suction caissons, 
mainly in clay (e.g. Iskander et al. 2002, Deng et al. 2002). Active 
suction in sand has been examined by Brown et al. 1971; Wang et al. 
1975, 1977, 1978; Helfrich et al. 1976. They found that the uplift 
capacity increases significantly with increasing suction. The test results 
reported are based on small scale tests at 1g and relatively large suction 
pressures. 
   In the application under review, conversely, low suction pressures are 
of interest, and the dimensions and shape of the suction caissons are 
unusual. Furthermore, more information is required on the extent to 
which the results of the above small scale models can be translated to 
prototype dimensions. 
   For this purpose, small scale tests were performed at 1g conditions and in 
the geotechnical centrifuge of the University of Delft. Fine graded sand was 
used as the test material. The experimental results were compared with 
numerical simulations. 
 
PRINCIPLE OF SUCTION CAISSONS 
 
A suction caisson is a large-diameter steel cylinder that is closed at the 
top either by a dome-shaped section or by a flat, stiffened plate. The 
caisson is open at the bottom. Pump inlets and relief valves are installed 
at the top, along with the attachment lug for the cables. 
 
Installation 
The caisson, which is commonly launched from an installation vessel, 
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must be landed softly on the sea floor. The caisson is lowered to the sea 
floor with the valves open so that the enclosed air can escape rapidly. In 
the application under research, it is assumed that the caissons are 
supported by winch operated tackles along each side of the vessel. They 
can be lowered simply by activating a winch. Once the pile has 
penetrated the sea floor under its own weight, the relief valves are 
closed. Additional weights, which ensure sufficient penetration of the 
skirt into the soil, are usually needed in cohesionless soils, such as sand, 
to avoid piping when the pumps are started. In this application, the 
intrinsic weight of the caisson can be made so large that sufficient 
penetration is assured in all cases. 
   Removing the trapped water from the caisson by means of pumps 
mounted on the top causes a difference between the external hydrostatic 
water pressure and the inside of the caisson, and this generates the 
driving force for soil penetration. However, as penetration proceeds, the 
resistance can become so large that the pressure difference is too small 
to continue the installation. In permeable soil, groundwater will flow 
through the pores to the tip, so that local fluidization reduces the soil 
stress around the tip and between the caisson wall and soil plug, and 
consequently the driving force may be sufficient for penetration of the 
caisson. Even so, this application is commonly associated with shallow 
water, so that the available pressure difference is limited. On the other 
hand, the smaller height of the caisson means that a lower pressure 
difference is required (Allersma et al. 1997). The installation of a 
caisson with a height of 10m and a diameter of 9m takes 1-3 hours. 
   Commonly, pumping is stopped after reaching the desired depth, and 
the pumps are recovered for reuse elsewhere. In this application, 
however large and small pumps are working during the installation 
period, where only the small pumps will be used to maintain the suction 
pressure throughout the anchoring period. The active suction generates 
additional anchoring capacity, which is required to stabilize the ship. 
 
Vertical loading 
In practice, suction caissons are used in conjunction with a variety of 
loading conditions. The horizontal loading condition is significant when 
suction piles are used for anchoring floating offshore systems using 
long cables. In recent years, however, constructions have been used in 
which the floating structure and foundation elements are connected by 
straight vertical cables. Wave action causes the foundation to be 
subjected to a cyclic load superimposed on the continuous load from the 
pre-tensioned vertical cables. The lack of experience with these loading 
conditions led to a proposal for a test programme for gaining a better 
understanding. Several loading conditions have been examined in 
centrifuge tests by Allersma et al., 1999ab and Allersma et al., 2000. 
There was found to be a good fit between the experiments, and the 
numerical and analytical approaches. Furthermore, it was found that 
cyclic loading did not significantly affect the ultimate uplift capacity in 
a horizontal or vertical direction. The examined vertical loading 
condition is similar to when a suction caisson is used for stabilizing a 
ship. 
   The main objective of the research programme is to examine the size 
and configuration of caissons necessary to yield a vertical uplift 
capacity of 26 MN at a water depth of 15 meters. The total uplift 
capacity is the sum of friction resistance, the intrinsic weight of the 
caisson and the effect of the active suction pressure. 
 
EXPERIMENTAL TEST TECHNIQUE 
 
Centrifuge and 1g tests were carried out in order to examine the influence of 
the different parameters on the anchoring load. The use of small scale 
models makes it easy to examine the influence of the different test 
conditions. In this research, it is interesting to visualize the effect of active  
suction. The experiments performed at 1g conditions show the  

 
 
Fig.1 Photograph of 1g test setup. 
 
relationship between pressure difference and pullout load. The low stress 
level at 1g, however, yielded friction forces that were too low for accurate 
measurement. Therefore, centrifuge test were also performed to enable a 
comparison between friction uplift and additional uplift by active suction. 
 
Tests at 1g 
In order to obtain some rapid results of the effect of active suction, the first 
test programme carried out was at 1g (Fig.1). A box with dimensions of 
300X300X300 mm was filled with saturated fine sand. The box was placed 
on an electronic balance with a range of 300N and an accuracy of 0.01N. 
The balance was connected to a computer, allowing the measured weight to 
be read by the control program. After installation of the suction pile, the pile 
was connected to a pullout system, which was controlled by the computer 
by means of a stepper. During a test, the suction caisson was lifted at a 
constant speed, where the load was measured by detecting the decreasing 
weight of the box. The suction was realized by means of a small gearwheel 
pump, which was connected to a power supply with a remotely controllable 
voltage. A precision electronic manometer was used to measure the pressure 
inside the pile underneath the dome. The voltage was controlled manually to 
adjust the desired pressure. 
   The 1g scale model was approximately 100 times smaller than the 
assumed prototype device, which meant that the suction pressure also had to 
be scaled down in order to obtain a correct ratio between the weight of the 
soil plug in the caisson and the additional soil volume underneath the 
caisson tip. A prototype water depth of 15m means a suction pressure of 1.5 
kN/m2 at the model scale. 
 
Centrifuge modelling 
In most practical problems, the stress-dependent behaviour has to be 
taken into account in order to make reliable predictions. Furthermore, 
the friction loads in 1g tests are so low that they preclude accurate 
measurement, which is why several tests were carried out in a 
geotechnical centrifuge. The requirement for simultaneous loading and 
suction ruled out the use of a pressure vessel that had been devised for 
an earlier test programme (Allersma et al. 1997). The pressure vessel 
allows pressure differences greater than 100 kN/m2, which are usual 
under prototype conditions. However, by performing the tests at 
approximately ¼ of the prototype size (30g), a suction pressure of only 
50 kN/m2 is sufficient to simulate a full-size caisson at a water depth of 
20m. A suction pressure of this magnitude can be achieved with a 
miniature gearwheel pump. 
   The test programme was carried out in the geotechnical centrifuge 
(Allersma, 1994a) of the Geotechnical Laboratory of the University of Delft 
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(Fig.2). The centrifuge, with a diameter of 2.5m, may be considered to be a 
small device. However, to enable the performance of tests in flight, the 
swing-up platforms of the centrifuge were made large enough to contain 
computer-controlled devices.    
    A number of miniature devices have been developed (Allersma, 1994b) 
for performing advanced tests in flight, such as for loading, displacing and 
controlling the flow of sand, water and air. The devices are controlled by 
software that runs on a PC located in the rotating part of the centrifuge. 
 

 
Fig.2 Geotechnical centrifuge of the University of Delft. 
 

  
Fig.3 Diagram and photograph of the test setup with loading system and 
pump installed in the centrifuge. 
 
The diagram of the test setup used in this research project is shown in Fig.3. 
A two-dimensional loading system is driven by two miniature DC motors. 
The displacement is measured by means of small pulse generators. The 
adjustable vertical and horizontal displacement ranges are 300mm and 
800mm, respectively, with an accuracy better than 0.1mm. The loads in the 
two perpendicular directions are measured by a pair of load cells. The 
measured loads are input to a computer program that controls the device. 
The system is capable of applying loads in excess of 5 kN. The vertical 
actuator is used to pull up the suction caisson, where the required load and 
displacement are presented graphically and written to a data file. The 
suction pump is driven by a voltage-controlled output of the on-board 
computer system. The suction pressure sensor output is available in digital 
form in the computer program. The required pressure is entered as a setting 
in the computer, which adjusts the voltage to the pump until the required 
pressure is reached. A small turbine was used to measure the water flow 
during the tests. 
 
NUMERICAL ANALYSIS 
 
The test results were compared with finite element calculations, using the 

Plaxis finite element package. Within the framework of the current research 
project, the 2D version was used to simulate the vertical pullout behaviour 
of a large diameter caisson. This program can be used for plane strain and 
axisymmetric analysis. The Mohr-Coulomb model was used to model the 
soil behaviour. The interface between soil and pile was modelled by 
defining a special layer of soil around the caisson. The caisson itself was 
modelled by a non-porous linear elastic material model with an E-modulus 
that amply exceeded that of the soil. The groundwater flow attributable to 
suction was simulated by defining a pressure gradient over the height of the 
suction caisson. The groundwater flow affects the soil stress. 
 
SOIL PARAMETERS 
 
This research programme used a uniform fine sand with a grain size of 0.09 
mm as the granular material. The parameters of the sand, which are also 
used in the finite element calculations, are as follows: 

permeability  k 3.3 * 10-9 m/s 
internal friction angle φ 25.0 º 
weight of sand grains  25.60 kN/m3 
porosity  n 34% 
weight of dry sand γdry 16.90 kN/m3 
weight of wet sand γwet 20.30 kN/m3 

 
RESULTS 
 
Several experiments were carried out to examine the influence of various 
parameters on the uplift capacity of a suction caisson under active suction 
conditions. An example of a load displacement diagram is shown in Fig. 4. 
A typical difference with pullout tests in dry sand (Fig.5) is that the 
maximum load remains almost constant after reaching the maximum force. 
It has to be noted that the displacement in the 1g tests is not representative 
of the behaviour of the model caisson, because a spring was used to smooth 
the displacement of the stepper. 

 
Fig.4 Typical load displacement diagram with active suction (1g test). 
 

 
Fig.5 Example of load displacement diagram under drained conditions, 
performed at 150g and 1g (Allersma et al. 2000). 
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Fig.6 Maximum uplift capacity of suction caissons with a L/D =0.5. 
 
Miniature caissons with a diameter of 70-100 mm and a height of 35-47 
mm were used in 1g tests to examine the effect of the dimensions on the 
maximum uplift capacity, in cases with the same L/D ratio. The effect of the 
diameter was normalized by expressing the uplift capacity in kN/m2. It was 
found that the normalized uplift capacity was linearly related to the suction 
pressure. It appeared that similar normalized uplift capacities are found in 
cases with an equal L/D ratio. The test results also show that the uplift 
capacity at low suction pressure is too low to measure sufficiently 
accurately in a 1g test. 
 

 
Fig.7 Centrifuge test at 30g using similar caissons as in the 1g tests 
(L/D=0.5). 
 
A test series with similar caissons as in the 1g tests (L/D=0.5) was 
performed in the centrifuge at a gravity of 30g (Fig.7). It can be seen that a 
significant uplift capacity remains when the suction pressure is low. The 
centrifuge tests show the tendency for the normalized uplift capacity at low 
suction pressure to decrease with decreasing size of the caisson (but L/D = 
constant). However, the tangent of the uplift capacity against suction tends 
to be the same in all the tests. Fig.8 compares centrifuge tests with similar 
tests at 1g (D=72mm, L=35mm), where it again appears that the tangent of 
the 1g and 30g tests are almost the same. The comparison of 1g tests with 
corresponding 30g tests show the effect of the additional suction-related 
uplift capacity nicely. This demonstrates that the suction pressure needs to 
be in proportion to the stress level (or caisson size). The actual centrifuge 
test device has a maximum achievable suction pressure of 60kN/m2, which 
is why caissons are modelled at an approximate 1/4 scale of the prototype 
model. It is believed that the stress-dependent effects are obeyed sufficiently 
well at this level. 
 

 
 
Fig.8 Comparison of centrifuge tests at 30g with 1g tests; L/D ratio is 0.5. 
 
In Fig.9, the centrifuge test results are converted to a prototype diameter of 
D = 9m and a height of L = 4.5m. The conversion is separated into an 
intrinsic weight and friction part, Co and a suction part, Cα ∆p. Co was 
estimated by linearly extrapolating the line to a suction pressure of ∆p = 0. 
The intrinsic weight and friction part has to take account of increases in both 
the surface area and the height. The conversion of the model uplift capacity 
to the prototype value , Pp

max, is therefore expressed as 
 
Pp

max= Co  Dp/(nDm) + Cα ∆p                                              (1) 
 
where, 
superscripts p and m are related to prototype and model variables, 
D = suction caisson diameter, 
n = g level. 
 

 
Fig.9 Conversion of centrifuge results to prototype values. 
 
To keep the ratio between suction and caisson height in the correct 
proportion, larger suction pressures have to be used in the real scale. Having 
found that the tangent, Cα, of the additional suction uplift capacity was not 
affected by the scale, the effect of prototype suction level can now be found 
by linear extrapolation. At a suction pressure of 150 kN/m2, the vertical 
prototype uplift capacity of a caisson with D = 9m and L = 4.5m is 
approximately 7.6 MN (excluding the intrinsic weight of the caisson). 
   The uplift capacity measured in the tests has been compared with the 
results of finite element calculations (Fig.10). It appeared that calculation 
shows a good fit up to a suction pressure of 50 kN/m2. At larger suction 
pressures, the calculations result in lower values than would be expected 
from the tests. Because this is the first time that the FEM program has been 
used for active suction applications, there is no past evidence to assess 
whether this problem was approached well. The numerical modelling 
technique provides different methods for simulating the suction mechanism. 
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An encouraging sign is that there is a good fit at a low suction pressure, 
which is closer to the situation where the FEM has a proven record as a 
good predictor. This indicates that the centrifuge model tests produce 
realistic values. 
 

 
 
Fig. 10 Comparison of centrifuge model test with FEM calculation. 
 
The restricted height of the suction caissons for constructional reasons in 
this particular application makes it impossible to increase the uplift capacity 
by increasing the height. Additional uplift capacity therefore has to be 
achieved by increasing the surface area. Constructional preferences and 
issues surrounding the optimum shape gave rise to a test programme in 
which different configurations are compared with each other. The test 
results presented in Fig.9 indicate that four units are required, where each 
consists of at least three caissons, each with D = 9m and L = 4.5m. Among 
the alternatives that were tested are: one large sardine-can-shaped caisson, 
two in-line caissons and three in-line caissons. A photograph of the different 
types used is shown in Fig.11. All systems have almost the same surface 
area and height, and the in-line caissons are in contact with each other. 
 

 
 
Fig. 11 Photograph of the different caisson types used to examine the effect 
of shape. 
 
Fig.12 compares the uplift capacity of two in-line caissons with a single 
caisson. It appeared that the profiles of the ratio of normalized uplift 
capacity to suction pressure are very similar. 
   Fig.13 compares three in-line caissons with a single caisson and a sardine-
can-shaped caisson. This test series revealed some differences between the 
different caisson types. The single caisson shows a lower normalized uplift 
capacity than the unit with three in-line caissons. The sardine-can-shaped 

caisson lies in between. It is reasonable to expect an increase in the uplift 
capacity with more caissons in line because some arching may be expected 
in the narrow space between the caissons. Furthermore, it may be expected 
that the additional soil body underneath the caisson will have a greater 
volume when more caissons are in line. With a single caisson, the  
 

 
 
Fig. 12 Comparison of two in-line caissons with a single unit. 
 

 
 
Fig. 13 Comparison of a single caisson with three in-line caissons and a 
sardine–can-shaped device. 
 

 
 
Fig. 14 Example of an additional soil body underneath the caisson as a 
result of suction. 
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soil body has a roughly conical shape (Fig. 14). If the caissons are close to 
each other, a bridge may be formed between the soil bodies, resulting in a 
larger additional soil volume per caisson. This phenomenon is probably 
relatively insignificant with two in-line caissons of larger diameter. In the 
case of the sardine-can-shaped caisson, the additional soil body would be 
expected to be wedge shaped, rounded at the ends. It seems reasonable that 
a larger volume would be involved than with three single caissons. 
However, the sardine-can-shaped caisson does not have the advantage of 
the arching effect. It has to be noted that the single caisson in one of three 
was relatively small, which made the measurements less accurate and 
produced more scatter in the results. 
   Three-dimensional FEM calculations are required for modelling the in-
line suction caissons. These calculation have yet to be performed, and 
meanwhile the measured tendency cannot be visualized by another research 
method. 
 
DISCUSSION 
 
The main objective of this research project was to predict the vertical uplift 
capacity of a suction caisson system with active suction. This research is an 
example of a fairly direct use of physical modelling for predicting 
engineering practice. A special constraint on the project was that the 
anchoring system has to work in water that is shallow compared with the 
usual application of suction caissons, and the height of the can is limited. 
Previous research with small-scale single model caissons at 1g (e.g. Wang 
et al. 1978) showed similar results. However, it was not clear whether the 
small-scale tests could be translated to prototype conditions. A problem of 
the small-scale test at 1g is that it tends to be limited to measuring the effect 
of active suction, while the uplift capacity as a result of friction is too small 
for accurate measurement. The suction pressure applied in the 1g tests is in 
proportion to that of the prototype situation. The resultant low pressure 
(around 10 kN/m2) demands an accurate measuring system. The centrifuge 
tests involve the measurement of much larger loads, allowing the effect of 
the suction pressure to be investigated at a larger soil stress. 
   The 1g tests and centrifuge tests indicate that the additional uplift capacity 
as a result of suction is similar at different scales. This suggests that the 
same value for Cα (0.4-0.45 for the sand used) can be used at real scale. The 
uplift capacities affected by suction can therefore be converted to the real 
scale by linear extrapolation. The test results show that a total uplift capacity 
of 91 MN can be achieved with four units at a water depth of 15m. The 
units comprise three in-line cylindrical caissons with a size of D = 9m and L 
= 4.5m each. Additional significant capacity is obtained by the intrinsic 
weight of the caissons and pumping system. 
   The research focused on a sandy soil. Additional research will be required 
to answer questions as to the behaviour in clay or silt or course material. 
The soil has to be examined for each new location. In principle test in a 
small centrifuge can yield information about the uplift capacity at relative 
low costs. 
   Several aspects of the anchoring system were not considered. Among 
these are the problems arising from a blockage of the filter that is fitted to 
prevent soil being transported during pumping. If the filter is too fine, clay 
particles may block the filter, after which the suction pressure is no longer 
active in the soil. If, conversely, the filter is too permeable, soil may be 
transported, which causes other problems. Some control over the operation 
system can be obtained by  measurement of the water flow during pumping. 
   The finite element calculations show the best fit at low suction pressures. 
Suction appeared to be less effective in the calculations than in the tests. It is 
currently impossible to say which approach is the best. For this reason, it 
would be most interesting if the results could be compared with real scale 
tests. 
 
CONCLUSIONS 
 
A series of small scale tests and centrifuge tests were carried out in order to 

investigate whether a suction caisson system with active suction yields 
sufficient uplift capacity to stabilize a vessel equipped with two crane. The 
specific constraints made it necessary to examine alternative caisson types. 
The centrifuge tests and 1g test show similar results with respect to the 
additional effect of the suction pressure. This suggests that the results can be 
translated to the large scale. The experimental test methods were valuable in 
investigating the influence of geometry and other parameters. The test 
results indicate that for this particular application sufficient uplift capacity 
can be achieved with an acceptable caisson size. However, tests on a 
prototype scale are necessary to validate this prediction.  
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