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3-D numerical model for wave-seabed interactions around mono-pile

In this study, a new three-dimensional (3-D) model was developed to provide
further understanding of the mechanism for wave-seabed interaction around
mono-pile. Based on poro-elastic theory, the fully dynamic (FD) formulations
were adopted in the present model to simulate pore water pressure, soil stresses,
soil and mono-pile displacements. Stress boundary condition was first applied at
the seabed-structure interface. Good agreement between numerical simulation
and experimental results was obtained. Based on parametric study, numerical
results indicated: (1) Non-linear wave diffraction and reflection have significant
effects on pore water pressure around mono-pile. (2) The most sensitive position
for seabed parameter to pore water pressure around mono-pile locates in front of
mono-pile while the least sensitive position is at the position of angle 3n/4 with
respect to incident wave direction. (3) The increase of mono-pile horizontal
displacement corresponds to the increase of wave height and the decrease of

seabed Young's modulus.

Keywords: three-dimensional (3D) model; wave-seabed interaction; wave

diffraction; porous seabed; mono-pile; mono-pile displacement.

1. Introduction

Mono-pile foundation has been widely used as the supporter of offshore structures in
the past decades, particularly in offshore wind power industry (EWEA 2009). The
offshore marine structures usually suffer considerable loadings from ocean waves,
currents, wind and earthquakes during their lifetime. These loadings may cause great
instability of the seabed around marine structures, which is responsible of most

collapses of the structures (Smith and Gordon 1983; Sumer and Fredsoe 2002; Sumer



2014). When the progressive wave encounters a mono-pile, wave reflection and
diffraction generate a three-dimensional (3D) field of non-linear wave pressure loading
on wave-seabed interface and wave-structure interface. Such non-linear wave pressures
are responsible for the dynamic response of seabed and mono-pile, which is closely
associated with the instability of the foundation.

The problems of wave induced soil response have been intensively studied by
coastal and geotechnical engineers since 1970s. Based on Biot's theory (QS model)
(Biot 1941), ignoring both inertial terms of soil and water, analytical solutions for the
pore water pressures, effective stress and displacements were proposed (Yamamoto et al.
1978; Madsen 1978; Jeng and Hsu 1996). The effect of the anisotropic and
non-homogeneous soil property on the response of seabed to wave actions was
analytically investigated (Yamamoto 1981; Hsu and Jeng 1994; Jeng and Seymour 1997;
Jeng 1997). Regarding dynamic response, Zienkiewicz et al. (1980) may have been the
first to develop one-dimensional (1D) formulations of partly dynamic (PD) and fully
dynamic (FD) model. Following their study, the effect of inertia force on wave-induced
soil response was investigated using linear and non-linear wave theories (Jeng et al.
1999; Jeng and Cha 2003). Recently, Ulker et al. (2009) further extended the above
analytical solutions under plane strain condition using three formulations (QS, PD, FD),
and clarified the applicable range of each approximation. Though these analytical
approaches demonstrated some features of the soil response to wave actions, they have
not considered the effect of the structures under complex conditions in this process.

To investigate the wave-seabed interaction around marine structures, various



numerical models have been developed in the past decades. Based on Navier-Stokes or
Boussinesq-type equations, the porous flow inside the permeable structure and seabed
was simulated by considering the flow continuity at the interface between porous media
and water (Cruz et al. 1997; Shao 2010). In these studies, both seabed and structures
were treated as rigid porous media and the stress and strain of the seabed and structure
were omitted. The pore pressure and seabed and structure stress were considered in the
following studies which is based on Biot's equations (QS model) or its extensions (PD
model and FD model). Among these, the potential flow theory (Mostafa et al. 1999;
Mizutani et al. 1998; Jeng et al. 2001; Ulker et al. 2010) and Reynolds-averaged
Navier-Stokes (RANS) equations (Zhang JS et al. 2011; Zhang et al. 2012; Jeng et al.
2013) were used to provide wave loading and investigate the seabed and structures
response in 2D condition. However, the 2D study cannot simulate the wave diffraction
that normally occurs around the marine structures. As such, various 3D models were
developed. Majority of these 3D investigations focused on seabed response around
breakwater in which marine structure stands on the seabed instead of embedded into
seabed like mono-pile (Li and Jeng 2008; Jeng and Ou 2010; Ye et al. 2013). Li et al.
(2011) conducted a simple simulation using analytical wave theory and QS soil model
to investigate seabed response around mono-pile. However, they did not consider the
wave reflection and diffraction in their study because of small diameter of the pile
foundation compared with the wavelength. More recently, Chang et al. (2014)
considered 3D wave diffraction and reflection in their study of wave induced seabed

response around high-rising structure foundation. However, the motion of mono-pile



and the effect of wave diffraction on seabed and structure dynamic response were not
considered in their study. To the authors’ best knowledge, the influences of stress
boundary condition at seabed-structure interface on seabed response around cyclic
loading applied mono-pile have not been properly investigated (Cuellar 2011; Hansen
2012).

In this study, a new 3D model for wave-seabed interaction around mono-pile
was proposed. Pressure boundary condition at the interface between wave-seabed and
wave-mono-pile was specified using the open-source FUNWAVE code by solving fully
non-linear Boussinesq equation (Wei et al. 1995; Shi et al. 2001; Kirby et al. 2003). The
fully non-linear wave reflection and diffraction around mono-pile was considered.
Seabed and mono-pile dynamic response were considered by poro-elastic seabed model
which is based on FD equations. New numerical technique of material identification
technique (MIT), which is used for identifying different domains (e.g. air, wave, seabed
and structure) was proposed in this model. Furthermore, the stress boundary condition
at the seabed-mono-pile interface was specified in the simulation, which is ignored in
most previous studies. The present model was validated using the laboratory
experiments. Then, the model was applied to simulate the dynamic response of seabed
and mono-pile under non-linear wave action. Parametric studies were carried out to
investigate the effects of seabed characteristics (permeability, saturation degree and
Young's modulus) and wave characteristics (wave height and wave number) on seabed

response around a mono-pile.

2. Numerical Model



2.1. Seabed model

2.1.1. Governing equations

Based on the poro-elastic theory (Zienkiewicz et al. 1980), the governing equations
which are the overall equilibrium equation of soil, equilibrium equation of pore fluid

flow and mass balance equation of the mixed media can be expressed in tensor form as:
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L PWE pg;
Pt PE =P T /;’l +lf€7Wi (2)

i

ui,i + Wi,i =——p (3)

where g;; is the total stress, p is the average density of the porous medium, p is the pore
water pressure, py is the density of water, g; is the gravitational acceleration in the
i-direction, u; is the displacement of soil matrix in the i-direction, w; is the average
relative displacement of the fluid to the solid skeleton in the i-direction, k; is the
permeability of the porous medium in the i-direction, n is the porosity of solid phase, kf
is the bulk modulus of pore water.

In Equations (1)-(3), the soil strain is defined by
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The compressibility of pore fluid is defined as (Yamamoto et al. 1978):
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where d is the water depth and S, is the degree of saturation. It is noted that the above

definition for compressibility of pore fluid is only valid for high degree of saturation



(Pietruszczak and Pande 1996).
The total stresses are given in terms of the effective stresses and pore pressure

(Terzaghi's Principle):

0y =0y ~;p (6)

where ¢;; is the Kronecker delta denotation, ¢'; is the effective stress. Note that above
definition implies that tensional stress is positive. A cross-anisotropic material has the
same elastic properties in horizontal directions but different in the vertical direction,
caused by the format of deposition, particle shape and stress history. For a

cross-anisotropic elastic seabed, the following relationships exist (Pickering 1970):
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where u,p, tny and wyy, are the Poisson ratios in different directions, Ej, and E, are
Young's modulus in the horizontal direction and in the vertical directions, G, and G, are
shear modulus in the horizontal and the vertical directions, 2 is a non-dimensional
parameter, 4 is the anisotropic constant. Equations (7)-(9) indicate that the
cross-anisotropic elastic seabed behaviour can be described by the five parameters,
namely E,, wu, ton, £, and A. Note that for an isotropic seabed, w, = i, Q=1 and 4 =
1721 +up)-

For the constitutive behaviour of the soil under the plain strain condition, the



poro-elastic stress-strain relationship in an anisotropic seabed can be expressed as:
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In natural environments, the seabed is almost always non-homogeneous due to

self-gravity consolidation and complex coastal dynamics (Zhang C et al. 2011). In the



present model, all the seabed parameters, such as total porous media density (p;), water
density (p,,), permeability (k), the porosity of the solid phase (n), the bulk modulus of
pore water (ky), vertical Yong's modulus (E,), vertical Poisson's ratios (up,), horizontal
Poisson's ratios (u,;), are functions of the spatial locations (x, y, z). Therefore, the model
considers the true coastal environmental situation.

Based on the above analysis, the governing equations of fully dynamic seabed
model including the effects of fully non-homogeneous and anisotropic seabed can be

expressed in scalar form as:
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The above governing equations provide a complete set of formulations for the
investigation of the full-dynamic responses of fluid and soil in a non-homogeneous and
anisotropic porous seabed. The accelerations due to soil motion and pore fluid are
considered. Ignoring the acceleration due to pore fluid or/and soil motion reduces these
general formulations to the conventional u-p model (PD) or the Biot's consolidation

model (QS).

2.1.2. Numerical implementation

General description. The Cartesian coordinate system was adopted in the present model
(see Figure 1). The model applies a staggered rectangular grid. The pore pressure and
the seabed/structure parameters are defined in cell centers, while the soil/fluid
displacements, soil stresses and seepage flow velocities are defined at the cell interfaces,
as shown in Figure 1. The second-order Crank-Nicolson type implicit
Finite-Difference-Method (FDM) is used to discretize the governing equations in time
and space. The Alternating-Direction-Implicit (ADI) method and the Leap-Frog method
are used to solve the multi-variables in the differential equations with multi-dimensions.

The under-relaxation technique was used by changing the under-relaxation factor during



the simulation in order to speed up the convergence of the calculation (Guo 2014). This
was done carefully so that no divergence or undue instability occurred in the simulation.
Material identification technique (MIT). A material identification technique (MIT) was
developed to identify the various 3D domains of grid cells occupied by various
materials (air, wave, seabed, structure), based on the structured background grid system.

Firstly, we input the 3D domain information of all materials. Each domain is
constructed by a number of horizontal polygons and each polygon is constructed by a
fixed number of vertices, as shown in Figure 2a. In Figure 2a, m is the number of
horizontal polygons which constructs the domain in the vertical direction. The number
of vertices n should be constant for all the polygons. x; and y; are the horizontal
coordinates of the j-th vertices of the i-th polygon. Since the polygons are horizontal, all
vertices of the k-th polygon will share one vertical coordinate z,. A single horizontal
polygon is constructed by linking its vertices with straight lines in the order of the list
(from vertices 1 to vertices n). A 3D domain is then constructed by linking the polygons
with faces in the order of the list (from polygon 1 to polygon m). If the edge of the
domain is curvilinear (like circular mono-pile in this study) rather than rectilinear, the
numbers of polygons and vertices can be increased to improve the computational
accuracy. Taking one simple case (m = 3, n = 5) for instance (see Figure 2b), the
three-united polygons can define the range of one material (air, wave, seabed, structure)
in 3D space.

Secondly, it is found that the grid cells inside each material domain and define

these grid cells with the corresponding material materials. Once all grid cells have been



assigned with certain material parameters, the computational boundaries between
different materials can be found. According to different pairs of materials involved at
the boundaries, different boundary conditions are applied which will be described in
section 2.3. Using MIT, it is convenient to set up complex wave-seabed-structure

configurations in the present model.

2.2. Wave model

The FUNWAVE 2.0 (Kirby et al. 2003) model was adopted to calculate wave-induced
pressure at wave-seabed boundary and wave-structure boundary, which is the input for
the seabed model. The governing equations in FUNWAVE 2.0 are based on the
non-linear Boussinesq equations derived by Wei et al. (1995). To have a better fitting of
the complex configuration boundary. Discretization of the equations on the staggered
grid in generalized curvilinear coordinates was conducted by Shi et al. (2001) In
FUNWAVE 2.0, different levels of the Boussinesq approximations can be chosen by
setting an equation ID in the input file. For details of the FUNWAVE 2.0, readers are

referred to Kirby et al. (2003).

2.3. Boundary conditions

There are five boundary conditions to be specified in this model: lateral and bottom
boundary condition of the seabed, wave-seabed boundary condition, seabed-structure
boundary condition, wave-structure boundary condition and air-structure boundary

condition (see Figure 3).



2.3.1. Lateral and bottom boundary conditions of the seabed

The materials at the lateral and bottom boundaries of the seabed are assumed to be
impermeable and rigid. Therefore, the soil displacements and the normal gradient of

pore pressures are Zero:

=0, Py 28)

on
2.3.2.Wave-seabed boundary condition

At the seabed surface, the Dirichlet conditions are applied. The wave induced pore
pressure is equal to the wave pressure, while the vertical effective stress and shear

stresses of soil are equal to the wave stresses:
p= pw ? O-sail = O-w 4 Tsoi/ = Tw (29)

It should be noted here that the stresses of water (o,, and 7,,) are assumed to zero at the

present study.

2.3.3 Seabed-structure boundary condition

At the seabed-structure boundary, assuming the structure is impermeable and rigid, the

normal gradient of pore pressures is then zero:

ap
)
n (30)

It is further assumed that there is no relative displacement of soil with respect to

the structure at the interfaces between soil and structure (known as "no slip" boundary):



Uit = Ugperre (3 1)

Furthermore, the condition of the total stress equilibrium is specified which has not

been considered in previous study of wave-seabed-structure interactions:

GA'rruc‘rurg = GA'()[I - p > T.vtrm‘ture = T.\'oil (32)

2.3.4. Wave-structure boundary condition

At the wave-structure boundary, the condition of the total stress equilibrium is applied:

lei‘zw/urc = O-w - pw 2 TS/ruclure = TW (33)

2.3.5. Air-structure boundary condition

At the air-structure boundary, it is reasonable to assume that the air-flow effect on the
structure is negligible compared to the water waves. Therefore, all stresses are zero at

this boundary:

0.\'17‘1[(;[147‘(3 = 0 2 TA'rrucmre = 0 (34)

2.4. Integrated process

It is noted that the present model is an integrated model, in which the effect of small
movement of seabed and structure on wave progression is not considered (the so-called
one way coupling). The wave model FUNWAVE 2.0 will generate wave pressure for
seabed model. The open source code of Kriging 3D (Deutsch and Journel 1997) in the
seabed model was used to capture wave pressure from wave model at the both

wave-structure and wave-seabed interfaces. A working procedure of this integrated



model is shown in Figure 4.

3. Model Validation

Since there are no 3D experiments for wave induced seabed response around marine
structures, 2D model were performed for the purpose of the model validation against the
laboratory experiments (Lu 2005; Tsai and Lee 1995; Tsui and Helfrich 1983). The
detailed input soil and wave properties for model validation are listed in Table 1.
Though the details of the laboratory experiments can be found in Lu (2005), Tsai and
Lee (1995) and Tsui and Helfrich (1983), we provide a brief description of the

experiments for completeness and convenience.

3.1. Pore pressure cycling with time

Lu (2005) conducted a serious of laboratory experiments to measure the pore pressure
under linear and cnoidal progressive waves in a wave tank, which is 60m long, 1.5m
wide and 1.8m high. A number of wave pressure sensors were installed in the soil at
different elevation of 20cm, 15 cm, 10 cm and 5 cm from the soil bottom. Linear and
cnoidal waves were tested for both the fine and coarse soils. Only the experiments with
coarse soil were used for validation of the model. Figure 5 is the comparison of the
simulated and measured variation of the wave induced dynamic pore pressure with time
for linear wave (figures in the left column) and cnoidal wave (figures in the right
column). Both the simulation and measurements show that the dynamic pore pressure
induced by linear wave has a regular and relatively flat sinuous format, while irregular

thin dynamic pore pressure is generated by cnoidal waves. Figure 5 demonstrates that



the dynamic pore pressure induced by linear wave is smaller than that induced by
cnoidal wave. Figure 5 also reveals that the dynamic pore pressure increases with the
distance from the soil bottom for both linear and cnoidal waves. This is because the pore
water velocity increases with the distance from the soil bottom.

The second validation case is the experiment conducted by Tsai and Lee (1995)
who measured the soil response under the standing wave system. Nine pore pressure
sensors were installed in the soil to measure the time series of the water pressure, in
which five sensors were installed on the left-side of soil at different depths while the
other four were located on the line-parallel to the soil surface with the elevation of 40
cm from the soil bottom. The space between two sensors is 10 cm. Figure 6 is the
simulated standing wave induced dynamic pore pressure compared with the
measurements taken at the various depths on the left-side (figures in left column) and on
the line-parallel to the soil surface (figures in right column). The similar scenario (to
Figure 5) of the variation of the pore dynamic pressure is found in Figure 6. In general,
the simulated dynamic pore pressure agrees well with the measurements, as shown in
Figure 5 and Figure 6, indicating that the model proposed can accurately simulate the

soil response to waves.

3.2. Vertical distribution of pore water pressure

The third validation case is to examine the vertical distribution of pore water pressure.
To this end, Tsui and Helfrich (1983) experiment was used. Tsui and Helfrich (1983)
conducted a series of experiments to measure vertical distribution of wave-induced pore

pressure in the soil. Loose and dense soils with different permeability and saturation



degrees were tested for a range of wave parameters. Figure 7 shows the comparison of
the simulated and measured maximum pore water pressure distribution in which pj,, is
the maximum pressure in soil and py is the maximum pressure at the soil surface within
one wave period. The analytical solution of Jeng (2010) was also plotted in Figure 7 for
comparison. It is seen that the pore water pressure has a sharp decrease over the upper
half depth of soil, followed by a gradual attenuation. The simulation and measurements
also demonstrate that the relative pore water pressure within the dense soil is smaller
than that in loose soil. This is mainly because the pore water velocity in dense soil is

smaller than that in loose soil.

4. Model Application

In the real word, the phenomenon of wave reflection and diffraction exists if the
propagation of wave is impeded by offshore structures (Zheng et al. 2011), such as
mono-pile. In this study, the present 3D model is applied to investigate the response of
seabed and mono-pile under non-linear wave action. The problem under investigation is
shown in Figure 8. Parameters of wave, seabed and mono-pile in this study are listed in
Table 2, while Table 3 lists the reference parameters used for normalization. Figure 9

provides further details of model setup.

4.1. Consolidation process

Generally speaking, seabed experiences long-time consolidation caused by static water
pressure loading and its own gravity. However, the installation of mono-pile can

significantly change the seabed conditions around the foundation. Recently, Jeng et al.



(2013) and Ye et al. (2014) considered the consolidation process for the problem of
wave-seabed-structure interactions. In this study, we first considered the consolidation
under pure static water loading. Then, we installed a mono-pile and investigate the
consolidation process under the combination of mono-pile weight and static water
loading.

Figure 10 illustrates the final consolidation condition of seabed and mono-pile.
The plot of Figure 10a reveals that the pore water pressure is zero within the mono-pile
because impermeable boundary condition is implied at seabed-mono-pile interface and
water-mono-pile interface. In addition, pore water pressure right beneath the mono-pile
is larger than that in the lateral sides. Figure 10b are the soil and mono-pile vertical
stress ¢';. It is seen that o', below the mono-pile is increased because of mono-pile
installation. Figure 10b also shows that the vertical stress o', slightly decreases at the
seabed-mono-pile interface. This may be caused by no-slip boundary condition
specified there. Figure 10c shows the displacements of seabed and mono-pile, which
demonstrates that the significant soil displacement takes place near and under the

mono-pile caused by the gravity of the mono-pile.

4.2. Seabed response around mono-pile

The integrated model was applied to simulate wave induced dynamic response of
seabed and mono-pile in 3D. Such dynamic response is triggered by dynamic wave
pressure at the wave-seabed interface and wave-structure interface, and is determined as
the difference between full response and initial static consolidation conditions. The

variations of pore water pressure and effective stresses due to wave-seabed interaction



were investigated. In addition, the seepage force, which is equal to pore water pressure
gradient (j,=0p/0Ox, j,=0p/0y, j,=0p/0z), was also considered in the simulation. When the
seepage force is upward, pore water is forced to move upward, thus the soil is easier to
be liquefied. On the contrary, when the seepage force is downward, the soil will be hard
to be liquefied. Therefore, the seepage force is an useful indicator to examine the
likelihood of liquefaction occurrence.

Figure 11a is the pore water pressure distribution around mono-pile in x-y plane
at z =-0.31 and ¢ = 2.95T when the wave trough just arrives at the head of mono-pile.
Negative pore water pressure with larger value is found at the front and both sides of
mono-pile. Figure 11 (b)-(d) show the distribution of pore water pressure (colour) and
seepage force (arrows), o', and ¢'; of soil and mono-pile in the x-z plane (y = 0),
respectively. Figure 11b shows that a sharp attenuation of pore water pressure is seen to
take place in vertical direction, indicating the large vertical seepage force appears.
Larger upward seepage force is also seen to appear in front of mono-pile, indicating that
seabed in this region is prone to be liquefied. Figure 1lc reveals that a
positive-negative-positive-negative pattern (coinciding with wave period) of ¢’, appears,
starting from the immediate front of mono-pile. It is also noted that within the front part
of mono-pile ¢’, has positive value in upper, negative value in middle and positive value
in lower part of mono-pile. This may be ascribed to the fact that the large wave dynamic
pressure generates large tension within mono-pile. The region with negative ¢', (within
mono-pile) is compressed by its adjacent higher tension regions. Similar horizontal

stress o'y distribution around mono-pile takes place though its value is much smaller



than the vertical stress ¢',. The distribution of the horizontal stress ¢’y demonstrates that
the displacement of mono-pile mainly appears in front of mono-pile for the current
conditions. The slight displacement compresses soil at the front of mono-pile (point A)
while soil is tensioned at later time when wave crest reaches the front of mono-pile (see
Figure 12d).

Figure 12 demonstrates the soil and structure dynamic response at time ¢ = 3.45T
when wave crest reaches the front of mono-pile. Similar phenomenon to Figure 11
observed except that the sign of various quantities is opposite. At this moment, seepage

force in front of mono-pile is downward.

4.3. Pore water pressure profiles at various positions

Pore water pressure attenuation and distribution in the vertical direction is significant to
seabed instability. Pore water pressure is generated at the seabed surface and then
transmits downwards into seabed. In wave-seabed-mono-pile system, a 3D field of
non-linear dynamic wave pressure is generated which greatly affects pore water
pressure profiles around the mono-pile.

We investigated the pore water pressure along the circular direction around the
mono-pile (Figure 13a). Various positions along the circles can be described by two
parameters. They are the local distance (S) from the mono-pile boundary and through
the centre of mono-pile, and the local angle o which varies from O (at the front of
mono-pile) to w (back of mono-pile). Since the results are symmetrical with y-axis, only
half of the computational domain is shown in Figure 13a. Figure 13 (b)-(d) present the

vertical distribution of pore water pressure at a number of selected positions. Similar



trend is found that a sharp decrease of pore water pressure takes place in upper seabed
layer (e.g. from seabed surface to about z = -1.0) followed by a gradual change in lower
seabed layer. The pore water pressure reduces to zero at about z = -1.8, indicating that
the wave influence is minimal at deep seabed. Figure 13 (b)-(d) also demonstrate that in
general pore water pressure is larger when the distance S from the mono-pile boundary
is smaller, particularly in front of mono-pile, i.e. small a. This is caused perhaps by the
wave-mono-pile interaction induced standing wave in front of mono-pile, which makes
different wave pressure for different local distance S. For the same distance S (e.g. along
a circle around mono-pile), the effect of angle o on the pore water pressure is complex
and mixed due to the complex wave diffraction and reflection around mono-pile and the
associated dynamic pressure loading at the seabed surface.

Figure 14 shows the effect of seabed permeability (k) on pore pressure around
mono-pile. As presented in Figure 14, larger value of seabed permeability will result in
larger value of pore pressure around mono-pile. In addition, the largest difference of
pore water pressure for different soil permeabilities k exits in front of mono-pile (a = 0),
while the smallest difference is at the position of about a = 3n/4.

Figure 15 illustrates the effect of seabed saturation (S,) on pore water pressure
around mono-pile. Similar phenomenon to Figure 14, we can find that the increase of
pore water pressure corresponds to the increase of seabed saturation. In addition, the
smallest difference of pore water pressure for seabed saturation can also be found at the
position of about o = 3m/4, indicating that this position (a = 3n/4) is the least sensitive

position for seabed parameters. Another conclusion can be made that the position in



front of mono-pile (a = 0) is the most sensitive position as the largest difference of pore

water pressure exists there.

4.4. Effect of wave number on pore water pressure around mono-pile

It is well known that wave diffraction and reflection have close relationships with wave
number. Figure 16 shows the effect of wave numbers on the maximum pore water
pressure (within one wave period) distribution around mono-pile at z =-0.4 and § = 0.4.
Three iso-pressure dashed lines are plotted in Figure 16 for the indication of pore water
pressure values. It is seen that the pore water pressure is larger at the front of mono-pile
than that at the rear for relatively large wave number, indicating that the presence of
mono-pile impedes part of wave power to the front while soil at the back is protected
from the direct wave action. Pore water pressure increases with the decrease of wave
number K due to the increase of wave power at the seabed surface. It is also noted that
as the wave number decreases, pore water pressure distribution becomes more uniform
around the mono-pile. It may be concluded that the effect of wave diffraction and
reflection is insignificant for sufficiently small wave numbers (i.e. large wave lengths)

for the parameter range investigated in this study.

4.5. Displacement of the mono-pile

The periodic wave loading may induce slight periodic rocking of mono-pile. However,
this phenomenon was usually ignored in previous studies as most studies on
wave-mono-pile interaction assumed that no horizontal mono-pile displacement

happens at the boundary of seabed-mono-pile (Li 2012) or only considered the



concerned soil displacement by modifying soil stiffness modulus with empirical
formulation (Achmus 2009). The potentially important role of mono-pile displacement
in the wave-seabed-mono-pile system was not investigated. In this study, the effect of
wave height and seabed Yong's modulus on the horizontal displacement of mono-pile
was investigated using the proposed model.

Figure 17 shows the effect of wave height (H) on horizontal displacement of
mono-pile, in which dashed lines denote the top and bottom of the mono-pile. It is
found that the horizontal maximum displacement of mono-pile (within one wave period)
increases with the increase of wave height. It is understandable that larger displacement
takes place at the top part of mono-pile under the direct wave action. The displacement
of mono-pile sharply decreases below seabed surface where the pore water
velocity/pressure is relatively small.

Figure 18 illustrates the effect of seabed Young's modulus (E;) on horizontal
displacement of mono-pile. From Figure 18, we can find that the increase of seabed
Young's modulus makes the decrease of mono-pile horizontal displacement, which is
reasonable due to the fact that seabed is more rigid with the larger Young's modulus. In
the cases simulated in this study (Figures 17-18), the maximum displacement of
mono-pile is less than 4x10° times of mono-pile's radius, which is considered
insignificant for wave propagation and this validates the one-way model coupling

assumption at wave-seabed and wave-mono-pile interfaces.

5. Conclusions



In this study, a new 3D poro-elastic integrated model based on fully dynamic equations
was proposed to investigate the wave-seabed interaction around mono-pile. Stress
boundary condition was first specified at the seabed-structure interface. A new
numerical technique of material identification technique (MIT) was proposed for
identifying different domains in wave-seabed-structure system. The model was
validated using several laboratory experiments. Good agreement was obtained between
numerical simulation and experimental measurements. The validated model was applied
to simulate the dynamic seabed response to wave actions around mono-pile for a range
of parameters. The following conclusions can be drawn from this study:

(1). The installation of mono-pile and its induced wave reflection and diffraction
significantly affect the distribution of pore water pressure. The pore water pressure is
increased at the front and lateral sides of mono-pile while it is decreased at the back.
The soil in front of mono-pile is prone to be liquefied.

(2). The vertical stress o', within the front part of mono-pile has a
positive-negative-positive (under wave trough) or negative-positive-negative (under
wave crest) pattern. Large horizontal stress ¢’ of mono-pile exists at the upper part of
mono-pile.

(3). The pore water pressure profiles vary with angle a and distance S defined in
Figure 13a. Pore water pressure around mono-pile increases as the saturation degree and
permeability of soil increases. The most and least sensitive positions with respect to
various seabed parameters are at the position of o = 0 (in front of mono-pile) and a =

3m/4, respectively.



(4). The effect of wave reflection and diffraction on the pore water pressure in
the vicinity of mono-pile decreases with the decrease of wave number. For sufficiently
small wave numbers, the effect of reflection and diffraction can be negligible.

(5). The horizontal displacement of mono-pile takes place under wave action,

which increases as wave height increases and seabed Young's modulus decreases.
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Table 1

Table 1. Wave and soil parameters for model validation.

. . Wave parameters
Experiments & Field measurements 4

Soil parameters

H(cm) d(m)  T(s) pskg/m’) E(N/m®) p  k(m/s) n__ S,
Lu's (2005) experiment 12/14  0.5/03 1.2/1.4  2.65x10° 1.4x107 0.33 1.4x10° 0.39 0.98
Tsai and Lee (1995) experiment 5.1 0.45 1.5 2.65%10° 6.86x107 0.3 1.2x10™ 0.38 0.98
Tsui and Helfrich (1983) experiment 2.0 0488 1.5 2.65%10°  1.33x107 0.33 5x10%1x10° 0.3  0.985/0.988




Table 2

Table2. Physical parameters of monopile, wave and seabed for simulation.

Parameters Notations  Magnitudes Units
Pile radius R 2.5 m
Pile length L 14 m
Pile parameters Pile density Pp 2650 Kg/m3
Young's modulus E, 1.0 Gpa
Possion's ratio Up 0.25 -
Water depth d 4 m
Wave parameters Incident wave angle S 0 rad
Wave Period T 4~20 S
Water density Pr 1000 Kg/m’
Wave amplitude H 0.2~0.4 m
Soil permeability k 10*~107 m/s
Soil porosity n 0.3 -
Seabed parameters Soil density Ds 2650 Kg/m3
Soil saturation S, 0.980~0.992 -
Possion's ratio Us 0.33 -
Young's modulus E 0.05~0.1 Gpa




Table 3

Table 3. Parameters for model normalization in this study.

Reference descriptions Magnitudes ~ Dimensions
parameters
R Radius of monopile 25m L

pred Static water pressure at seabed surface 39240 pa N/m?
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