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Abstract

In this paper, an integrated model for the wave-induced seabed response in a porous seabed is
proposed. Most previous studies have considered two-dimensional cases and a flat seabed. In this
study, a full three-dimsnional case is considered as well as a sloping seabed. The wave model (SWAN)
and soil model (PORO-WSI) is coupled into one model. With the new model, the effects of wave
and soil characteristics on the ocean waves-induced seabed response (including pore pressure and
stresses) are investigated. Based on numerical results, the following conclusions can be drawn: (1)
the magnitude of the wave-induced soil response in a sloping seabed is much smaller than that in a
flat seabed (2) the wave-induced pore pressure decreases as the slope of the seabed increases.
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1 Introduction

Considerable effort has been devoted to the wave-soil-structure interaction phenomenon in the past three
decades. The major reason for the growing interest is that many coastal structures (such as vertical
walls, caissons, pipelines, etc.) have been damaged by the wave-induced seabed response, rather than
from construction deficiencies (Christian et al., 1974; Lundgren et al., 1989). It is common to observe that
concrete armor blocks at the toes of many marine structures have been found to subside into the seabed.
Wave-induced liquefaction and shear failure have been identified as culprit for this problem (Silvester and
Hsu, 1989). Another reason is that the poro-elastic theories for wave-soil interaction have been applied to
field measurements, such as the determination of the shear modulus of soil (Yamamoto and Trevorrow,
1991) and the directional spectra of ocean surface waves (Nye and Yamamoto, 1994), as well as acoustic
wave propagating through porous media (Yamamoto and Turgut, 1988).

When water waves propagate in the ocean, they generate significant dynamic pressures on the sea
floor. This pressure field induces pore water pressure and effective stresses within the seabed. With
excess pore-pressure and diminishing vertical effective stress, part of the seabed may become unstable or
even liquefied. Once liquefaction occurs, the soil particles are likely to be carried away as a fluid by any
prevailing bottom current or mass transport owing to the action of ocean waves.

The occurrence of seabed instability is a widespread phenomenon in ocean environments (Silvester
and Hsu, 1993). There is evidence of ocean floor instability in a wide variety of offshore regions, from
shallow water, near-shore zones, continental slopes and beyond to deep ocean floors. Seabed instability
has been responsible for the damage and destruction of offshore structures (Christian et al., 1974; Bea et
al., 1983; Barends, 1991).

Although the phenomenon of wave-induced seabed instability has received great attention among
coastal and geotechnical engineers since 1970’s, preliminary experiments and theories for such a problem
have only been available for two-dimensional progressive waves. Recently, significant progress has been
made towards the development of both analytical and numerical approaches for some simple modes of
instability in a porous seabed. However, to date, a three-dimensional model integrating wave and soil
components, providing a better understanding for coastal geotechnical engineers, has not been available.



This paper is the first of the series papers. The non-breaking wave-induced seabed response will
be investigated in this paper, while the breaking wave-induced seabed response will be discussed in the
second paper (Jeng and Zhang, 2004). In this paper, A brief of previous investigations of wave-induced
seabed response will be given first. Then, an integrated model (wave and soil models) will be established
for the case of non-breaking waves loading. A parametric study for the effects of various wave and soil
characteristics on the wave-induced pore pressure and effective stresses will be conducted.

2 Theoretical Formulations

2.1 Wave model

SWAN is a numerical model, which provides estimates of the wave parameters in coastal areas, lakes and
estuaries with given wind, bottom and current conditions. It is a spectral wave model based on the action
density balance equation (Booij et al., 1999; Ris et al., 1999), which calculates wave transformation and
set up. The version (Cycle 3, version 40.20) used in present study is the time dependent version released to
public in 2003. It takes into account the wind wave growth, dissipation by white-capping, bottom friction
and wave breaking. The quadruplets and triads wave-wave interactions are also included. Furthermore,
the model can simulate the wave propagation processes such as, propagation through geographic space,
refraction due to spatial variations in bottom and current, shoaling due to spatial variations in bottom
and current, blocking and reflections by opposing currents, and transmission through, blocked by or
reflection against sub-grid obstacles.

In SWAN the evolution of the wave spectrum is described by the spectral action balance equation,
which for spherical coordinates is (Holthuijsen et al., 2003):
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with longitude, A; latitude, ¢; the wave direction (the direction normal to the wave crest of each spectral
6 component); the relative frequency (as observed in a frame of reference moving o with current velocity);
action density spectrum, N (o, §); propagation velocities and in X, ¢, 6 and o space, cx, "¢y, ¢ and cq;
the source term in terms of energy density representing effects of generation, dissipation and nonlinear
wave-wave interactions. In present study, the main corresponding input source is wind energy as:

Sin = A+ BE(0,0), (2)

where A and B depend on wave frequency and direction, and wind speed and direction. The dissipation
of white capping and bottom friction are considered, but the depth induce breaking is not taken into
account.

The dissipation form of wave energy can be expressed in terms of three different contributions. They
are: whitecapping, Sqs (0, #), bottom friction Sgs (o, ) and depth-induced breaking Sgs »- (0, 0). Among
these, the whitecapping is controlled by the steepness of the waves, which is based on a pulse-based model,
as adopted in the new version of SWAN model, as

Sds,w (07 9) = 7FO—§E(O—a 9)a (3)
k
where I' is a steepness dependent coefficient, k£ is wave number, and ¢ and k denote a mean frequency
and a mean wave number, respectively.
In general, depth-induced dissipation may be caused by bottom friction and motion, by percolation
or by back-scattering on bottom irregularities (Shemdin et al., 1978). The dominant mechanism appears
to be bottom friction, which can generally be represented as
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where Chpotiom 1S @ bottom friction coefficient.

In SWAN model, the dissipation contributed by depth-induced wave breaking has been formulated by
a spectral version of the bore model of Battjes and Janssen (1978), which converses the spectral shape
(Eldeberky and Battjes, 1995; 1996). The expression used in SWAN is
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in which Ei,; is the total wave energy and Dy, is the rate of dissipation of the total energy due to wave

breaking (Battjes and Janssen, 1978).

2.2 Soil model

Numerous investigations for wave-induced soil response in a porous seabed, including pore pressure and
effective stresses, have been carried out since the 1970s. Among these, three types of governing equations
have been used:

e Laplace equation: This is based on the assumption of incompressible pore fluid and soil matrix,
which is an uncouple analysis. This model has been used as the first approximation of this problem
(Putnam, 1949; Liu, 1973).

e Diffusion equation: The assumption of this approach is the compressible fluid in incompressible
soil matrix, which is particularly applicable for fine sand (Moshagen and Torum, 1975).

e Biot’s Consolidation equation: This model considers that both pore fluid and soil matrix is
compressible, which is a couple analysis. This model has been first proposed by Yamamoto et al. (1978)
for simple quasti-static soil behaviour, and has been further applied to the problem of wave-seabed-
structure interaction (Mei and Foda, 1981; Jeng, 1997; Kumagai and Foda, 2002). Recently, this model
has been further extended to dynamic soil behaviour (Cha, 2002; Cha et al., 2003; Jeng and Cha, 2003).

In this section, the poro-elastic model proposed by Jeng (1997) will be outlined. The Biot’s consol-
idation equation is used as the governing equation of soil model. Some basic assumptions for the wave
and soil properties are necessary for establish the soil model. They are:

(1) The horizontal porous seabed is elastically isotropic, hydraulically anisotropic and with a high degree
of partially saturation.

(2) The soil skeleton and pore fluid are compressible.

(3) The inertial effects of sediments is neglected in this study.
(4) The soil skeleton generally obeys Hooke’s law.

(5) The flow in the porous bed obeys Darcy’s law.

(6) The wave pressure on the seabed surface is considered as the only external loading force in the
wave-seabed interaction. This implies that the effect of boundary layer is ignored in this study.

Since water waves normally produce a very slow propagating velocity through a sandy seabed, com-
pared with that of shear waves, inertial forces are negligibly small compared with elastic forces in the
equations of motion. Mynett and Mei (1982) proved this assumption through a dimensional analysis.
Thus, assumption (3) is acceptable for the problem of porous flow in a sandy seabed.

Regarding assumption (6), it has been well documented that wave boundary layer only concentrates
on a thin layer above the seabed surface. Compared with the order of wave pressure, it may be negligibly
small in a laminar boundary layer, as discussed in Appendix A.

For assumption (7), linear wave theory is commonly used as a first approximation in engineering
practice. However, it has been agreed that it has its limits of application. The influence of non-linear
wave components on the wave-induced soil response has been dealt with by Jeng and Lin (1997) using a
finite element method and Jeng et al. (2004) using a semi-analytical approximation.

The consolidation equation (Biot, 1941) and storage equation (Verruijt, 1969) are generally accepted
as those governing the flow of compressible pore fluid in a compressible porous medium. For a three-
dimensional problem, and treating the porous bed as hydraulically anisotropic, with permeabilities K,
K, and K, in the z-, y- and z-directions, respectively, the governing equation can be expressed as
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where p is the wave-induced pore pressure; 7,, is the unit weight of the pore-water; n’ is the soil porosity;
and ¢ is the volume strain defined by
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where u, v and w are the soil displacements in the z-, y-, and z-directions, respectively.
The compressibility of the pore fluid, [, is related to the apparent bulk modulus of the pore fluid K’
and the degree of saturation S, (Verruijt, 1969), such that
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where K, is the true bulk modulus of elasticity of water (which may be taken as 1.95 x 10° N/m?
Yamamoto et al., 1978), Py, is the absolute water pressure. If the soil skeleton is completely air-free, i.e.
fully saturated, then g = 1/K,, since S,=1.

The equations for overall equilibrium in a poro-elastic medium, relating to the effective stresses and
pore pressure, are given by
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where Cauchy stress tensor on the adjacent faces of a stress element consists of three effective normal
stresses and six shear stress components. The shear stresses are expressed in double subscripts 7.,
denoting the stress in the s-direction on a plane perpendicular to the r-axis.

Based on the generalized Hooke’s law, the relationships between elastic incremental effective stresses
and soil displacements are given by
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where the shear modulus G is related to Young’s modulus E by the Poisson’s ratio p in the form of
E/2(1 4 ).
Substituting (12)-(17) into (9)-(11), the equations of force equilibrium become
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in the z-, y- and z-directions, respectively.

It is important to note that the equations of force equilibrium, equations (18)-(20), and the stress-
strain relationships, equations (12)-(17), are only valid for an isotropic seabed. For a cross-anisotropic
seabed, these equations must be modified, as considered in Lin and Jeng (2000).

2.3 Boundary conditions

For a homogeneous soil matrix, mathematical expressions for the wave-induced soil response can be
derived, with appropriate boundary conditions. In general, two of these are required for a seabed of
infinite and finite thickness, i.e., at a rigid impermeable bottom (BBC: Bottom Boundary Condition)
and at the seabed surface (SBC: Surface Boundary Condition).
(a) SBC: Boundary conditions at seabed surface (z = 0):

It is commonly accepted that vertical effective normal stresses and shear stresses vanish at the seabed
surface, i.e.

0, =Ty =Ty> =0, at z=0, (21)
and the pore pressure is equal to the wave pressure at the seabed surface,
p=Py,e ™ at z=0, (22)

where P, is the wave pressure at the seabed surface, which is determined by the wave model.
(b) BBC: Boundary condition at the bottom (z = —h or z — —o0):

For the soil resting on an impermeable rigid bottom, zero displacements and no vertical flow occur at
the horizontal bottom. For a seabed of infinite thickness,

u=v=w=p=0 as z — —oo, (23)
For a seabed of finite thickness ,
0
uzv:wza—i):0 at z= —h, (24)

Herein, the general solution for the wave-induced soil response in a propos seabed of infinite thickness
is outlined.
Upon combining these solutions, it renders the complete expressions for the soil displacements as
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The parameters § and A\ are coupled with soil properties and wave characteristics, as given by
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The wave-induced pore pressure is given by
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where the effect of wave obliquity in terms of § and A can also be observed.
The effective normal stresses can be determined from equations (12)-(17), rendering
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and the effective shear stresses are given by
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In equations (25)-(36), the C; coefficients are given by
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To integrate two models into one, first, we must calculate the wave characteristics (including wave
profile, wavelength, water particle velocities and wave pressure at the surface of the seabed). Once we
have the wave characteristics, the soil model will be used to determine the wave-induced pore pressure,
effective stresses and displacements etc.

3 Numerical Examples

The objective of this study is to establish an integrated three-dimensional model for the wave-induced
pore pressure and effective stresses in a porous seabed. Two new contributions are made in this paper:
(1) a fully three-dimensional model, and (2) the seabed is a sloping bottom, rather than flat bottom.

To demonstrate the influence of the above new contributions, the following numerical examples are
used. In the numerical examples, the slope of seabed is considered to be 1/10, and the configuration
of the seabed bottom is given in Figure 1(a). With this seabed geomography, the wave height, wave
direction, wavelength and wave period can be calculated by the wave mode, and illustrated in Figures
1(b)-(d).

The input data used in the following examples are tabulated in Table 1.

3.1 Temporal variations

Figures 2-5 illustrate the variation of wave-induced pore pressure in both flat and sloping seabeds with
different time intervals. In the examples, two depths are chosen, z = —1 m and z = —5 m. The time
intervals used in the figures are 0.25 sec, 1 sec, 1.75 sec, 2.5 sec, 3.25 sec, 4.05 sec, 4.75 sec and 5.5 sec,
which varies from wave crests to troughs (roughly).

As shown in figure 2 and 3, the patterns of pore pressure distributions (p) in a flat seabed are different
at different time intervals, but they vary within the same order. Comparing Figures 2 and 3, the amplitude
of the wave-induced pore pressure in a flat seabed at depth of z = —5 m is greater than that at z = —1
m at some time intervals.

The distribution of pore pressure in a sloping seabed is different from that in a flat seabed, as shown
in Figure 4 and 5. There is a concentration of pore pressure distribution near the coastlines Also, the
order of magnitudes of the wave-induced pore pressure in a sloping seabed is much smaller than that in
a flat seabed.

To further investigate the effects of various soil characteristics on the wave-induced soil response in
a sloping seabed, three important soil parameters, degree of saturation, shear modulus and permeability
will be considered in the following sections. The slopes of seabed will also be discussed. To conduct the
parametric study, we consider the location-"X”, as shown in Figure 1(a), as an example.
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Table 1: Input data of numerical model.

parameters values
grid size in x direction 50 m
grid size in y direction 50 m
grid number in x direction 101
grid number in y direction 26
wind speed 20 m/s
wind direction 225 degree
lowest frequency 0.0521 Hz
highest frequency 1 Hz
number of frequency 32
significant wave height at boundaires | 2 m
peak wave period at boundaries 10 s
peak wave direction at boundaries 225 degree
coefficient of soil permeability 107, 1072, 10~ % m/s
shear modulus of the soil 5 x 10%, 107, 5 x 107 N/m?
Poisson’s ratio 0.3
soil porosity 0.4
bulk modulus of elasticity of water 2 x 109 N/m?
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Figure 2: Contour of the wave-induced pore pressure in a flat seabed. (S,=0.95, z =- 1 m)
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Figure 6: Distribution of the wave-induced pore pressure versus time in a (a) flat seabed and (b) sloping
seabed (slope=1/10) for various degrees of saturation.

3.2 Effects of the degree of saturation

It is common to have gas/air within marine sediments, which results in an unsaturated seabed. It is noted
that most marine sediments may display a certain degree of saturation, but the degree of saturation varies
between 0.95 and 1.0 (Jeng, 1997). In this section, we investigate the influence of the degree of saturation
on soil response parameters.

Figure 6 illustrates a comparison of wave-induced pore pressures in both flat and sloping (slope=1/10)
seabeds. The distributions of pore pressure (p) versus time (¢) for various degrees of saturation (.S,) are
plotted in the figure. Figure 6(a) is for a flat seabed, while 6(b) is for a sloping seabed. In general, the
amplitude of pore pressure (i.e., |p|) increases as S, increases in both seabeds. Compared with the flat
seabed, the magnitude of pore pressure in a sloping seabed is about three orders smaller, as shown in
Figure 6(a) and (b).

The distribution of the wave-induced effective normal stresses and shear stress in a sloping seabed are
illustrated in Figure 7. In general, the degree of saturation significantly affect the wave-induced effective
normal stresses (Figures 7(a)-(c)), but insignificant in shear stress (Figure 7(d)). The wave-induced
effective normal stresses in the z-direction (o7,) increases as the degree of saturation increases near the
wave crests, as shown in Figure 7(a). However, an opposite distribution is observed for other soil response
parameters (o, 0 and 7;.) in Figures 7(b)-(d). It is also observed in figure 7, there is a phase lag in the
distribution of a; and o’ implies that the maximum pore pressure may not occurs at the phase of water
wave crests. This is because the pore fluid is transported in a two-phase mixture medium, while ocean
wave is in one single medium.

3.3 Effects of shear modulus

The shear modulus is the parameter describing the hardness of a material. For marine sediments, the
typical value of the shear modulus for gravel is 5 x 107 N/m?, while sandy seabed vary between 5 x 10°
and 107 N/m?.

As shown in Figure 8(a), the pore pressure in a soft flat seabed (G = 5 x 10 N/m?) display a 90
degree phase lag, compare with other materials. However, in a sloping seabed, an obvious phase lag is
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Figure 8: Distribution of the wave-induced pore pressure versus time in a (a) flat seabed and (b) sloping
seabed (slope=1/10) for various values of shear modulus.

only observed in a harder seabed (such as a gravelled seabed, G = 5 x 107 N/m?), as shown in Figure
8(b). Basically, the pore pressure increases as shear modulus increases near the wave crests. That is, the
wave-induced pore pressure in a softer seabed is larger that in a coasrser seabed. It is also noted that
the pore pressure in a sloping seabed is much smaller than that in a flat seabed.

The distributions of the wave-induced effective normal stresses and shear stress versus time are plotted
in Figure 9. In general, the stresses increases as shear modulus increases, expect o/,. Again, the shear
modulus does not significantly affect the wave-induced shear stresses in a sloping seabed, as shown in
Figure 9(d).

3.4 Effects of permeability

Permeability is a measure of how fast the pore fluid transfer within porous medium. The typical values
of permeability in sandy seabed vary between 1072 and 10~* m/sec, while it is about 10~! m/sec in
a gravelled seabed. Figure 10 illustrates the distribution of pore pressure versus time for both flat and
sloping seabeds. As shown in the figure, the pore pressure increases as permeability increases. This
implies that pore fluid will create higher pressure within pore between solid particles in a coarser seabed.

Figure 11 illustrates the distribution of the wave-induced stresses versus time for various permeabil-
ities. It is clear that the vertical effective normal stress (07,) in a gravelled seabed (K, = K, = 107!
m/sec) is one-order larger than that in sandy seabeds. Furthermore, in general, the wave-induced stresses
increases as the permeability increases near wave crests. However, the influence of permeability on the

wave-induced shear stress is insignificant, as shown in Figure 11(d).

3.5 Effects of slopes

To further investigate the effects of the seabed slopes on the wave-induced soil response, we choose four
different slopes, 1/100, 1/50, 1/20 and 1/10, together with a flat seabed. As shown in Figure 12, the
wave-induced pore pressure increases as the slope of the seabed decreases. This implies that the wave-
induced pore pressure in a flat seabed is greater that in a sloping seabed. The previous solution for a flat
seabed (Jeng, 1997a) over-estimates the wave-induced pore pressures.
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Figure 9: Distribution of the wave-induced stresses versus time in a sloping seabed for various values of
shear modulus (slope=1/10).
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Figure 10: Distribution of the wave-induced pore pressure versus time in a (a) flat seabed and (b) sloping
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4 Conclusions

In this study, an integrated three-dimensional model for wave-induced seabed response has been estab-
lished. Both flat and sloping seabeds have been considered in the new model. Based on the numerical
results, the following conclusions can be drawn.

(1) Generally speaking, the magnitude of the wave-induced soil response, including pore pressure and
stresses in a sloping seabed is much smaller than that in a flat seabed.

(2) The wave-induced pore pressure and effective normal stresses are significantly affected by soil pa-
rameters, but shear stresses are only insignificantly affected by soil parameter.

(3) Besides the soil parameters, the slope of a seabed is another important parameter. Numerical results
indicate that the wave-induced pore pressure decreases as the slope of a seabed increases.

In this paper, only the non-breaking wave loading is considered. The breaking wave-induced seabed
response (including soil response and liquefaction) in a three-dimensional domain will be further investi-
gated in Jeng and Zhang (2004).
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