
INTRODUCTION

Seawalls are sometimes provided with a submerged rubble toe.
The toe causes early breaking of high waves and protects the sand
seabed in front of the seawall from liquefaction/scour. However,
the influence of the permeable toe on the wave deformation and
the porous flow has not been investigated. The deformation and
stability of the toe and seabed were not also evaluated in addition
to the scour and liquefaction in the seabed offshore the toe. 

The existence of a permeable structure over a permeable seabed
under the attack of nonlinear water waves presents great difficul-
ties for the solution of the problem. Therefore, simplified approxi-
mate solutions are common practice. These solutions may define
either the wave field around the structure, assuming it to be
impermeable with a rigid seabed, or may provide the wave-
induced pore-water pressures and velocities inside the structure
and seabed using the linear water wave theory.

The wave-induced pore-water pressure and stresses in a poro-
elastic seabed were computed either analytically (Yamamoto,
1977; Magda, 1994) or numerically using finite element method
(Gatmiri, 1990). In their studies, they aimed at testing the possi-
bility of seabed liquefaction and/or shear failure under severe
wave conditions. Others also reported that wave-induced liquefac-
tion in the sand seabed is responsible for a collapse of the struc-
ture, and they showed experimentally the settlement of concrete
blocks by the pressure fluctuation (e.g. Maeno and Nago, 1988).

A mixed numerical model for the simulation of wave motion in
rubble mound breakwaters was developed to check the dynamic
stability of the seaward slope under severe wave attack using the
modified Navier-Stokes equations (Hannoura and McCorquodale,
1985). The surface boundary pressure was furnished via direct
pore pressure records. For composite breakwaters, a finite element
model based on Biot’s equations (1941) was developed to com-
pute the wave-induced solid’s displacement and pore-water pres-
sure in the seabed and rubble foundation (Mase et al., 1994). Lin-

ear standing waves were used to provide the pressure along the
boundary surfaces.

Few researchers coupled the wave and the structure in one
computational scheme. The wave deformation and its induced
pore-water pressures and velocities in case of wide-crown sub-
merged breakwaters were studied experimentally and numerically
(Mizutani et al., 1996b).  The foregoing flow model has been
modified to study the coupled wave, structure and foundation
nonlinear dynamic interaction for a seawall with a rubble toe rest-
ing over a porous seabed. The boundary element method (BEM)
based on the time-domain solution of the BIEM is utilized to
solve the nonlinear wave field. The Finite Element Method (FEM)
is employed to solve the modified Navier-Stokes equations in the
porous media. The combined BEM-FEM model solves the wave
field and porous media simultaneously at each time step in a time-
marching scheme. A poro-elastic finite element model based on
Biot’s equations (1941) is also developed to compute the solid
particles’ displacement and pore-water pressure inside the toe and
seabed. This model needs the pressure on the surfaces subject to
the wave action. The surface pressure is computed by the BEM-
FEM model at each time step. 

Various hydraulic properties and sizes of the toe are studied to
predict their corresponding impact on the flow inside the porous
media and the wave deformation. Suitable toe dimensions are
sought in order to produce the minimum possible wave height at
the seawall. Since the deformation of the porous media is a func-
tion of both the wave conditions and the properties of the porous
media, the toe stability is studied for different seabed geotechnical
properties and thickness.

MODELS FORMULATION

BEM Model for Nonlinear Waves

In the wave domain, the water is considered incompressible
and inviscid, and its motion is irrotational. The governing equa-
tion for the velocity potential in the fluid domain is given by a
Poisson equation (Brorsen and Larsen, 1987):
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where f is the velocity potential; X and Z\ are the horizontal and
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ABSTRACT

A combined BEM-FEM model has been developed to simulate the dynamic interaction between nonlinear waves and an
impermeable seawall with a submerged rubble toe over a sand seabed. Fully nonlinear potential equations are used to solve
the wave domain and modified Navier-Stokes equations for the porous media. A poro-elastic finite element model has also
been developed and used under the nonlinear surface pressure computed by the BEM-FEM model. The wave deformation
and its induced pore-water flow are analysed for different hydraulic properties and sizes of the toe. The effects of the seabed
shear modulus and thickness on the toe deformation and stability are investigated.
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