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Abstract

Existing hydroelastic theories are reviewed. The theories are classified into different types: two-
dimensional linear theory, two-dimensional nonlinear theory, three-dimensional linear theory and
three-dimensional nonlinear theory. Applications to analysis of very large floating structures (VLES)
are reviewed and discussed in details. Special emphasis is placed on papers from China and Japan
(in native languages) as these papers are not generally publicly known in the rest of the world.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

By definition, hydroelasticity of marine structures is the branch of science concerned
with the motion and distortion of deformable bodies responding to environmental
excitations in the sea. Hydroelasticity is concerned with phenomena involving interaction
between inertial, hydrodynamic and elastic forces (Heller and Abramson, 1959). Earlier
comprehensive reviews may be found in Jensen and Madsen (1977) and Wu (1987).
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More recent progress of hydroelasticity may be found in Wu (1994), Suo and Guo (1996)
and Kashiwagi (2000). Hydroelasticity theories for local elements like panels and decks
have recently been reviewed by Faltinsen (2000). Hydroelasticity theories for global
responses of marine structures are reviewed in the present paper including a special section
on VLFS.

2. Two-dimensional linear theories

The strip theories, well developed for sea-keeping problems from the late 1950s to the
early 1970s (Korvin-Kroukovsky and Jacobs, 1957; Salvesen et al., 1970), provide an
efficient tool for calculating the hydrodynamic forces acting on a flexible ship’s hull and
formed the essential preliminary step in the establishment of two-dimensional
hydroelasticity theories for symmetric and antisymmetric responses of hulls (Betts
et al., 1977; Bishop and Price, 1977, 1979).

Briefly, the existing two-dimensional theories treat the hull as a non-uniform
Timoshenko beam. They express the structural responses to wave excitation as a
summation of distortions in the principal modes of the beam in vacuum, represent the
hydrodynamic forces acting on the hull by means of a suitable strip theory, and solve the
whole fluid-structure interaction problem through the generalized equation of motion
given in the form

A+ta)p+B+bp+(CC+cecp=E 1)

In this equation, p is the principal coordinate vector; a, b and ¢ are the generalized mass,
damping and stiffness matrices of the dry hull respectively; A, B and C are the generalized
hydrodynamic inertia, damping and restoring matrices respectively; E is the generalized
wave exciting force vector. This equation is only valid in the frequency domain for a ship
sailing in regular waves. Its solution for the principal coordinates in conjunction with the
modal superposition theorem provides the dynamic displacements, the bending moments
and the shearing forces, etc., at any section in the structure.

Based on certain simplifying assumptions, Bishop et al. (1978) and Belik et al. (1980)
extended this frequency domain analysis to allow for the time simulation of the responses
of a flexible ship’s hull travelling in irregular head seaway with the inclusion of
contributions from slamming. The corresponding principal coordinates may be calculated
in the form

pt) = Z V28 AW H(w,)E(w,)e s + Jh(T)F(t —71)dr )
Y 0

where S(w,;) is the wave spectrum as function of the encounter wave frequency w,;; H the
receptance matrix of Eq. (1); E(w,;) the magnitude of the generalized wave exciting force
due to a regular wave with unit amplitude; ¢; the randomly distributed phase angle; & the
impulse response matrix, being the Fourier transform of H. The generalized force F
models the impact slamming force and the momentum slamming force.



X.-j. Chen et al. / Ocean Engineering 33 (2006) 439-457 441

This approach has been extensively applied to prediction of the wave- and slamming-
induced structural response of frigates with good correlation with measured results from
full-scale trials (Clarke, 1986). Based on this theory, Dong et al. (1989) and Dong and Lin
(1992) predicted the wave-excited vibration and bending moments of a full-form ship with
shallow draught and showed reasonably good agreement with the experimental results
from a segmented model test. Aksu et al. (1991a) investigated the dynamic behavior of a
product carrier in ballast condition in waves. Bishop et al. (1991) studied the mechanism
of the loss of the oil/bulk/ore carrier Derbyshire and examined similar evidence found
from six sister ships. By calculation and test, Lin (1995) verified the existence of wave-
induced springing vibration of a large oil tanker. Zhong et al. (1995) developed a method
for calculating resonant frequency of wave-induced ship hull vibrations of a large ship.
Based on the hydroelasticity theory of ships (Bishop and Price, 1979), Zhong and Zhao
(1998) studied the effects of wavelength and forward speed on the natural frequency and
wave-induced responses.

The underlying theory was also extended to account for antisymmetric wave-induced
responses for sway, yaw, roll, coupled twisting and lateral bending (Bishop et al., 1980).
Price and Temarel (1982), Pedersen (1983) and Wang et al. (1999) analyzed the horizontal
bending and torsion responses of a container carrier taking into account warping
deformations. Pedersen (1983) derived consistent discontinuity relations between open
and closed hull section and showed that such relations are needed to get an accurate
calculation of the natural frequencies. Asymmetric structures such as an aircraft carrier or
a heeled ship was considered by Conceicao et al. (1984).

The above-mentioned two-dimensional theories retain all the aspects of strip
theories, including the neglecting of hydrodynamic disturbances in the longitudinal
direction. Wu et al. (1991b) proposed a general slender body hydroelasticity theory by
extending Newman’s unified theory (Newman, 1978; Newman, 1986) to admit
distortions of the ship’s hull. Owing to the better prediction by the unified theory of
the sectional hydrodynamic force distribution along the ship’s length over the whole
wave frequency region, this slender body theory might provide better evaluation of
structural dynamic responses. Wang et al. (1991b) and Che et al. (1992, 1994)
presented an improved hydroelasticity theory for predicting hydroelastic behavior of
very large floating structures (VLFS) and small water-plane area twin-hull (SWATH)
ships in ocean waves. Here a new strip method is developed for evaluating the
hydrodynamic interaction between the main immersed structural members by a
decomposition concept of cross-section in-plane distortion, while a conventional finite
element method is applied to the dynamic analysis of the three-dimensional dry
structure. Since a three-dimensional finite element model of the structure is used, the
method allows direct computation of three-dimensional structural response, such as
individual member forces and stresses.

Based on a modal approach and generalization of the high-speed strip theory of
Faltinsen and Zhao (1991), Hermundstad et al. (1999) presented a linear hydroelastic
analysis of high-speed vessels. Hydrodynamic interaction between the hulls of a
catamaran is properly accounted for by utilizing symmetry. It is demonstrated how an
integral theorem can be utilized to find the hydrodynamic force for general mode
shapes.
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Cho and Kim (1998, 2000) investigated the interaction of monochromatic incident
waves with a horizontal porous flexible membrane in the context of a two-dimensional
linear hydroelastic theory.

Bereznitski (2001) showed by calculations that hydroelasticity plays an important role
in the slamming problem. It was found that the ratio between the impact duration and the
period of the first mode of vibration of a dry structure is the key factor in taking the
decision when the solution of the structural response should include hydroelastic effects.

Liu et al. (2001) carried out experiments in a two-dimensional water flume to measure
the elastic deformation and mooring force of a large-scale floating structure under regular
waves. The main purpose of their study was to investigate the effect of hydroelastic
response on the mooring force by changing the thickness and the length of model
structures.

For monohull ships, Jensen and Mansour (2002, 2003) developed a procedure for
estimating the effect of impulsive loads like slamming and green water on deck on the
wave-induced bending moment by a semi-analytical approach. The results are given in
closed-form expressions and the required input information for the procedure is restricted
to the main ship dimensions: Length, breadth, draught, block coefficient and bow flare
coefficient together with speed and heading.

3. Two-dimensional nonlinear theories

When a ship is experiencing relatively large motion in moderate seas, its hull may
sustain nonlinear dynamic response. Many researchers have investigated these nonlinear
effects. The studies may be broadly classified into two approaches. The first approach is
characterized by treating the rigid body motion problem and the structural response
problem separately. The second approach treats the structure and the surrounding fluid as a
coupled entity. This closely resembles a hydroelasticity analysis.

Most works, though accounting for slamming actions, retain in their expressions of the
nonlinear sectional hydrodynamic forces linear terms, which are derived basically from a
linear strip theory suitable only for small and oscillatory motions with the sectional
hydrodynamic coefficients treated as frequency dependent. However, during a slam, the
motion is neither small nor oscillatory. The difficulty in including nonlinear effects in
stochastic response analysis in the time domain lies in a proper determination of the
sectional hydrodynamic forces that is motion history and local draught dependent.
Consequently, new methods for stochastic predictions of ship nonlinear structural
responses in moderate irregular seas continue to receive much attention.

Jensen and Pedersen (1979) developed a nonlinear quadratic strip theory formulated in
the frequency domain for predicting wave loads and ship responses in moderate seas. It is
based on a perturbation procedure in which the linear terms are identical to those of the
classical linear strip theories, while the quadratic terms arise due to non-linearity of the
exciting waves, the non-vertical sides of the ship, and the nonlinear hydrodynamic forces.
This quadratic theory was extended to a hydroelastic approach by Jensen and Pedersen
(1981), Jensen and Dogliani (1996) in order to provide a more accurate prediction of
springing responses due to continuous wave excitations.
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A generalized strip theory representation was introduced by Gu et al. (1988, 1989), in
which the linear radiation solution is expressed by a time convolution and the nonlinear
hydrodynamic actions due to the instantaneous draught and the time variation rate of the
sectional added mass are included.

Soding (1982) proposed an alternative approach, which avoids both the time-
consuming convolution integral and frequency dependent coefficients and hence allows
for the arbitrary heave motion of the structure by introducing a high order differential
relation between the relative velocity and the corresponding hydrodynamic force. Wang
(1992), Wu et al. (1994), Xia and Wang (1997) applied this relation to formulate a
hydroelasticity theory, which takes into account the nonlinear hydrodynamic actions due
to the bow flare effect. This theory was applied to the S175 containership and other ships in
irregular waves. The results showed agreement with existing experimental results. Xu
et al. (1997) estimated the probability of the dynamic buckling of the ship taking into
account both slamming and wave excitation. Xia et al. (1998) presented a nonlinear time
domain strip theory for vertical wave loads and ship responses. The theory is generalized
from a rigorous linear time domain strip theory representation. The hydrodynamic
memory effect due to the free surface is approximated by a higher order differential
equation. On the basis of this time domain strip theory, an efficient nonlinear hydroelastic
method for wave- and slamming-induced vertical motions and structural responses of
ships is developed, where the structure is represented as a Timoshenko beam. Numerical
calculations are presented for the S175 containership. The agreement between predictions
and experiments was rather good.

Song et al. (1994) extended the linear frequency domain strip theory to a nonlinear two-
dimensional hydroelasticity representation by the following modifications. Firstly, the
nonlinear terms due to the bow flare effect and the instantaneous draught are introduced.
Secondly, in regular waves, the nonlinear motion of the ship and the corresponding
hydrodynamic force are decomposed into their Fourier components, so that the frequency
domain strip theory can be retained for each frequency component. Thirdly, in irregular
waves the frequency domain strip theory is still employed in time domain analysis with the
frequency dependent hydrodynamic coefficients being determined step by step at the
frequency defined by the zero-crossing period of the wave elevation.

4. Three-dimensional linear theories

To overcome the limitations imposed by two-dimensional hydroelasticity theories, and
to make it possible to examine the behavior of non-beam like flexible structures, a general
three-dimensional linear hydroelasticity theory was developed (Wu, 1984; Price and Wu,
1985; Bishop et al., 1986). A linear finite element approach is used to describe the dynamic
behavior of any three-dimensional dry structure in vacuum. The fluid actions associated
with the distorting wet structure are determined from a three-dimensional theory of
potential flow around the flexible floating structure in a seaway.

The generalized equation of motion has a form similar to that given in Eq. (1) but the
coefficients in the equation are calculated differently. On the assumption of ideal fluid and
irrotational flow, the generalized hydrodynamic inertia, damping and restoring matrices,
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A, B and C together with the generalized wave exciting force E are defined by integrals of
the solutions of the potential flow over the wetted surface. The strengths of the
singularities are solved by employing the interface boundary condition over the wetted
surface. In this connection, Xia and Wu (1993) presented a general form of the interface
boundary condition of the fluid—structure interactions, which takes into account the strain
tensor field of the body surface. When the strain tensor field equals zero, the form is
simplified to the Timman—Newman relation for a rigid body. In case no tangential external
forces act on the wetted surface of the flexible structure, it is reduced to the generalized
Timman—Newman relation for a flexible body (Wu, 1984; Price and Wu, 1985). For a
slender body, the form becomes the body boundary condition of the strip theory.

This three-dimensional hydroelasticity theory has been applied to a wide range of fluid—
structure interaction problems. This range includes arbitrarily shaped flexible structures
excited by random waves, the slamming of flexible structures travelling in head or oblique
seaways and the transient loading caused by an explosion. In all cases, the three-
dimensional hydroelasticity theory has proved its versatility to describe the physics of the
fluid—structure interaction process in terms of rigid-body and distortion responses, external
loading and internal stresses.

Price et al. (1985), Fu et al. (1987), Lundgren et al. (1988), Wu and Du (1990), Aksu
et al. (1991a), Kean et al. (1991), Ergin et al. (1992), Louarn et al. (1997), Wang et al.
(2001), Phan and Temarel (2002), Li et al. (2002) and Fu et al. (2003) have applied this
theory to different kinds of floating structures. Price and Wu (1989) modified the theory to
allow for fluid viscous damping effects based on a Morison type approximation for viscous
drag forces. Aksu (1993) extended the theory to time domain simulation of the behavior of
slamming in irregular head and oblique waves. Comparison of responses derived from
two- and three-dimensional hydroelasticity theories for a slender structure experiencing
slamming in head waves showed good agreement (Aksu et al., 1991b).

A complete frequency domain analysis method for linear three-dimensional
hydroelastic responses of floating structures moving in a seaway is presented by Du
(1996). The method allows all the terms appearing in the general linear hydroelasticity
theory, proposed by Wu (1984), Price and Wu (1985) to be retained in the numerical
analysis. Thus, a more rigorous and complete analysis of the hydroelastic behavior may be
carried out in the frequency domain for a travelling structure with no severe restrictions on
its slenderness and forward speed.

Wang (1996); Wang and Wu (1998) used the Price—Wu condition at the interface
between a flexible marine structure and a surrounding fluid flow to obtain a solution for the
three-dimensional potential flow in the time domain around a flexible structure travelling
in waves expressed as a boundary integral equation. The Green function, which satisfied
the linearised free surface condition for the time dependent problem, was employed. A
hydroelastic analysis in time domain to predict the loads, motions and structural responses
of ships at a steady forward speed in a seaway was formulated.

Based on the semi-moment shell theory and the three-dimensional fluid boundary
element method, Zhang et al. (1996) used the technique of the dry model to establish a
three-dimensional model for fluid—structure interaction for ships vibrating in water.
Similarly, Suo and Guo (1996) extended an existing three-dimensional hydroelasticity
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theory to bodies moving forward and rotating in water. Applications of the theory to
marine propeller blades are illustrated.

Liu and Sakai (2000, 2002) developed a time domain numerical method for analysing
the hydroelastic response of flexible floating structures to waves. The boundary element
method is used to evaluate the fluid motion and the finite element method to analyze the
elastic deformation of the structure. The dynamic wave—structure interaction is simulated
by prescribing the conditions on a wave generation boundary for each time step and by
satisfying the continuity of the pressure and the displacement on the fluid—structure
interface. The numerical results are compared with experimental results. Further, the
development of a solitary wave under a flexible floating structure is observed both in
numerical analyses and experiments.

5. Three-dimensional nonlinear theories

Wu et al. (1997) firstly presented a three-dimensional nonlinear hydroelasticity theory.
The expressions of the generalized second-order hydrodynamic forces are formulated by
Wu et al. (1997), and the nonlinear equations of motion in frequency domain and in time
domain are presented as

> lan +Apr(®) + (b + Badpi(®) + (o + Cpie + ACy + Cmy)py(1)]
k=1

=EVD+ZP0+ 729 + 0, +J, (3)

and
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where r=1,2,....m.

In Egs. (3) and (4), a,« b,;, and ¢, are elements of the generalized mass matrix a, the
generalized damping matrix b and the generalized stiffness matrix ¢ of the structure; A,
and B, are the elements of the generalized hydrodynamic inertia matrix A and the
generalized hydrodynamic damping matrix B, respectively; C,; and AC,, are the elements
of the generalized restoring matrix C and AC respectively; Cm, is the elements of the
generalized restoring matrix of the mooring system; p, is the component of the principal
coordinate vector p; EXV and Z are components of the generalized first-order and second-
order hydrodynamic forces respectively; Z”, Q, and J,o are the components of the
generalized steady-state forces; A, B, C,x and C';k are the time domain hydrodynamic
coefficients; K, is the retardation function. The expressions for the coefficients and
functions can be found in Wu et al. (1997).
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Based on the theory of Wu et al. (1997), a second-order nonlinear hydroelastic
analysis method and associated numerical results of a moored floating body are
presented by Chen (2001) and Chen et al. (2002a,b, 2003d,e). The predicted principal
coordinates of the second-order sum and difference frequency components of a moored
rectangular box-like beam platform indicate that resonance may occur in waves of
every direction. The second-order forces have a great effect on the responses of the
floating structure.

6. Nonlinear structural characteristics

The importance of hydroelasticity of large floating ocean structures (VLFS) has come
into focus in recent years. A pontoon type VLES is often simplified as a thin plate (Ohkusu
and Namba, 1996, 1998; Ertekin and Kim, 1999). Published results (Ohkusu and Namba,
1996, 1998; Ertekin and Kim, 1999) showed that the maximum vertical displacements of a
VLES can be larger than 1 m. These deflections are of the same order of magnitude as the
plate thickness and if the incident waves come from different directions, the wavelengths
are so small that the membrane forces in the plate should be considered, Chen et al.
(2003b).

A hydroelastic analysis considering nonlinear characteristics of the structure is
introduced by Chen (2003) and Chen, et al. (2003a,c). The hydroelastic equations for a
floating plate with large deflections is

(@ +A)p@) + (¢ + Op@) = E@) +f(1), &)

where f(f) is the generalized nonlinear force vector induced by the nonlinear
characteristics of the large deflections of the plate. A numerical procedure is developed
based on the von Karman plate theory. The nonlinear hydroelastic behavior of a model of a
VLEFS in multidirectional waves is predicted. The results show that when account is made
for the membrane effect in short-crested sea in the calculation of the vertical displacements
and bending moments, the membrane forces can increase the longitudinal stresses by 30%
and should therefore be considered in a design procedure.

Nonlinear hydroelastic analysis theories considering both the nonlinear characteristics
of the fluid and the characteristics of the structure are established by Chen (2003) in the
frequency and time domain. A solution procedure is introduced, but no numerical results
are presented.

7. Example of application: hydroelasticity of very large floating structures

The types of VLFS discussed are usually pontoon type and semi-submersible type.
From a dynamic point of view, the VLES is different from conventional floating structures.
The stiffness is relatively small and its behavior on the water surface is similar to that of an
elastic thin plate. As the incident wavelength is relatively very short, it is often difficult to
maintain a good accuracy of the numerical simulation of motions.
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Hydroelasticity is important for VLFS and therefore the application of hydroelasticity
theories in the analysis of VLFS are reviewed in details in this section. A few of the papers
are the same as in the preceding sections but now the focus is on the application.

Experimental studies in this area are very scarce and there are only a few papers, e.g.
Yago (1995), Yago and Endo (19964, b), Yamashita et al. (1997), Ohta et al. (1998), Wang
(2001) and Chen et al. (2003).

The double composite singularity distribution method was proposed by Wu et al.
(1991a) for the hydroelastic analysis of a structure with both port-starboard and fore-aft
symmetries, and it was employed to check the conceptual design of a kind of very large
floating airport of a length form 500 m (five modules) to 1600 m (16 modules) or larger
(Wang et al., 1991b; Du and Ertekin, 1991; Ertekin et al., 1993; Riggs and Ertekin, 1993;
Wang, 2001).

Wang et al. (1991b) presented an improved hydroelasticity theory for predicting the
hydroelastic behavior of VLFS in ocean waves. In this theory, a new strip method is
developed for evaluating the hydrodynamic interaction between the main immersed
structural members by a decomposition concept of cross-section in-plane distortion, while
a conventional finite element method is applied to dynamic analysis of the three-
dimensional dry structure.

Wu et al. (1995) applied an eigenfunction expansion matching method to two-
dimensional hydrodynamic analyses of VLFS, and Nagata et al. (1997a, b) and Ohmatsu
(1997) expanded this method to three-dimensional analyses.

Often, the mode expansion method is applied to analyze the responses of a VLFS, e.g.
Tsubogo (1998), Seto and Ochi (1998), Kashiwagi (1998b), Maeda et al. (1996, 1997),
Nagata et al. (1997a, b), Takaki and Gu (1996), Zhu et al. (1997), Kagemoto et al. (1996),
Wang et al. (2001), Sun et al. (2002), Li et al. (2002) and Jin (2003).

There are different techniques for calculating the hydrodynamic forces for a given
prescribed mode. Newman et al. (1996), Price et al. (1996), Ma and Hirayama (1997)
presented a method based on the boundary element method (BEM). Maeda et al. (1995);
Yago (1995); Takaki and Gu (1996) developed calculation techniques based on the
pressure distribution method, which is essentially the same as the BEM except for an
assumption of zero draught. In these calculation methods, the surface of a floating
structure is divided into element panels. The unknown pressure on a panel is assumed to be
constant in most papers, but this necessitates a large number of panels for high accuracy in
the range of short waves. Yasuzawa et al. (1997), Hamamoto et al. (1997) used a linear
element, and Hamamoto et al. (1998) adopted the eight-point quadratic element. However,
the problem of large computation time for very short waves is not resolved. Newman et al.
(1996) and Kashiwagi (1998b) developed an efficient means of calculation by introducing
a B-spline accuracy with a relatively small number of unknowns.

Wang et al. (1997) introduced two techniques in the three-dimensional hydroelasticity
theory to increase the computational efficiency for the determination of the dynamic
response. One technique is related to the convergence of the Green function and its
derivatives, through the introduction of a criterion used to truncate the influence of the
Green function and its derivatives. The other involves the use of an iterative sparse solver
for the linear system of equations. The basic idea behind the application of these two
techniques is that a source makes a very small contribution to the potential at a point ‘far
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away’ from the source point. By employing these two techniques in the hydroelastic
analysis of a VLFES, the CPU time and required storage are considerably reduced.

Many modes must be taken into consideration in the mode expansion method, but some
of them do not contribute to the solution. To avoid this, direct methods have been studied,
solving the equations of elastic motion and pressure distribution simultaneously. Yago and
Endo (1996b), Yasuzawa et al. (1997) and Hamamoto et al. (1997) developed a direct
method in which the pressure distribution is calculated by means of the boundary element
method and the elastic motion is solved by a finite element method. Kashiwagi (1998b,c)
proposed another direct method using the B-spline function for representing both the
pressure and the elastic deflections. Ohkusu and Namba (1998) showed a different
approach to the direct technique. An elastic thin plate is assumed to be a part of the water
surface but with different physical characteristics than those of the free surface of the
water. Hermans (1998) proposed a unified integral equation for the deflection only, by
eliminating the pressure using the elastic equation of motion. Kim and Ertekin (1998)
developed a new direct method using the eigenfunction expansion matching method.

An eigenfunction expansion method based on a new orthogonal inner product is
proposed by Sahoo et al. (2000) for the study of the hydroelastic response of mat-type
VLEFS in head seas. However, their main emphasis is on the effect of edge conditions and
they assume that the plate is of a semi-infinite length. Sun et al. (2002) use the same
eigenfunction expansion method for studying the hydroelastic response of an elastic plate
of finite length in surface waves. It is found that the finite length effect is important.

Based on linear potential theory, Shin et al. (2000) studied the hydroelastic responses of
the VLES. A theoretical method is developed to analyze the hydroelastic responses using
the pressure distribution method and the modal expansions of the structural motion. The
singularities are distributed over the structure of a zero draught plate on the free surface
and hydrodynamic pressures are evaluated. The integral equation is formulated by the
Green function in case of finite water depth. The deflections of the structure are
approximated by a modal expansion in terms of natural mode functions of free—free
beams.

Bai et al. (2001) developed a numerical method for analysing the hydroelastic response
of a floating runway located inside a harbour. Numerical implementation is made by use of
the localized finite element method. The fluid domain is divided into domains. The
solution in the outer domain is used to provide a numerical radiation condition for the
inner domain.

Yan (2003) and Yan et al. (2003a) studied different deflection functions to analyze the
hydroelastic response of VLFS. Yan et al. (2003b) combined the plate Green function and
the fluid Green function in an analysis of the hydroelastic response of VLFS. The plate
Green function is a new one proposed by the authors and it satisfies all boundary
conditions for free—free rectangular plates on elastic foundations. The results are
compared with experimental data. It is shown that the method proposed in this paper is
efficient and accurate.

For the semi-submersible type of VLFS, knowledge of the hydrodynamic interaction
between many columns is essential. The number of columns of VLFS may be more than
one thousand, so that an efficient calculation method is required. Ma and Hirayama (1997)
applied a boundary element method to this problem, but a large amount of computer time
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is required for an actual VLFS. Iijima et al. (1997) and Kashiwagi (1998a) proposed a
practical method for obtaining the hydrodynamic interaction by means of hierarchical
interaction theory for a large number of columns, which drastically shortens the computer
time needed.

Wang et al. (1991a), Ertekin and Riggs et al. (1993) and Riggs and Ertekin (1991)
described a simplified analysis procedure based on three-dimensional hydroelasticity,
which can be used to determine the motions and internal forces of a multi-module VLFS.
Each module is considered rigid, and hence all deformations occur in the module
connectors. The maximum extreme connector forces for hinged modules are often a result
of horizontal bending induced by oblique waves.

Ray theory has been applied by Hermans (2000). An exact integral differential equation
for the deflection of a VLFS in deep water is derived. The equation was solved numerically
by means of a boundary element method and a mode expansion. The formulation was used
to derive the boundary condition for applying the ray method to short-wave diffraction
(Hermans 2001, 2003). The influence of water depth on the hydroelastic response is
studied by Andrianov and Hermans (2003). Recently, Takagi et al. (2003) used the ray
theory to estimate the wave drift force and moment acting on a VLFS of arbitrary
geometry.

Tsubogo (2001) presented an advanced boundary element method to analyze floating
elastic plates subject to a train of plane waves. This method is based on Ertekin and Kim
(1999), where a matching boundary integral equation method is applied using linear long-
crested waves and a thin plate theory with the free edge conditions of the plate discretized
by the finite difference method (FDM). In Tsubogo (2001), a Fourier series expansion is
used instead of FDM.

Song et al. (2002a) found that the linear level I Green—Naghdi theory (Ertekin and Kim,
1999) gives nearly the same results as linear wave theory for finite water depth. Song et al.
(2002) used the beam-on-elastic-foundation model to analyze the hydroelastic response of
mat-like VLFS. Maeda et al. (2002), Ikoma et al. (2002) proposed an air supported type of
VLFS and examined the hydroelastic behavior of the structures in not only head sea
conditions but also oblique sea conditions.

Most studies on VLFS are restricted to linear problems in the frequency domain.
However, Watanabe and Utsunomiya (1996), Kim and Webster (1996), Yeung and Kim
(1998) and Endo (2000) calculated the time domain phenomenon when an aircraft lands
and takes off from VLFS. Ohmatsu and Ohta (1998) presented a time domain
superposition method for simulating the behavior of VLFS in irregular waves. Masuda
et al. (1998) carried out numerical simulations concerning the elastic deformation and
mooring force of a VLFS on Tsunami waves. Endo and Yoshida (1998) showed another
time domain simulation method, based on Cummins’ concept of impulse response
functions.

Hydrodynamic problems concerned with VLFS can usually be treated as linear
problems because the scale is very large compared with the amplitude of the incident
waves. A local problem such as impact load around the end should, however, be treated as
a nonlinear problem. The slamming phenomenon around the end of VLFS was studied
experimentally and analytically by Yoshimoto et al. (1996). Faltinsen (1996) estimated
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local stress due to bottom slamming on a VLFS and compared these estimates with
experimental results.

Maeda et al. (1997) and Ikoma et al. (1998) calculated the second-order wave loads
acting on VLFS. They used a thin plate hydrodynamic theory, and the VLFS was
simplified to a floating flexible plate.

VLES are of an extremely large size of several kilometres in length. Thus, the water
depth at one end of the platform may be different from that at the other end. Sun et al.
(2003a) investigated the impact of the variable depth on the hydroelastic responses of a
VLEFS. For simplicity, an ascending plane slope is taken to simulate the varying bottom
although the method is capable of treating a bottom of arbitrary variation. A thin plate
theory is used to model the mat-like VLFS. The FDM is used to solve the boundary value
problem. The results for the zero inclination slopes are compared with experimental data
and an analytical method for validation of the present numerical method. The effects of the
inclination of the slope on reflection and transmission coefficients and plate deflections are
investigated thoroughly. Furthermore, they analyzed the hydroelastic response of VLFS
over variable bottom in waves (Sun et al., 2003b).

8. Comments and conclusions

An overview of hydroelasticity of marine structures is given. Several of the theories
(e.g. two-dimensional linear theory and three-dimensional linear theory in the frequency
domain) are very mature, but others, such as three-dimensional nonlinear theory and the
hydroelasticity considering nonlinear structural behavior are still being developed.

Frequency domain methods are discussed and used in many of the theories dealing with
linear and nonlinear responses. Time domain methods are only suitable for fully nonlinear
problems. Development of effective nonlinear hydroelastic theories in the time domain
should be the main target in near future.
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