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Abstract: Marine energy industries, including
offshore wind, wave and tidal energy, have been
developed considerably in the last two decades.
Most offshore energy structures used in the
existing projects are mono-piles in shallow water
due to the simplicity of design, installation and
control. Numerous researches for the design and
modeling of offshore wind energy system have
been carried out in the past. However, most
previous studies have been limited to a fixed
mono-pile, even though rocking of a mono-pile
has always been observed and caused damage of
offshore wind energy structures. In this paper, a
COMSOL model for the rocking of a mono-pile
in a porous seabed is presented. In the flow mode,
Navier-Stoke equation are solved for flow
motion due to the rocking of a mono-pile, Biot’s
poro-elastic mode is solved for the porous
seabed, and structural mechanics theory is solved
for the rocking motion of a mono-pile. Such a
model has not been available and is not possible
to achieve without COMSOL Multiphysics.
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1. Introduction

In the last two decades, offshore wind and
wave energy industries have been developed
considerably to provide the renewable energy.
Most offshore energy structures used in the
existing projects are mono-piles in shallow water
due to the simplicity of design, installation and
control. Numerous researches for the design and
modeling of offshore wind energy system have
been carried out in the past [1-3]. However, most
previous research studies have been limited to a
fixed mono-pile, even though rocking of a mono-
pile has always been observed and caused
damage of offshore wind energy structures.

It is well-known that the construction of
mono-pile structure in a porous seabed may
largely interact with the surrounding flow motion
(such as ocean waves) and consequently affect
the seabed response around the foundation. The
rocking of a mono-pile due to wind, wave,
current or a combined loading on the structure

may further complicate this phenomenon. When
the rocking-induced excess pore pressure is
equal to the downward effective soil weight,
liquefaction may occur and cause damage to the
structure foundation [4-6]. To understand the
structure stability of a mono-pile, an integrated
model which can accurately predict the rocking-
induced seabed response in a porous seabed is
desired.

This study, based on COMSOL Multiphysics,
is to develop an integrated model for simulating
the rocking of a mono-pile and its induced
seabed response. The theoretical formulations
together with the use of COMSOL Multiphysics
are given in Section 2. In Section 3, the model is
applied to study the effects of soil and structure
parameters on the rocking-induced seabed
response. The remarking conclusions and future
works are drawn in Section 4.

2. Theoretical Formulations

An integrated model for simulating the flow
motion and seabed response induced by rocking
of a mono-pile is developed in this study. This
model includes three main components: (i) flow
mode on the basis of the Navier-Stokes (N-S)
equations; (ii) seabed mode on the basis of the
Biot’s consolidation equations with poro-elastic
theory; and (iii) structure mode on the basis of
structural mechanics theory.

2.1 Governing equations of flow mode

N-S equations are utilized to describe motion
of the water liquid phase. Starting with the
momentum balance in terms of stresses, the
generalized equations in terms of transport
properties and velocity gradients are
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where 7 is the dynamic viscosity of fluid, p is
the fluid density, G is the velocity field, p; is the

pressure, tis the time, and F is a volume force
such as gravity.
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2.2 Governing equations of seabed mode

The consolidation equation for the flow of a
compressible pore fluid in a compressible porous
medium can be given as [7]
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where p is the pore pressure, K, is the

permeability matrix of the soil, y, is the unit

weight of pore water, nis the soil porosity, and
& = Vel (Where ¥ is the soil displacement) is
the volume strain of soil matrix. The
compressibility of pore fluid ( 8) is defined as
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in which K, is the true modulus of elasticity of
water (taken as 2x10°N/m?), R, is the absolute
water pressure and S is the degree of saturation
of soil.

The relationships between soil displacement
and pore pressure are given as
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where G is the shear modulus related to the
Young’s modulus (E) and the Poisson’s ratio
(us ) inthe form of E/(2(1+ u)).

2.3 Governing equations of structure mode

Based on the small-displacement assumption,
the relationships between strain components and
displacement at a point of marine structure are
given as follows
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The strain tensor ¢ and stress tensor o are
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The stress-strain relationship for linear
conditions reads

o= Dmg (10)

where Dy, is the elasticity matrix.

The structural mechanics theory in this study
is based on a weak formulation of the
equilibrium equations expressed in the global
stress components.
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in which F,, denotes the volume forces (body
forces).

2.4 Boundary conditions

When solving the governing equations, one
needs to provide the boundary conditions at
external boundaries and internal interfaces for
these three modes (see Figure 1).

In the flow mode, a still water with zero
velocity is initialized. Wall boundary with no-
slip boundary is applied in the left-hand-side
boundary T; and the right-hand-side boundary

I,. Zero pressure is applied on the water free
surface I'3, while no-slip condition is adopted at
the solid surface (such as sea floor I, and
surface of mono-pile T's). When the mono-pile

is rocking, the impact of the structure movement
on flow motion is considered in term of shape
deformation and moving velocity of boundary
Ts.

In the seabed mode, it is commonly accepted
that vertical effective normal stresses vanish at
the seabed surface while the fluid pressure and
shear stresses obtained from flow mode are
imposed as boundary conditions at the sea floor
I, . We assume that the seabed is of a finite

thickness and rests on an impermeable rigid
bottom, indicating that zero displacement, zero
gradient of pore pressure and no vertical flow
occur at the horizontal bottom I'g. When two

vertical side boundaries (T'; and Ty ) of the

seabed are far away from the concerned region
(such as the region around a mono-pile
foundation), they can be assumed to have zero
displacement. At the soil-structure interface I'g,

the soil has same displacement and velocity as
those of mono-pile structure.

In the structure mode, the rocking period
T, and amplitude A, are imposed at the top of a
mono-pile, dominating the rocking motion of
structure and providing the external driving force
of the integrated model.



Figure 1. Locations for specification of boundary condition.

@)

(b)

(©

Figure 2. Distribution of rocking-induced pore pressure around mono-pile foundation at different time levles (a)
t=Ty,/4,(b) t=T,/2and (c) t=3T,/4. The rocking displacement of the mono-pile is zoomed in 50 times.

2.5 Use of COMSOL Multiphysics

These three numerical modes are integrated
by using COMSOL Multiphysics (3.5a version).
The main features of COMSOL Multiphysics
adopted to set up the integrated model are listed
as follows:

(1) 2D space dimension;

(2) Plane strain mode of structural mechanics;

(3) Coefficient form of PDE mode for seabed

mode;

(4) Incompressible Navier-Stokes mode of

fluid dynamics;

(5) Arbitrary Lagrangian-Eulerian

method for mesh movement.
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3. Results and Discussion

In reality, the rocking mono-pile in a porous
seabed may largely interact with the ocean waves,
which is an extremely complicated phenomenon.
As a starting point, the wave motion is
temporarily excluded and only a still water with
a water depth d =10 m is considered here. In the
example, a computational domain with a length
(L=200m) is used. The original of the Cartesian

coordinate system is located at crossing point of
the sea floor and the central axis of mono-pile.
This integrated model is applied to study the
effects of soil characteristics (soil permeability,
degree of saturation and two-layer soil type) and
structure parameters (structure embedded depth,
rocking period and amplitude) on the rocking-
induced seabed response.

3.1 Effects of Seabed Characteristics

Many soil variables affect the seabed
response to the rocking a mono-pile and only
three of them (soil permeability, degree of
saturation and two-layer soil type) are studied
here. To study the effects of soil characteristics,
the parameters of a mono-pile are fixed as
follows: diameter d,, =6.0 m, height above sea

floor h,; =25.0 m, embedded depth h,; =50 m
and rocking period T, =6.0 sec. Some soil
properties are also fixed: seabed thickness
hs =25.0 m, soil shear modulus G =107 N/m?,
Poisson’s ratio u, =1/3 and unit weight of soil

7s =2.657y.



The permeability of a soil (K ) is a measure

of how rapidly fluid is transmitted through the
voids between grains. It varies from 9.0x10°° to
1.5x102 m/sec with a fixed degree of saturation
S =0.95in the example. Figure 2 presents the
distribution of pore pressure in seabed with

permeability K =84x10"* m/sec at different

time levels, indicating that the rocking motion of
a mono-pile has a significant impact on the pore
pressure around structure foundation. Figure 3
shows the effects of soil permeability on
maximal pore pressure around structure
foundation at three different values of rocking
amplitude A, . It can be seen from the figure, the

maximum of rocking-induced pore pressure
decrease shapely when permeability increasing
from 9.0x10° to 9.0x10* m/sec and then
gradually when permeability increasing from
9.0x10™ to 1.5x10° m/sec. The effect of rocking
amplitude on maximal pore pressure will be
discussed later.

Figure 3. Effect of soil permeability on maximal pore
pressure at three different rocking amplitudes.

It is not uncommon to find air/gas within
marine sediment. It is believed that most marine
sediments have degree of saturation generally
between 75% and 95% [8]. In the example, the
degree of saturation (S ) varies from 85% to 99%
with an equal interval of 2%. Two cases with
different values of soil permeability are

considered: one is with K =8.4x10* m/sec and

the other is with K, =6.0x107% m/sec. Figure 4

gives the relationships between the maximal pore
pressure around the mono-pile foundation and
degree of saturation. An increasing degree of
saturation leads to a significant increase of
maximal pore pressure, resulting in more chance
to induce the liquefaction around mono-pile
foundation.
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Figure 4. Effect of degree of saturation on maximal
pore pressure in soil with different permeabilities: (a)

K =8.4x10~* m/sec and (b) K, =6.0x10~> m/sec.

Figure 5. Effect of replacment of upper layer soil on
maximal pore pressure with different values of
rocking amplitude.

A replacement of upper layer of seabed soil
with coarse sand may be usually adopted for the
protection of foundation of marine structure. To
simulate the effects of rocking of mono-pile in
two-layer seabed, the soil in upper layer with 2
m thickness is replaced with coarse sand having

a soil permeability K, =9.0x10"% m/sec. At the

interface between two consecutive layers in the
seabed, the soil displacement, normal effective
stresses and pore pressure are concordant. The
comparisons of maximal pore pressure within



one-layer seabed and that within two-layer
seabed are given in Figure 5. As we can see from
the figure, a replacement of soil in upper layer
can largely reduce the maximal value of pore
pressure and consequently increase the stability
of mono-pile foundation.

3.2 Effects of Structure Parameters

To examine the effects of embedded depth
and rocking strength of a mono-pile on the
seabed response, the soil characteristics are fixed

as follows: soil permeability K, =8.4x107* m/sec,
degree of saturation S =95% , seabed thickness
h=25.0 m, soil shear modulus G =10" N/m?
Poisson’s ratio u =1/3 and unit weight of soil
s = 2.65y,,. Some parameters of a mono-pile are
also fixed: diameter d, =6.0 m, height above
seabed hy; =25.0m.

The embedded depth of a mono-pile may
largely affect the total construction cost. Eight
values of embedded depth of a mono-pile are
considered. Figure 6 shows the effect of
embedded depth of structure on the maximal
pore pressure, indicating that an increasing
embedded depth may slightly increase the
maximal pore pressure. However, a deeper
foundation of mono-pile can significantly
prevent the structure from overturning, which is
another important factor of structure stability.

Figure 6: Effect of embedded depth of a mono-pile on
maximal pore pressure.

The rocking strength (period and amplitude)
mainly dominated by the external force loading
is another important factor which plays an
important role in evaluation of rocking-induced
pore pressure. Figure 7 gives the influence of
rocking period on the maximal pore pressure
around structure foundation. In general, the

maximal pore pressure gradually reduces with an
increasing rocking period. This can be due to that
the pore pressure in seabed will have more time
to dissipate when the rocking period is much
longer. The influence of rocking period with
larger amplitude is more significant than that
with smaller amplitude. All aforementioned
results also show that an increase of rocking
amplitude always leads to an increase of
maximal pore pressure, as the soil in the vicinity
of structure foundation suffers from a more
violent deformation.

Figure 7: Effect of rocking period of a mono-pile on
maximal pore pressure.

4. Conclusions and future work

An integrated model, based on COMSOL
Multiphysics, has been developed to study the
rocking-induced pore pressure in a porous
seabed. The numerical results indicated: (i)
COMSOL Multiphysics has a good potential in
simulating the rocking of a mono-pile in a
porous seabed; (ii) the maximal pore pressure
around structure foundation is much larger in a
soil with lower permeability and higher degree of
saturation; (iii) the replacement of lower
permeability soil with higher permeability soil
can significantly reduce the maximal pore
pressure and consequently increases the
foundation stability; (iv) an increasing embedded
depth may slightly increase the maximal pore
pressure; and (v) a stronger rocking motion with
shorter period and larger amplitude always leads
to higher maximal pore pressure.

In this paper, only the preliminary results for
the rocking-induced seabed response around the
foundation of a mono-pile in a porous seabed are
presented, providing a general guideline of
laboratory experiments. The next step is to
validate the integrated model with a series of
experimental data.
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