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Abstract Centrifugal experiments were carried out to
investigate the responses of suction bucket foundations under
horizontal and vertical dynamic loading. It is shown that
when the loading amplitude is over a critical value, the sand
at the upper part around the bucket is softened or even liq-
uefied. The excess pore pressure decreases from the upper
part to the lower part of the sand layer in the vertical direc-
tion and decreases radially from the bucket’s side wall in the
horizontal direction. Large settlements of the bucket and the
sand layer around the bucket are induced by dynamic load-
ing. The dynamic responses of the bucket with smaller height
(the same diameter) are heavier.

Keywords Centrifugal experiments · Suction bucket ·
Dynamic loading · Saturated sand

1 Introduction

A suction bucket foundation is a closed-top steel tube that
is lowered to the seafloor, allowed to penetrate the bottom
sediments under its own weight first, and then pushed to full
depth with suction force produced by pumping water out of
the interior. In recent years, suction bucket foundations have
been used increasingly for gravity platform jackets, jack-ups
[1–3]. They also have the potential of being used for sev-
eral other purposes, such as offshore wind turbines, sub-
sea systems and seabed protection structures [4–7]. The first
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advantage of suction bucket foundations are attractive
because of the convenient method of installation and repeated
use. For an example, a suction bucket foundation with a diam-
eter of 9m and a height of 10m can be installed in 1–3 h,
by using only a pump. The second advantage is that it may
mobilize a significant amount of passive suction during uplift
under some conditions, although the mobilisation of suction
depends mainly on the loading rate and recommendations
actually do not rely on the suction for design [8]. Although
some studies about the installation and bearing capacity have
been studied, the detail responses of the suction bucket foun-
dations under dynamic loadings have remained unknown
[9–11]. The dynamic loading condition is significant when
suction buckets are used as the foundation of an offshore
structure. Wave, ice or wind often exert cycle loading on
the foundation [12,13]. The lack of experience with these
loading conditions leads to a proposal for a test program
to gain a deeper understanding. The considerable expense
and time-consuming nature of prototype tests mean that the
investigation of the bearing capacity of real scale devices is
of limited practicality. However it is much easier to change
parameters in small scale tests. The soil type may be var-
ied in these cases. The dimensions of the suction bucket and
other process parameters may be varied conveniently also.
Nevertheless, in a small scale test, the problems arise con-
cerning the stress-dependent behavior of soil that the mea-
sured loadings are so low that measurements are not suffi-
ciently accurate to visualize differences in design. Because
the behavior of soil is stress dependent and therefore the
model in the small scale test and the prototype can not be sub-
jected to the same stress level to exhibit the same responses.
These restrictions can be overcome if performing the tests
in a geotechnical centrifuge. In a centrifuge the soil stresses
over a similar depth are the same as in the prototype situ-
ation. Centrifugal tests are “model” tests in that the results
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can be scaled up to the size of full-scale buckets. The main
reason to select centrifugal test is the proper modeling of
body forces, which are critically important for the full-scale
prototype geotechnical problem, and for the capability of
investigating both undrained and partially drained condi-
tions.

Only a few field tests of suction bucket foundations have
been reported in the open literature [14]. A number of inves-
tigators have tested scale models of suction buckets in geo-
technical centrifuges [15,16].

Early experience with this technology often involved rel-
atively stiff soils and axial compressive loads applied at the
top center of the bucket. Centrifugal tests on suction piles
were reported in Ref. [17]. Rate dependent loading tests on
clay at 1g were performed by Jones et al. [18], Steensen-Bach
[19].

Later designs for floating structures in the deeper water,
where horizontal or inclined mooring lines are attached to
a bucket, lead to the need for the increased lateral capacity.
Although the offshore industry is deploying suction buck-
ets in this configuration, a number of design issues remain
unresolved [15,20].

The dynamic loading is transmitted to the soils by plat-
form and causes the degradation of strength and modulus of
the soil layers. As a result, the bearing capacity of bucket
foundations decreases. Therefore, it is important to clarify
the dynamic behavior of bucket foundations under dynamic
loadings in order to provide practical design methods and
parameters [21,22].

Although suction installation of bucket foundations is not
clarified and is under investigation [23,24], the attention is
concentrated on the responses.

2 Scaling law

In centrifugal experiments, the scaling law is important. Espe-
cially the conflict time scaling factors should be considered
if the problem is related to the consolidation and dynamic
loading.

Consolidation relates to the dissipation of excess pore
pressure is a diffusion event. The degree of consolidation
is described by the dimensionless time factor Tv defined as:
Tv = cv t

H2 , where cv is the coefficient of consolidation, t the
time and H a length related to a drainage path. It is easy to
obtain the scaling factor of consolidation as tm = 1

N 2
cvp
cvm

tp.
Hence, if the same material is used in both model and pro-
totype, the time scaling factor is 1 : N 2. If for some rea-
son the permeability in model and prototype is different, the
time scaling relation becomes: tm = 1

N 2
kp
km

tp, where kp, km

are the coefficients of permeability in model and prototype,
respectively [25].

Table 1 The main scaling factors

Parameters Ratio of model to prototype

Length 1/N

Stress 1

Strain 1

Force 1/N 2

Acceleration N

Frequency N

Time (dynamic) 1/N

Time (seepage) 1/N 2

For the problems that the dynamic loading need consid-
ered, it is also easy to obtain the scaling factors of linear
dimension, acceleration and frequency as: 1 : N , 1 : N−1

and fm = N f p. An important consequence of this is that
the time scaling factor for dynamic events is 1 : N in con-
trast to 1 : N 2 time scaling factor for diffusion or seepage
events.

The conflict time scaling factors require special consider-
ation in the condition that both the dynamic effect and the
seepage need considered. The method to ensure the same
time scaling factor for motion and seepage usually decreases
the effective permeability of solid material by increasing the
viscosity of the pore fluid or by changing the grain series
of solid material. The main scaling factors considered in the
experiments are shown in Table 1.

In the present experiments, a new method is adopted. It
does not change the materials according to the dimension-
less analysis. We first discuss three dimensionless factors: the
ratio of the cycle of the loading (period 1

f ) to the characteris-

tic time of percolation
(

H2

Cv
= µH2

K E(1+e)

)
, K E(1+e)

µH2 f
∼ 10−5;

the ratio of the duration of the loading (T ) to the percolation(
H2

Cv
= µH2

K E(1+e)

)
, T E K (1+e)

µH2 ∼ 102; the ratio of the dura-

tion of the loading (T ) to the characteristic time of loading
(period 1

f ), T f ∼ 106. It can be seen here that the loading
duration is a very long time compared to the loading cycle
and the characteristic time of percolation. The pore pressure
in the sand layer has enough time to develop and to dissipa-
tion. Thus there is a small effect on the long time dynamic
responses of the sand layer if the permeability coefficient
changes in the limited range. The permeability coefficient is
K = µk

ρwg = 10−11, k = 1 × 10−4 cm/s, k is the Darcy per-
meability coefficient, the modulus of sand layer E is 5MPa,
the characteristic length of the bucket H is 5 m, the gravity
acceleration g is 10 m/s2, the loading frequency f is 0.8Hz,
the pore ratio of sand e is 0.67, the viscosity coefficient of
water µ is 10−3 kg/(m s), the loading duration of ice-induced
dynamic loading T is about 8.6 × 104s.
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Fig. 1 Comparison of
stress–strain relation of model
sand, remoulded sand and
undisturbed sand. a Axial strain
versus stress difference
(σ1 − σ2); b Axial strain versus
volume strain

Table 2 Design of experiments
Experiment Amplitude Size of bucket Block Times of
name (Diameter×eight)/(cm×cm) weight/g experiments

S1 Horizontal static load 6×7.2 98 1

S2 Horizontal static load 6×7.2 98 1

F1 10 N 6×7.2 98

F2 40 N 6×7.2 98 3

F3 60 N 6×7.2 98 3

F4 20 N 6×7.2 98 1

L1 40 N 6×4.8 98 2

L2 60 N 6×9 98 1

W1 60 N 6×7.2 0 3

W2 40 N 6×7.2 166 1

V1 Vertical static load 6×4.8 0 2

VF1 2 mm 6×4.8 0 1

VF2 1 mm 6×4.8 0 1

VF3 0.5 mm 6×4.8 0 1

VF4 0.2 mm 6×4.8 0 1

3 Preparation of experiments

The experiments are performed in the 50 g-ton centrifuge in
Tsinghua University. The maximum of the centrifugal accel-
eration is 200 g. The payload is 250 kg under 200 g.

The inner size of the model tank used in experiments
is 60 m×35 m×35 cm. The experimental material is fine
sand with special gravity 2.69, average grain diameter (D50)
0.014 cm and permeability coefficient 1 × 10−4 cm/s.

Some triaxial experiments are carried out to investigate the
difference of mechanical properties between the model sand
and the undisturbed sand. For comparison, the properties of
remoulded sand are measured at the same time. The stress–
strain curves and the volume curves are shown in Fig. 1. The
properties of the model sand and the undisturbed sand are
close.

Firstly, experiments under static loading are carried out
to obtain the static bearing capacity which is a reference to
the dynamic loading amplitude; Secondly, experiments under
dynamic loading are carried out to investigate the dynamic
responses of bucket foundations. The design for experiments

is shown in Table 2. Some of the experimental results in
Table 2 are chosen to discuss the responses under horizontal
and vertical dynamic loading.

4 Experiments of static bearing capacity

A set of electro-hydraulic server loading system was used in
the experiments for determining the horizontal static bearing
capacity. The model bucket used in the static experiments
had an inner diameter of 6 cm and a height of 7.2 cm. The
layout of experiment is shown in Fig. 2. The horizontal dis-
placement was measured by an LVDT located at 10 cm above
the top of bucket on the fine pipe. A block with a weight of
0.098 kg was located at the top of the fine pipe to model the
structural weight.

The horizontal loading was applied step by step. The load-
ing increment in each step was 10 N. Loading was increased
only when the development of displacement was almost
steady in last step. The experiment was finished if the mea-
sured loading by force transducer decreased or kept a con-
stant while the displacement increased.
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Fig. 2 Layout for static bearing capacity experiment

Fig. 3 Loading displacement curves

In Fig. 3, shown is the loading displacement curves of
two repeated results for the experiments named S1 and S2.
Their reliability is well. Each loading displacement curve
may be divided into two parts: elastic deformation part or
linear deformation part, and plastic deformation part or non-
linear deformation part. In the elastic deformation part, the
loading displacement curve is almost linear, the deformation
of bucket is small. The maximum of the loading in this part is
about 2×105–3×105 N. In the plastic deformation part, the

Fig. 4 Layout of the model

slope of the curve becomes smaller and smaller. The maxi-
mum of loading in this part is about 6×105–7×105 N.

After finishing the static experiments, dynamic experi-
ments were carried out. The layout of dynamic experiments
is shown in Fig. 4. The sizes of three steel model buckets
used in the experiments were of 4.8, 7.2 and 9.0 cm inner
height with the 6.0 cm inner diameter. The thickness of both
the wall and the top cap was 0.2 cm. A fine pipe with 0.8 cm
inner diameter, 1.0 cm outer diameter and 11 cm length was
welded at the center of the top cap. A sliding groove was
closely connected with the pipe, which allowed a ball mov-
ing up and down to adapt the settlement of the bucket. One
end of a steel pole was jointed with the ball. The other end
of the pole was connected with the electromagnetic vibra-
tion exciter [26]. Thus the pole could not be dragged when
the bucket settled. Two LVDT’s were located at the top of
the fine pipe to measure the vertical and horizontal displace-
ments (Fig. 2). The other LVDT’s were located on the sand
layer surface to measure the settlements at different places.
Ten PPT’s, made in Druck Co. (English), were buried in the
sand layer around and inside the bucket. The layout of PPT
is shown in Fig. 5. The PPT’s were not fixed but suspended
in the sand layer.

In order to obtain the desired uniform density of the sand
layer, the sand specimen is divided into several layers. The
thickness of each layer is decided by the positions of PPT’s.
Each layer is compacted gently by hand to the given altitude
decided the required dry density.

Fig. 5 Layout of the pore
pressure transducers

123



Centrifugal experimental study of suction bucket foundations under dynamic loading 693

Fig. 6 Loading characteristics

After the dry sand sample was prepared, the sand layer
was saturated by water from the bottom of the tank through a
valve. A 2 cm thick coarse sand layer was laid at the bottom
of the tank to allow the water to rise uniformly and prevent
the piping till the water level was 1 cm over the sand layer
surface. Vacuum was kept in the sand for 38 hour to increase
the saturation degree after filling water. The saturated degree
which was measured by the pore pressure was about 98% in
the centrifugal tests. The saturated degree is the ratio of the
pore pressure to that in full saturation condition.

After the saturation was completed, the consolidation was
performed under consolidation pressure of 80 g. The dry den-
sities before and after consolidation were 1.52 g/cm3 and
1.6 g/cm3, respectively, which were measured before and
after consolidation when the centrifuge stopped according
to the standards for geotechnical tests in SD 128-84 made
by the Chinese Hydraulic and Electric’ Department. The
buoyant unit density was γ ′ = 0.0971 kg/cm3 after con-
solidation was finished. The consolidation curves of sand
layer are presented in Fig. 7a. During consolidation, the pore
pressure was measured to show the development of consol-
idation. When the settlement and the pore pressure did not
increase anymore, consolidation was finished. It was found in

experiments that the consolidation time that the sand density
developed to 1.6 g/cm3 and the settlement and pore pressure
became stable was about 40 months.

The measured frequency of the platform caused by the
dynamic ice-induced loading was 0.8–1.2 Hz in Bohai Bay,
China. Accordingly, the frequency adopted in experiments
was 0.8 Hz (in prototype). The loading point was 8 cm above
the top of the bucket at the beginning. This relative position
changed a little with the development of settlement. Steel
blocks with different weights were located at the top of the
fine steel pipe to model the structural weight. A typical load-
ing characteristic is shown in Fig. 6.

5 Dynamic experimental results

5.1 The reliability of the experimental data

For the reliability of the experimental data, some experiments
are repeated three or more times. In Fig. 7 shown are the reli-
ability of the experimental results for the experiment named
F4. In Fig. 7a shown are the results of settlements during
consolidation. In Fig. 7b shown are the results of liquefaction
index (the excess pore pressure is divided by the initial verti-
cal effective stress) along depth for the 6.0 cm inner diameter
and 7.2 cm height bucket with the loading amplitude of 60N
and the frequency of 64 Hz. (If there is not indication, the
data are in the model in the next subsections.)

5.2 The dynamic responses under horizontal loading

Under the dynamic loading, the pore pressure increases fast to
the peak value at the first stage and then decreases to a steady
state gradually. The dynamic responses (e.g. the excess pore
pressure, the settlement) under different loading amplitudes
are chosen for discussion (Figs. 8–11).

In Fig. 8 shown is the relation between the loading ampli-
tude and the maximum of liquefaction index for the experi-
ments named F1–F4. The maximum of the liquefaction index

Fig. 7 The reliability of the
experimental data. a Settlement
(prototype); b Pore pressure
along the depth
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Fig. 8 The excess pore pressure versus loading amplitude

Fig. 9 The bucket’s settlement versus loading amplitude

Fig. 10 The distribution of excess pore pressure along depth under
different amplitudes

Fig. 11 Development of excess pore and settlement

increases with the increase of loading amplitude. The lique-
faction index becomes smaller and smaller when the loading
amplitude changes from 60 N (about 54% of the static bearing
capacity) to 20 N (about 20% of the static bearing capacity).
When the amplitude is 10 N (about 10% of the static bearing
capacity), there is no building of the liquefaction index.

In Fig. 9 shown are the developments of bucket’s settle-
ment under different loading amplitudes for the experiments
named F1–F4. When the loading amplitude is over a critical
value, the settlement occurs. The settlements become smaller
and smaller when the loading amplitude changes from 60 N
(about 54% of the static bearing capacity) to 20 N (about
20% of the static bearing capacity). When the amplitude is
10 N (about 10% of the static bearing capacity), there is no
settlement occurring.

In Fig. 10 shown is the distribution of excess pore pressure
along depth under different loading amplitudes for the exper-
iments named F1–F4. With the increase of the loading ampli-
tude, the excess pore pressure in each point in the sand layer
increases. The excess pore pressure decreases in the vertical
direction from the sand layer surface. The sand layer is liq-
uefied at shallow depth while the liquefaction index is only
0.08 at the level of the bucket’s bottom. Within the thickness
of 40% of the bucket’s height in the sand layer, the excess
pore pressure increases acutely. This may be why the bearing
capacity does not lost completely when the loading lasts for
a long time.

In Fig. 11 shown is the comparison of developments of
the excess pore pressure and the bucket’s settlement (here the
data for the experiment named F3 is chosen for discussion).
The liquefaction state will keep for a while after the sand
layer is liquefied, then the excess pore pressure decreases to
a steady state. During the development of sand layer from
initial state to liquefaction, the settlement of bucket develops
30% of the total. When the pore pressure comes to a steady
state, the settlement arrives at the maximum.
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Fig. 12 The curve of
liquefaction strength. a Stress
ratio versus cyclic number;
b Curve of stress and strain (In
which σd/2σ3 is the ratio of
dynamic stress amplitude and
confined pressure, σd/2 is the
dynamic stress amplitude, σ3 is
the confined pressure, N f is the
cyclic number when the sand
sample develops to
liquefaction.)

Fig. 13 Comparison of the time developing to the maximum of pore
pressure and settlement

In Fig. 12 shown are the curve of liquefaction strength (the
critical value may cause sand liquefied) and the relation of the
strain and the stress of the model sand. These experiments for
sand properties were carried out on a triaxial apparatus made
in MTS (USA). The stress ratio (The amplitude of applied
dynamic loading is divided by the initial vertical effective
stress) increases with the decrease of cycle number needed
for sand to liquefy. When the loading ratio is less than 15%,
there is no liquefaction occurring. The strain will becomes
bigger and bigger with the increase of cycle number. It indi-
cates that there exist no liquefaction and settlement when the
loading amplitude applied on the bucket is less than a critical
value according to this figure. This value is decided by the
critical stress ratio which may be obtained by the curve of
liquefaction strength.

In Fig. 13 shown is the time developing to the maximum
of pore pressure and bucket’s settlement under different load-
ing amplitudes for the experiments named F2–F4. It is shown
that the time decreases while the time difference developing
to the maximum pore pressure increases and the settlement
increases with the increase of loading amplitude.

Figures 14 and 15 show the distribution of the maximum
of pore pressure and settlement of sand layer in the horizon-
tal direction. (Here the results of the experiment named F3 is
chosen for discussion.) It is shown that the liquefaction index

Fig. 14 The distribution of biggest excess pore pressure in horizontal
direction

Fig. 15 Settlements of the bucket in horizontal direction

decreases roughly exponentially in the horizontal direction.
The experiments show that the sand layer is liquefied under
1,200 cycles of 60 N cyclic loading at 1.44 cm depth (0.2
bucket height) and 0.2 cm away from the bucket’s side wall,
while the liquefaction index is only 0.4 at 1.7 cm away from
the bucket’s side wall. The settlements of the bucket and the
sand layer at 8 and 20 cm away from the bucket’s side wall are
shown in Fig. 14. It is shown that the settlement decreases
radially as function of the distance from the bucket’s side
wall.
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As we all know, the disturbance born by the sand layer
will become heavier with the increase of loading amplitude.
Therefore, the excess pore pressure increases fast and high.
At the first stage, the pore water is difficult to drain, so
the pore pressure increases. The strength of the sand layer
decreases and the sand layer is even liquefied with the
increase of excess pore pressure. Nevertheless, the diffu-
sion of the excess pore pressure will be over the gener-
ation gradually with the increase of the gradient of pore
pressure. Accordingly, the sand layer settles and the pore
pressure decreases.

During the sand layer’s developing to liquefaction, the
increase of pore pressure is larger than the dissipation. There-
fore, the pore pressure may increase gradually while small
settlement occurs. Once the sand layer is liquefied com-
pletely, the sand grains become suspending. After that, grains
are solidified gradually from the lower part to the upper part.
The excess pore pressure keeps constant during this stage.
When the sand layer begins to consolidate, the pore pressure
decreases gradually.

With the increase of loading amplitude, the liquefied layer
thickness and the excess pore pressure in each point increase.
Therefore, more time is needed to solidify and consolidate,
which leads to the increase of time difference developing to
the maximum between pore pressure and settlement.

5.3 Dynamic responses under vertical loading

The device for applying vertical loading is shown in Fig. 16.
This device is a hydraulic-electric system and may output the
vibration force amplitude 0–100 kg, or the vibration displace-
ment amplitude 0–5 mm at the frequency of 20 Hz, and the
frequency 0–20 Hz. The layout of the pore pressure transduc-
ers (PPT) is shown in Fig. 17. The uplift static bearing capac-

Fig. 16 Picture of the vertical loading device

Fig. 17 Layout of PPT

Fig. 18 Uplift load versus displacement

ity is studied to obtain the stiffness and the criterion for choos-
ing dynamic force amplitude before processing
dynamic experiments. The load is applied by the way of
displacement control. Each step increases by 0.2 mm. The
curve of uplift static loading–displacement is given in Fig. 18
(Experiment V1). It is shown that the load increases fast
with the increase of displacement. The uplift bearing capac-
ity arrives at the displacement of 0.35 cm. After the peak, the
load decreases a little. The bucket with a diameter of 6 cm
and a height of 4.8 m is used in this experiment. The uplift
bearing capacity is 60.1 kg.

Figures 19–23 show the effects of the amplitude of verti-
cal load on the dynamic responses for the experiments named
VF1–VF4.

Figure 19 is the excess pore pressure development with
time. It is shown that the pore pressure increases fast to a
peak in 2–3 h, and then decreases gradually, which is similar
to that under the horizontal dynamic loading.

Figure 20 is the distribution of excess pore pressure along
the depth under the different load amplitudes. It is shown
that the excess pore pressure decreases gradually along depth
from the sand surface. The thickness of the liquefied sand
layer in the upper part is enlarged with the increase of load
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Fig. 19 Development of excess pore pressure with time (VF2:
A=1 mm)

Fig. 20 Changes of excess pore pressure in the vertical direction

Fig. 21 Changes of excess pore pressure in the horizontal direction

amplitude. The sand from the surface to the bottom of the
bucket is liquefied completely when the load amplitude is
2 mm (67% of the static bearing capacity).

Figure 21 is the distribution of excess pore pressure in the
horizontal direction. It is shown that the excess pore pressure
decreases from the bucket side wall to far away. The excess
pore pressure increases in each place with the load amplitude.

Fig. 22 Sand surface after experiment under different loading condi-
tions

Fig. 23 The distribution of dry density after experiments in the center
section (U denotes the distance from the center of bucket, S denotes the
depth from surface.)

Figure 22 is the final place of the sand surface. It is shown
that the maximum of the sand displacement increases with the
load amplitude. Nevertheless, the maximum of the effected
zone does not change with the load amplitude when it is over
a critical value. It means that there is a limited effected zone
around the bucket for a given sand layer. Inside the effected
zone, the sand layer settles obviously, while outside the zone,
the sand layer may be taken as elastic. It is shown that the
sand density changes obviously in the limited zone, while the
density changes little outside the zone by the distribution of
density from Fig. 23. The reason is mainly that the liquefied
sand has the filtering effect and damping effect, which lead
effected zone being limited.

6 Conclusions

The centrifugal experiments were carried out to investigate
the responses of bucket foundation under horizontal and ver-
tical dynamic loading. It is shown that when the amplitude
over a critical value (about 10%–18% of the static bearing
capacity), the sand layer at the upper part (40% of the bucket’s
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height) around the bucket is softened or even liquefied under
the horizontal dynamic loading while 100% of the bucket’s
height may be liquefied under the vertical dynamic loading.
Because the upper part of sand layer near the bucket bears
more disturbs, the excess pore pressure develops faster.

The excess pore pressure decreases along depth in the sand
layer and decreases with distance from the bucket’s side wall
in the horizontal direction.

The excess pore pressure of the bucket with small height
(with the same diameter) rises faster than the bucket with big
height at each position.

The dynamic loading induces large settlement of the
bucket. The settlement in the horizontal direction decreases
steadily with the distance from the bucket’s side wall.

There is a limited affected zone around the bucket inside
which the settlement is obvious, while outside the zone, there
is only elastic deformation.

Under a given condition, the dynamic responses develop
to a steady state gradually. At this state, the pore pressure
oscillation is at a steady average value, and the deformation
does not develop.
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