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ABSTRACT

Simplified numerical model is built according to centrifugal
experimental results. The liquefaction degree and deformation of sand
sediment around bucket foundation are simulated. Effects of main
factors are investigated. A spring model for modeling the capacity
degradation of bucket foundation is presented in which sand resistance
is modeled by uncoupled, non-linear sand springs. When the
liquefaction degree is 0.9 near the surface and is only 0.06 at the
bottom of sand sediment, the capacity degradation of bucket is 12%,
whereas it is 17% in centrifugal experiments. Deformation of sand
sediment increases with the increase of loading amplitude and
skeleton’s elastic modulus and the decrease of frequent. The maximum
vertical deformation on the surface of sediment is 0.25 times of bucket
depth away from loading side. The maximum horizontal deformation is
on the loading side.

KEY WORDS: Bucket foundation; dynamic loading; liquefaction
degree; capacity degradation.

INTRODUCTION

As a new type and removable offshore structure, bucket foundation is
extensively used in ocean engineering because of their simplicity,
reliability and economical. Despite some studies on the static capacity
of bucket foundation have been done (Aas and Andersen, 1992; Sherif,
1999; Tijelta et al., 1990; Randolph and House, 2002), long-term
bearing capacity of bucket foundation have not clarified, e.g. the
capacity degradation under dynamic loading. Some methods for the
evaluation of long-term bearing capacity under cyclic loads have been
presented which can serve as good references for us (Prevost, 1981;
Marr, 1981; Andersen, 1988; Andersen, 1993; David, 1982).

Experimental study is crucial for deep understanding of the bearing
capacity of bucket foundation. Cyclic triaxial experiments and large-
scale model experiments were carried out to study saturated soft clay’s
cyclic strength and bearing capacity of bucket foundations in it, based
on which a method for estimating the bearing capacity is presented
(Wang and Liu, 1998; Li and Wang, 2005). Centrifuge experiments
were carried to study the responses (softening, liquefaction) of sand
sediment and bucket foundations dynamic loadings (Lu et al., 2003;
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Wang et al., 2006). The above studies showed that liquefaction or
softening of sand sediment occurring under dynamic loadings.

In this paper, numerical simulations are carried out based on the
centrifuge results in the literatures of Lu et al. (2007) and Zhang et al.
(2007) and Wang et al. (2006). The relationship between liquefaction
degree and degradation of bucket foundation’s bearing capacity, and
the deformation of sediment around the bucket foundation are analyzed.

INTRODUCTION OF CENTRIFUGAL EXPERIMENTAL
RESULTS

Layout of Experiment

Centrifugal experiments have been carried out in the 50g-t geotechnical
centrifuge in Tsinghua University before, the maximum centrifugal
acceleration is 250g (Zhang et al., 2007; Wang et al., 2006, Lu et al.,
2007). The inner size of the model box is 600mmx350mmx350mm.
Fine sand is adopted in experiments whose specific gravity is 2.69, the
glverage diameter is 0.14mm, and the permeability coefficient is 5x10°
mm/s.

The inner and outer diameters of the bucket are 60mm and 62mm,
respectively. The net depth of the bucket is 70mm, 72mm, and 48mm,
the thickness of the cap is 2mm. Two LVDTSs were placed on the top of
bucket to measure the horizontal and vertical displacements
respectively, two LVDTs were placed on the surface of sediment to
measure the settlement. Ten PDCR81 type PPTs were placed in two
types shown in Fig 1.
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Fig.1 Two arrangement forms of PPT



The loading frequency used in centrifuge experiments was 1.0Hz. Fig.2
shows the force applied on the bucket foundation in the beginning stage
and the later stage. It can be seen that the bearing capacity of bucket
decreases about 17% after the top sand liquefied.
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Fig.2 Dynamic load applied on the bucket

Centrifugal Experimental Results

Experimental results show that the excess pore pressure increases
quickly in the beginning, and then decreases gradually. The
liquefaction degree FL (the ratio of excess pore water pressure (u) to
initial vertical effective stress (¢’), e.g. FL =u/s’.) varies with loading
amplitude (Fig.3). Figs.4 (a) (b) shows the distribution of liquefaction
degree in vertical and horizontal directions respectively. It is shown
that the development of pore pressure is faster at the upper part. The
upper part has liquefied (liquefaction degree approach 1.0), while it is
only 0.08 at the bottom. In horizontal direction, when loading
amplitude is 60N, the sediment liquefies at the position 0.2m away
from the side wall of bucket, while the liquefaction degree is only 0.4 at
the position 1.4m away from the side wall of bucket. This is why the
bucket foundation still has large bearing capacity under long-term
dynamic loadings.

NUMERICAL SIMULATION
Numerical Model

Coulomb friction cell were often used to model the interaction between
the bucket and the sand are simulated (Wang et al., 2005; Li et al., 2005;
Li et al., 2006). Although it is effective in static conditions, the
coulomb friction cell is not able to model dynamical responses since
the direction of dynamic loadings is to and fro (Fast Lagrangian
Analysis of Continua, 2005). According to the centrifugal experimental
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results, the bucket and the sand inside the bucket may be thought as a
rigid body compared with the sand sediment around it.
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Fig.4 Experimental results of liquefaction degree distribution

The software FLAC3D is used in this section for numerical simulation.
The numerical model can be described as follows: The sand sediment
on the right of bucket wall is assumed to be finite in depth but semi-
infinite in horizontal direction. It is assumed as a plane strain problem
in x-z plane, the simplified numerical network is shown in Fig.5 (a).

The boundary effects in dynamic numerical simulation are important,
because they can lead to the reflection of wave. To avoid this,
absorbing boundaries on the right side of sediment are used in this
paper. The top of sediment is free and the bottom is impermeable and
vertically fixed.

The calculation procedures are as follows: firstly, the initial earth stress
is balanced gradually by confining stress state. Secondly, quite
condition is adopted at the right side, at the bottom it is still fixed.
Dynamic loadings are applied on the left side of sediment. Dynamic
load is a sine function of displacement applied on the left side of
sediment. The red line shown in Fig.5 (b) denotes the loading series on
the surface of sediment, the maximum amplitude is 16cm on the surface;
while the green line denotes that in the middle and the amplitude is
10cm; the amplitude is zero at the bottom. The load frequency is 1.0Hz.

(@) Plane-strain model
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Fig.5 Simplified Numerical model

Parameters Used in Numerical Simulation

The saturated sand is taken as two-phase media: sand skeleton and pore
water. During the calculation for initial earth stress, the Mohr-Coulomb
model is adopted, and the pore water is assumed isotropy elastic.
According to the results of cyclic triaxial experiments, the elastic
modulus of sand sediment is 4.0><107pa, the Poisson’s ratio is 0.35, the
internal friction angle is 36.5°, the density is 1600kg/m® and the relative
density is 0.54 (Lu et al, 2007). The initial water-head is zero at the
surface of sediment. It is impermeable at the bottom. The increase of
pore poressure is assumed to satisfy the Finn model (Egs.(1-3)) (Martin
et al., 1975). The Biot’s coefficient is 1.0, permeability coefficient
i51.0x10°m/s, the bulk modulus of pore water is 2.0x10%pa and initial
porosity ratio is 0.40.

According to the Finn model, the strain increment is calculated by
Byrne equation shown in Eq.(1)~Eq.(3).

AE =C,exp| —¢ (gij (1)
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in which A&,y —plastic volume strain increment,  —the maximum

cyclic shear strain, C;,C, —constants, D, —relative density of sand

Comparison of Numerical and Experimental Results

To compare the numerical results with experimental results, the load
conditions and initial boundary condition are adopted according to the
centrifuge experiments (loading amplitude is 60N, frequency is 1.0Hz).
The comparison of liquefaction degree is shown in Table 1 and Table 2.
It is shown that the numerical results are close with centrifuge
experimental results. The simplified numerical model is reliable.
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Tablel Comparison of liquefaction degree in vertical direction

FL =u/¢’
zih - - -
centrifuge experiment results | numerical results
0.80 0.95 0.90
0.58 0.24 0.29
0.42 0.10 0.18
0.31 0.08 0.12

Table2 Comparison of liquefaction degree in horizontal direction

FL =u/o’
x/h - - -
centrifuge experiment results | numerical results
0.04 1.00 0.90
0.20 0.68 0.56
0.29 0.60 0.55

where: h is the height of bucket foundation; u is the maximum excess pore
pressure; ¢’ is the initial vertical effective stress.

Expansion of Liquefaction Zone

Expansion of liquefied zone and development of liquefaction degree is
computed in this section. The development of liquefaction degree along
depth and in horizontal direction is shown in Fig.6. It can be seen that
the liquefaction degree decreases gradually from the top to the bottom
of sediment. The maximum liquefaction degree is 0.9 at the surface of
sediment (x=0, z=h), and it is only 0.06 at the bottom (x=0, z=0.2h). In
the zone of 0.6h<z<h, liquefaction degree changes obviously. From
Fig.6 (b) we can see that the liquefaction degree decreases gradually in
horizontal direction from the load side. The liquefaction degree
decreases rapidly in the zone x>0.85h. For example, the liquefaction
degree is only 0.01 when x=h, while after x>3.0h, it is nearly zero.
Therefore, the effected zone in saturated sediment around bucket
foundation is in the range of 0<x<0.85h, 0.6h<z<h under the adopted

loading here.
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Fig.6 Numerical results of liquefaction zone expansion

Effects of Factors on Liquefaction Degree

Fig.7 (a) shows the distribution of liquefaction degree along depth at
the load side under different dynamic frequencies when the maximum
amplitude is 16cm. It is shown that when the load frequency is less than
1.0Hz, the excess pore pressure accumulates obviously in the whole
depth with the increase of frequency. However, when the frequency is
more than 1.0Hz (show as the dashed line in Fig.7), the accumulation of
excess pore pressure only appears near the top surface, while the
liquefaction degree at the bottom is very small. Fig 7(b) is the
distribution of liquefaction degree along depth under different load
amplitudes when the load frequency is 1.0Hz. It can be seen that
liquefaction degree is large in the zone of 0.6h<z<h. Fig.7 (c) shows the
effects of skeleton’s elastic modulus. It can be seen that the excess pore
pressure increases fast with the decrease of elastic modulus, which
causes the fast decrease of the skeleton’s strength. For an example,
when the elastic modulus decreases from 5x10° Pa to 5x107 Pa, the
liquefaction degree on the surface increases rapidly from 0.6 to 0.9.
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Fig.7 Effects of factors on the distribution of liquefaction degree

Vertical Displacement of Sediment

The vertical displacements (Sz) at the surface of sediment (z=1.0h) and
the lower part (z=0.2h) are shown in Fig.8 when the dynamic loading
lasts for 1h. 3h. 5.5h. 10h and 15h respectively. From Fig.8 (a) we
can see that the maximum vertical displacement located at 0.25h~0.5h

Sz/h
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away from the load side. The vertical displacement decreases gradually
in the distance of 0.5h~1.0h. In the zone x>h, the vertical displacements
keep as a constant. The vertical displacements in horizontal direction
form a “pan-like” zone in the zone x<h which becomes more and more
evident. From Fig.8 (b) we can see that the vertical displacements at the
lower part is evident in the zone x<h. The “pan-like” zone forms an
inverted triangle. The maximum value is located at x=0.25.
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Fig. 8 Distribution of vertical displacement at different time

Horizontal Displacement of Sediment

The horizontal displacement (Sx) of the sand sediment reduces
gradually in horizon direction. In the zone x>2h, the horizontal
displacement is so small that it can be neglected. The maximum
horizontal displacement is on the left side (x=0). Fig.9 (a) shows the
displacements at x=0 when the dynamic loadings lasts for 1h. 3h.
5h. 10h and 15h. Fig.9 (b) shows the horizontal displacements at
x=2.0h. It can be seen that the horizontal displacement decreases
gradually along depth, the maximum is on the top and the minimum is
on the bottom.
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Fig. 9 Distribution of horizontal displacement at different time

Relationship between Displacement and Vibration Time

Fig.10 (a) shows the connections between the maximum vertical
displacement at the top or bottom of sediment and the vibration time at
x=0.25h. It can be seen that the vertical displacement increases rapidly
with the vibration time increases at the beginning, and then it increases
slowly. If the vibration time is over 5 hours, the vertical displacement at
the top is 3 times as much as that at the bottom. From Fig. 10(b) we can
see that the horizontal displacement becomes stable after some time. In
the zone x>2.0h, the horizontal displacement is so small that it can be
neglected. For an example, it is only 1/30 of that at x=0 when loading
lasts for over 5 hours. The development of both vertical and horizontal
displacements is stable when loading lasts for some time.
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Fig. 10 Development of displacement with vibration time

Effects of Factors on Deformation

Fig.11 shows that when the vibration time is 5 hours, effects of
frequency and amplitude on the maximum vertical displacement at x=
0.25h and z=h. It is shown that the maximum vertical displacement at
the surface of sediment decreases which may be caused by the low
drainage under high frequency. The vertical displacement with the
amplitude of 0.5m is 1.5 times that with the amplitude of 0.005m.
Fig.12 shows that the effects of frequency and amplitude on the
maximum horizontal displacement at x=0 and z=h when the dynamic
loading lasts for 5 hours. It can be seen that the maximum horizontal
displacement increases with the decrease of frequency and the increase
of amplitude. Fig.13 shows that the relationship between vertical or
horizontal displacements and the elastic modulus of skeleton. It is
shown that the vertical displacement and horizontal displacement
reduce obviously with the increase of elastic modulus. When the
modulus increases 10 times, the vertical and horizontal displacement
both decrease about 2 times.
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CAPACITY DEGRADATION OF BUCKET FOUNDATION
Calculation Model

According to the centrifugal experiments and numerical results, a
theoretical model is presented. The resistance of sediment is modeled
by a series of nonlinear springs with different stiffness along the right
side of bucket foundation. Furthermore, the horizontal damage and the

bearing capacity of bucket foundation are described by p-y curves. The
simplified calculation model is shown in Fig. 14.
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Fig.14 The spring model of bucket foundation

The stiffness coefficient is adopted as the sand sediment’s elastic
modulus E,. The resistance at different depths on the right side of
bucket is modeled by different spring stiffness coefficient which is
taken as (1-FL) E, (FL is the liquefaction degree). The degradation
degree is defined as the ratio of the capacity of bucket foundation in the
sediment with some liquefaction degree to the initial bearing capacity.

Simulation Results
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According to the centrifugal experiments, the bucket diameter is 0.5m;
height 0.5m, wall thickness is 2x10°m in simulating. The bucket
material is steel whose elastic modulus is 2.1x10"pa and the Poisson’s
ratio is 0.25. The sand sediment’s elastic modulus E, is 2.6x107pa.
When the maximal horizontal displacement reaches 0.05D (D is the
bucket diameter), the horizontal bearing capacity of bucket foundation
is 4.4kN (Li and Wang, 2005).

According to the spring model, five horizontal springs are placed at the
right side of bucket to simulate the horizontal resistance at different
depths on bucket. The stiffness coefficient at different depth along the
bucket side is (1-FL) E,, the liquefaction degree from top to bottom of
sand are 0.9, 0.46, 0.3, 0.17, 0.06 respectively. The horizontal
bearing capacity of bucket foundation is 3.8kN according to the spring
model. The degradation degree of bearing capacity of bucket
foundation is 12% computed by spring model while it is 17% in
centrifuge experiments (Lu et al., 2007). It indicates that the spring
model can be used in the estimation of the bearing capacity of bucket
foundations.

CONCLUSIONS

Based on centrifugal experimental results, numerical analysis using the
software FLAC3D was carried out in this paper. The development of
liquefaction in saturated sand around a bucket foundation is studied.

The expansion of liquefied zone and liquefaction degree and
deformation under horizontal dynamic loading are studied. The effects
of main factors are investigated. The development of liquefaction
increases with the decrease of loading frequency and elastic modulus of
skeleton and with the increase of amplitude. When the modulus
increases 10 times, the vertical and horizontal displacement both
decrease about 2 times.

A spring model for bucket foundation is adopted to investigate the
capacity degradation of bucket foundation. The results obtained by the
spring model are agreement well with the centrifugal experimental
results.
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