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Abstract: Firstly, the main factors are obtained by use of dimensionless analysis. Secondly, the time scaling factors in 

centrifuge modeling of bucket foundations under dynamic load are analyzed based on dimensionless analysis and control-

ling equation. A simplified method for dealing with the conflict of scaling factors of the inertial and the percolation in 

sand foundation is presented. The presented method is that the material for experiments is not changed while the effects 

are modified by perturbation method. Thirdly, the characteristic time of liquefaction state and the characteristic scale of 

affected zone are analyzed. 
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INTRODUCTION 

A suction bucket foundation is a closed-top steel tube 
that is lowered to the seafloor, allowed to penetrate the bot-
tom sediments under its own weight, 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 
etc. [1, 2]. They also have the potential of being used for 
several other purposes, such as offshore wind turbines, sub-
sea systems and seabed protection structures [3-6]. The first 
advantage of suction bucket foundation is the convenient 
installation and reusability. For example, a suction bucket 
foundation with a diameter of 9m and a height of 10m can be 
installed in 1~3 hours, only by using a pump. The second 
advantage is that it may mobilize a significant amount of 
passive suction during uplift under some conditions, al-
though the mobilization of suction depends mainly on the 
load rate and recommendations are actually to not rely on the 
suction for design [7]. Despite studies of the installation and 
bearing capacity, the detail responses of the suction bucket 
foundations under dynamic loads remain unknown [8-10]. 
The dynamic load condition is significant when suction 
buckets are used as the foundation of an offshore structure. 
Wave load, ice-induced or wind-induced load cause the 
foundation to suffer cyclic loads [11, 12]. This requires a test 
program to gain a deeper understanding. Prototype tests need 
considerable expense and time. Thus they are unpractical. 
But it is much easier to change parameters in small scale 
tests. The soil type may be varied in these cases. The dimen-
sions of the suction bucket and other process parameters may 
be varied conveniently also. Nevertheless, in a small scale 
test, the problems arise concerning the stress-dependent be-
havior of soil that the measured loads are so low that meas  
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urements are not sufficiently accurate to visualize differences 
in design. Because the soil behavior depends on stress, small 
scale model tests can not exhibit the same responses. These 
restrictions can be overcome by tests in a geotechnical cen-
trifuge. Centrifugal tests are “model” tests in that the results 
can be scaled up to the size of full-scale buckets. The main 
reason to select centrifugal test is for 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. 

The scaling law is very important in centrifugal experi-
ments. Especially the conflict time scaling factors should be 
considered if the problem is related to the consolidation and 
dynamic load. 

In this paper, dimensionless analysis is used to obtain the 

main factors affected the dynamic responses of the bucket 

and the soil layer surrounding the bucket. Some characteris-

tic parameters, such as the time to arrive at the liquefaction 

state and the characteristic scale of affected zone, are ob-

tained by theoretical analysis. The theoretical results are 

compared with the centrifugal experimental results. 

DIMENSIONLESS ANALYSIS 

The Scaling Analysis 

Dimensionless analysis is often used for simplifying ex-

periments and numerical simulations, and also for obtaining 

the main factors.  

The controlling factors here include the parameters of 

soils, pore water, bucket and load. 

(1) The parameters of soils: multilayered soils have a set 

of parameters for each layer. For convenience, we list the 

parameters of one layer: the density 
s
, porosity n , elastic 

modulus E  and the poisson’s ratio . Here we adopted the 
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plastic hardening index pH  and the plastic proportional 

load coefficient 
p

 to describe the plastic responses. As-

suming the soil layer satisfies the Mohr-Column criterion, 

which means, the strength of soils may be expressed as 

tan+= cf . Thus, the parameters of strength include 

the cohesion c and the internal friction angle . The other 

parameters include the thickness of soil layer h  and the 

physical permeability K . 

(2) The parameters of water: density
w

, viscosity coef-

ficient μ , depth 
w

h . 

(3) The parameters of bucket: diameter D , height H , 

thickness d , elastic modulus E , poisson’s ratio 
s

and den-

sity . In practice, the bucket is difficult to be made as the 

scaled value for the thickness is too small, and the structural 

property may change because of the size effect. Generally, 

we deal it in this way: ensure the similarity of the inertial and 

the bending moment since the material strength of the bucket 

is much bigger than that of the soil layers and only small 

elastic deformation occurs in buckets. Then the controlling 

parameters are as follows: total mass M , total bending 

moment EIJ =  in which I  is the inertial moment. At the 

same time, the diameter of the bucket D , the height H and 

the friction angle between the bucket and the soil  should 

be considered. Thus, the parameters of bucket are 

,,,, JMHD , respectively. 

(4) The load parameters: the amplitude F , frequency 

f , duration T , horizontal static load 
h

F , vertical static 

load 
v

F  and the gravity acceleration g . 

The viscosity of water μ  and the physical permeability 

K  is always combined μK  to describe as the interaction 

between the pore water and the grains. The function of inter-

action between the pore water and the grains is 

( )wsc uun
K

f = 2

μ
, in which 

s
u , 

w
u are the velocities of 

grains and pore water, respectively.  

The unknowns are the bearing capacity 
1

P , displacement 

of bucket U  and the pore pressure p . The relations be-

tween the controlling factors and the unknowns can be ex-

pressed as:  

=

gFFTfFJMHDhk
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Choosing the diameter of bucket D , density of soil 

s
and the gravity acceleration g as the basic parameters, we 

can rewrite the above relation in dimensionless form: 
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Generally, the percolation is related closely to the load 

frequency. The high the load frequency, the lower the perco-

lation is. Thus the above equation can be rewritten as: 
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In the above formula, there are 19 dimensionless parameters: 

n  indicates the porosity of soils. 

Dg

c

s

i : the relative cohesion 

 : the internal friction angle 

gD

E

s

s  : the dimensionless soil modulus 

s
v  : the soil poisson’s ratio 

gD

h

s

p  : the dimensionless hardening index of soils 

p
 : the plastic proportional load coefficient 

s

w  : the relative density 

μf

gDk s : the dimensionless permeability 

D

h
w  : the relative water depth 

D

H
 : the height-to-diameter ratio 

3
D

M

s

 : the relative mass between bucket and the effected 

soils 

5
gD

J

s

 : the dimensionless bending moment 

 : the friction between the bucket and the soils 

tan
3

gD

F

s

: the ratio of load amplitude to anti-force of 

soil layer 

Dg

f
: the dimensionless load frequency 

DgT : the relative action duration of load 
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tan
,

tan
33 gD

F

gD

F

s

v

s

h  : the ratio of horizontal 

static load to the anti-force of soils and the ratio of vertical 

static load to the anti-force of soils, respectively.  

Similarity of Geometry 

According to the analysis above, it is easy to see that in 

experiments, the scaling laws of suction bucket foundations 

under dynamic load are difficult to satisfy fully. That means, 

if only the size of geometry changes while the materials does 

not changes, not all similar parameters can be satisfied, ex-

cept for the experiments of full size. Nevertheless, it can be 

solved partly if centrifugal experiments are adopted. In cen-

trifugal experiments, pm Nga = , 
m

a is the centrifugal ac-

celeration, 
p

g  is the acceleration in prototype, 

pm L
N

L
1

= , L  is a length. Assuming that the materials 

(soils and water) do not change, the similarity conditions are 

as follows:  
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in which the similar relations are as follows: 
pm

nn = , 
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. The above parameters are 

satisfied naturally. The following relations should be scaled: 
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= . The following relation is 

difficult to satisfy: 

p

s

m

s

f

k

f

k
=

μμ
. In other words, although the simi-

larity of gravity may be satisfied in centrifugal experiments, 

the similarity law of geometry can not be satisfied.  

The Method for Simplifying the Controlling Parameters 

Momentum equilibrium equation are as follows: 

( )

=

+=

t

v

t

u
v

Kx

p

t

v

t

u

x

p

x

ii

i

i

ii

s

ij

ij

μ
)(

1
2

2

                           (1) 

Mass equilibrium equation 

( )
=+

=+

0)1(
1

0

2

i

i

s

s

i

i

xt

u

t

x

v

t                                     (2) 

Constitutive relation 
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in which  is the pore fluid density, s is the skeleton den-

sity, 
i

u  is the skeleton velocity, 
i

v  is the pore fluid velocity, 

p is the pore pressure, ij  is the effective stress, g is the 

gravity acceleration, G is the shear modulus,  is the 

poisson’s ratio.  

The stream function and potential function are introduced 
in the following analysis: 
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Instituting eq.(4) into eqs.(1)~(3), yields 
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in which t= ,  is the load frequency. 

It can be seen that μK
s

=  is a small parameter in 

this problem. The multi-scale asymptotic expansions method 

is used here, which is 
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in which ==
21

, . Instituting eq. (7) into eqs. 

(5)~(6), we get 
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It is shown that 
)0(

s
 is the high frequency component 

(denoting the initial response). This component satisfies the 

wave motion and thus is a fast course. In the zero order, 

there are only shear waves. s
(1)

 is the low frequency com-

ponent (denoting the percolation and consolidation). This 

component satisfies the disperse equation respecting the per-

colation and consolidation and thus is a slow course. It is 

shown that three dimensionless parameters must be satisfied 

if the geometrical similarity is satisfied: 
gL

, 
22

L

R
 and 

2
L

RK

μ
, in which R  denotes the stiffness of the system. 

The method to solve the conflict of time scaling factors 

Especially the conflict time scaling factors should be 
considered if the problem is related to the consolidation and 
dynamic load.  

Consolidation relates to the dissipation of excess pore 

pressure and is a diffusion event. The velocity of consolida-

tion is described by the dimensionless time 
v

T defined as: 

2
H

tc
T

v

v
= , where 

v
c is the coefficient of consolidation, t is 

the time and H is a length related to a drainage path. It is 

easy to obtain the scaling relation of consolidation as 

p

vm

vp

m t
c

c

N
t

2

1
= . Hence, if the same material is used in 

model and prototype, the time scaling factor is 
2

:1 N . If for 

some reason the permeability in model and prototype is dif-

ferent, the time scaling relation becomes: p

m

p

m t
k

k

N
t

2

1
= , 

where mp kk , are the coefficients of permeability in model 

and prototype respectively [13]. 

For the case of dynamic load, it is easy also to obtained 

the scaling factors of linear dimension, acceleration and fre-

quency: N:1 ,
1

:1 N . An important consequence is that 

the time scaling factor for dynamic events is N:1  in con-

trast to 
2

:1 N time scaling factor for diffusion or seepage 

events. 

The conflict of time scaling factors requires special con-
sideration when both the dynamic effect and the seepage are 
present. The method to ensure the same time scaling factor 
for motion and seepage is usually to decrease the effective 
permeability of solid material by increasing the viscosity of 
the pore fluid or by the changing the grain series of solid 
material. 

If the material is not changed during centrifugal experi-

ments, all parameters except k s gD fμ( )  and 

c sD
1.5g0.5( )  satisfy the scaling law. Therefore, it is the  

key problem to deal with the similar simulation of these two  

parameters for sand foundation. Now, we compare the char- 

acteristic time of the permeability, inertial and load duration.  

Characteristic time of percolation is 

( )
6

2

10~
1 eKE

H

+

μ , the  

load cycle is 25.1~
1

f
, the total load duration is               

7
10~T . in which 212

104 mK =  , PaE
6

108= , 

mH 5= , 2
10 smg = , Hzf 8.0= . 

Now, it can be seen that: (1) The load cycle is small 
compared with the percolation characteristic time, thus the 
inertial movement and percolation can be decoupled. (2) The 
total load duration is bigger than that of the characteristic 
time of percolation and the load cycle when the frequency is 
relatively high. Thus the effects of percolation in the early 
stage are small. That is say, even if the permeability and the 
load cycle do not satisfy the scaling law fully, the final re-
sponses of soil layer and the pore water are still close to the 
real value which need only modified by perturbation method 
if the frequency is relatively large. 

THE DURATION TO ARRIVE AT THE STABLE 
STATE UNDER DYNAMIC LOAD 

Let  denotes the character displacement on the bound-

ary, T  the character time and L the character length. Thus 

the following equation may be obtained by eq. (5) 
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The wave velocity is  
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The affected zone can be determined by the following 
equation 

c
=                                                                              (14) 

In Fig. (1), the solid line is the theoretical value and the 

dots are experimental value. (according to the triaxial ex-

periments and percolation tests, the modulus of soil layer is 

MPaE 8= , the permeability is kgsmK /102
39

= , the 

frequency is s/85.7~26.1= .). It is shown that the ex-

perimental and theoretical results are agreement with each 

other. 

 

Fig. (1). Comparison of the theoretical and experimental results of 
effected zone under dynamic loadings. 

(The block dots are obtained from centrifugal experi-
ments, the other dots are obtained from small scale experi-
ments.) 

Now, we can solve the character time that arrives at the 

stable state. Assuming L is the character length, μ  is the 

viscosity of water, k  is the permeability, u  is the character 

displacement, thus the pore pressure p , effective stress
e

 

and inertial force 
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can be expressed as 
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written as  
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Therefore, the character time that arrives at stable state 

is: 
Ek

L
2μ

. According to the data in experiments, the theoreti-

cal time to arrive at stable state is about 2 hours which is 

close to the experimental value [6]. 

VERIFICATION 

To verify the above theoretical results, experimental re-
sults are compared with that of theoretical results. First, the 

development of the excess pore pressure and the displace-

ment of bucket with time are investigated, secondly, the time 
to arrive at the stable response state in experiments is com-

pared with the theoretical value.  

It is shown that from Figs. (2) and (3) the excess pore 

pressure increases to the maximum at the first stage once the 

load is applied and then decreases gradually to a relative 
stable state. The settlement of the bucket increases to the 

maximum gradually. It indicates that the responses of the 

bucket and the soil layer will arrive at a relatively stable state 
under long-term dynamic load. Figs. (4) and (5) show a plan-

form and a section of affected zone after experiments. It is 

shown that there exists an affected zone with finite range 
under long-term dynamic load. The settlement and the den-

sity of soil increase inner the zone. The characteristics of the 

load and the permeability can only affect the midcourse of 
the bucket and the soil around the bucket, but not the final 

state.  

Fig. (6) shows the comparison of development course of 
the pore pressure and the bucket’s settlement. It is shown 

that the bucket settles small (20% of the total settlement) 

during the increase of pore pressure. The settlement of 
bucket increases to the maximum during the pore pressure 

decreases to the stable state. Therefore, only if the duration 

of load is enough, the settlement will develop to the maxi-
mum. The maximum of settlement does not change with 

permeability.  
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Fig. (2). Development of pore pressure under different load ampli-

tude. 

 

Fig. (3). Development of settlement of bucket under different load 

amplitude. 

 

Fig. (4). Planform after experiments. 

 

Fig. (5). Section of effects zone after an experiment. 

 

Fig. (6). The comparison of development of pore pressure and set-

tlement of bucket. 

CONCLUSIONS 

Under the dynamic load with relative high frequency 
(such as 1.0Hz), the load cycle is a small value compared to 
the percolation time. That means, the inertial response is a 
fast process, while the percolation is a slow process. There-
fore, the percolation and the inertial processes can be uncou-
pled. If we consider only the long-term responses but not the 
midcourse responses, the scalinng law of the percolation and 
the inertial need not be satisfied strictly and simultaneously 
when the load frequency is relatively large.  

Main factors of bucket foundations are obtained by di-
mensionless analysis. A simplified method for the similarity 
simulation of permeability in centrifugal experiments is pre-
sented. The multi-scale asymptotic expansion method is used 
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to analyze the characteristic time and the characteristic scale 
of the affected zone of the soil layer surrounding the bucket 
foundation under long-term dynamic load.  
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