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HYDROELASTIC RESPONSE BEHAVIOUR OF A SUPPLY VESSEL IN 
WAVES 

SUMMARY 

When designing a ship or an offshore structure, the naval architect has to meet 
requirements of initial cost, safety, reliability, performance and so on. For this 
reason, tends to rely heavily on semi-empirical rules based on past experience; the 
result is that designs evolve only slowly from one type of vessel to another. So as the 
years passed; a more detailed and realistic investigations of ships are required. 

The hull of a ship is usually based on considerations of static and quasi-static 
analyses, whereas in reality the structure will operate in conditions determined by the 
wind and the seaway. Traditionally, the behaviour of a moving floating structure in 
water has been divided somewhat artificially, into distinct subjects, each with its own 
basic assumptions. 

Hydroelasticity is the study of the behaviour of a flexible body moving through a 
liquid. When applied to a flexible ship hull or offshore structure, it may be used to 
determine stresses, motions and distortions under the actions of external fluid 
loadings arising from the seaway. 

In this study, the hydroelastic behaviour of a supply vessel under regular waves was 
investigated with using finite element method and panel method together. Also, the 
fluid-structure interaction effects are calculated in terms of the generalized added 
mass and hydrodynamic damping coefficients in the frequency domain. 
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BİR DESTEK GEMİSİNİN DALGALAR ARASINDAKİ HİDROELASTİK 

DAVRANIŞLARI 

ÖZET 

Bir gemi veya açık deniz yapısının tasarım sürecinde, bir gemi inşaa mühendisi 
maliyet, güvenlik, güvenilirlik, performans ve daha birçok kriteri göz önünde 
bulundurur. Bu yüzden; güvenli sahada kalmak adına geçmişten beri kullanılan ve 
yari ampirik temelleri olan kurallar baz alınarak tasarımlar yapılmaktadır. 
Dolayısıyla, üretilen gemiler veya açık deniz yapıları ya gerektiğinden fazla ağır 
üretilir ve seyredeceği deniz şartlarında gerekli performansı veremeyebilir. Bu 
yüzden, deniz yapıları ve gemiler üzerinde yapısal anlamda daha detaylı ve gerçekçi 
incelemeler yapılması gerekmektedir. 

Bir tekne yapısı tasarım aşamasında statik veya sanki statik analizlerden gelen 
sonuçlar ile boyutlandırılır. Ancak, gerçek fiziksel ortamda gemi şartları deniz ve 
rüzgar tarafından belirlenen dinamik bir ortam için tasarlanmalıdır. 

Hidroelastisite, teorik olarak bir sıvı içinde haraket eden elastik bir yapının dinamik 
davranışlarını incelenmesidir. Bu teori bir gemi veya açık deniz yapısı için 
uygulandığında; yapı üzerindeki gerilmeler, elastik ve rijit yer değiştirmeler deniz 
durumundan kaynaklanan dış yükler altında belirlenebilir. 

Bu çalışmada, bir destek gemisinin düzenli dalgalar arasındaki hidroelastik 
davranışları  sonlu elemanlar metodu ve panel metodu birlikte kullanılarak 
incelenmiştir. Ayrıca, akışkan-yapı etkileşimi etkileri olan, genelleştirilmiş ek su 
kütlesi ve hidrodinamik sönüm katsayıları da frekansa bağlı olarak hesaplanmıştır.  

  



  xviii

 

 



 1

1.  INTRODUCTION 

Floating structures, low speed conventional ships and high-speed mono- or multi-

hulled vessels, are affected by several types of dynamic loads including 

environmental actions, such as wind and waves, the latter being considered as the 

most important source of motions and structural responses in a seaway. It is only fair 

then to say that engineering analyses for the prediction of the wave-induced dynamic 

responses of such engineering systems could be based on a realistic formulation of 

the fluid-structure interaction domain via integration of hydrodynamics, structural 

mechanics and use of novel modelling techniques. The degree of interaction between 

the structural response and hydrodynamic loads determines the practical solution in 

each of the structural and fluid domains respectively and provides valuable 

information with regards to global strength analysis and assessment. According to 

the degree of the structural response problem areas can be divided between those 

where the ship can be treated as a rigid body and those for which its inherent 

flexibility significantly affects the degree of the dynamic response. 

In recent decades, the treatment of ships as rigid bodies responding to waves has 

continued to be largely in use and the prediction of seaway induced dynamic loads 

has been approached by two distinct procedures namely hydrodynamic analysis and 

quasi-static structural safety assessment. In both these approaches bodily motions 

imply that the structure is a rigid body experiencing neither strains nor stresses. 

Therefore, concepts such as mode shapes, natural and resonance frequencies, fatigue 

etc are not encompassed by the rigidity restriction. Although the traditional 

methodologies have been successful to a certain extent and are continuously striving 

to improve, they still do not prevent catastrophes happening as a result of excessive 

wave-excited hull responses of ships in rough seas. 
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Traditionally, the study of the hydrodynamic behaviour of a moving floating 

structure in water has been divided into three distinct subjects namely manoeuvring, 

seakeeping and strength analysis. The first relates to the deterministic behaviour of a 

rigid ship in calm water when it is subjected to external actions caused by forced 

motion of the rudder or stabilizer fins or by selective use of propellers and thrusters. 

Seakeeping theory, on the other hand, determines the responses of a rigid ship, 

moving in regular sinusoidal waves or random seaway, while strength analysis is 

used to determine the loading experienced by the structure under static or quasi-static 

conditions. 

At this stage, hydroelasticity theory provides an alternative. By definition 

hydroelasticity of the ships is the branch of science concerned with the motion and 

the distortion of the ships responding to environmental conditions in the sea. 

Hydroelasticity is concerned with phenomena involving relation between structural 

theory, hydrodynamics and statistical theory (Chen et al., 2006). It may intuitively be 

assumed that awareness of ships experiencing strains and stresses, hence their 

structural flexibility, has been an expected fact since they first appeared. 

In its two or three dimensional form it is unified in the sense that it subsumes the 

principals of structural theory and naval hydrodynamics by studying the behaviour of 

a flexible body moving through a liquid. The two stage approach of dry (or  in 

vacuo) and wet analyses assess the dynamic strength of a floating structure travelling 

at arbitrary heading in regular waves or irregular seaways via direct evaluation of its 

dynamic loads and responses. When applied to a ship hull it may be used within the 

concepts of linearity to determine the inherent stresses, motions and distortions under 

the actions of external loading arising from the seaway, as well as other dynamic 

sources of excitation, if required. A typical example for incorporating hydroelasticity 

in the design process of mono-hulled vessels is shown in Figure 1.1 (Harding et al., 

2006). The relatively simpler two-dimensional analysis, comprising beam structural 

idealization and strip theory for the fluid forces and fluid-structure interactions, can 

be used during preliminary design. On the other hand, a more detailed FE structural 

idealization combined with source distribution over the mean wetted surface can be 

used for the detailed design, where detailed structural FE models are usually 

available. 
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From a design point of view, it is always of interest to estimate the ship responses in 

certain sea states as well as the extreme responses a ship may experience in her 

whole life. Statistical analysis is then required by post-processing the responses from 

regular waves with wave spectra and wave data of the service area within in the 

interested time scale. Although throughout the years, the recommended wave 

spectrum functions or wave data might have changed, the general procedure remains 

almost the same. Obviously, the accuracy of the response to regular waves forms the 

basis to carry out such statistical analysis. 

Nevertheless, the evolution of naval architecture, coupled with developments in 

computational technology, resulted in examining the dynamic behaviour of ships at 

sea within distinct subject areas, each based on its individual set of assumptions, 

namely seakeeping of rigid bodies in waves, manoeuvring of rigid bodies in calm 

water, and strength of ships. 

1.1 Background 

The concept that ships are flexible structures that can be modelled as elastic beams 

was first referenced in learned literature by Inglis (1929). However, the term 

hydroelasticity was coined for the first time by Heller and Abramson (1959). They 

defined hydroelasticity as the naval counterpart to aeroelasticity and recognized that 

at fluid structure interaction level significant differences may exist between the 

hydrodynamic, inertia, and elastic forces experienced by a floating marine structure. 

In other words, the fluid pressure acting on the structure modifies its dynamic state 

and, in return, the motion and distortion of the structure disturb the pressure field 

around it. 

1.1.1 Two dimensional theories 

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 anti-

symmetric responses of hulls (Betts et al., 1977; Bishop and Price, 1977, 1979).  
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The main aim of this concept was to develop of precision in fluid-structure 

interaction modelling for a more accurate representation of the engineering system, 

namely allowing the flexible structural characteristics of the ship influence and the 

corresponding interactions with the fluid forces. The underlying theory was also 

extended to account for anti-symmetric wave-induced responses for sway, yaw, roll, 

coupled twisting and lateral bending (Bishop et al., 1980a). The new theory, within 

the assumptions of two-dimensional (2D) potential flow analysis and linear beam 

structural dynamics, enabled to evaluate the influence of symmetric (i.e. vertical 

bending), anti-symmetric (i.e. coupled horizontal bending and twisting), and 

unsymmetric (coupled vertical and horizontal bending and twisting) distortions on 

wave-induced loads in regular and irregular waves (Bishop et al., 1977, 1986a, 

1980b). The unified nature of hydroelasticity theory allowed for the inclusion of both 

rigid-body motions and distortions. 

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. This equation is only valid in the frequency domain for a ship sailing in 

regular waves. In conjunction with the modal superposition theorem, its solution for 

the principal coordinates provides the dynamic displacements, the bending moments 

and the shearing forces, etc., at any section in the structure. 

Furthermore, it provided the means of evaluating global wave induced loads due to 

transient bottom impact forces, in head regular and irregular waves (Belik, 1983). 

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 with using convolution integral techniques. 

The underlying theory, was also extended to account for anti-symmetric wave 

induced responses for sway, yaw, roll, coupled twisting and lateral bending. 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 
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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). Also, 

Zhong and Zhao (1998) studied the effects of wavelength and forward speed on the 

natural frequency and wave-induced responses. 

A fundamental aspect of this theory was the use of the ‘in vacuo’ or ‘dry hull’ 

analysis to determine the principal mode shapes of the flexible structure. Earlier 

work was based on the ‘wet modes’, accounting not only for the mechanical 

properties of the hull structure but also for the influence of the fluid (Bishop and 

Taylor, 1973). One may assume that the ‘wet mode’ approach is more relevant to 

physical measurements associated with the fluid–structure system; however, 

orthogonality properties of ‘wet modes’ depend on assumptions made with reference 

to hydrodynamic actions. 

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. (1991) 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. (1991) and Che et al. (1992, 1994) 

presented an improved hydroelasticity theory for predicting hydroelastic behaviour 

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 
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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. 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 hydroelasticity 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. 

For mono-hull 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. 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. 
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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 

with quadratic strip theory formulation. 

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. 

Söding (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), 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. 
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Song et al. (1994) extended the linear frequency domain strip theory to a nonlinear 

two-dimensional hydroelasticity representation by the following modifications. 

Firstly, the non-linear terms due to the bow flare effect and the instantaneous draught 

are introduced. Secondly, in regular waves, the non-linear 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. 

Through the years passed, even though 2-D hydroelasticity theories are still 

frequently used in design processes and investigations. In terms modelling and 

achieving results, two-dimensional theories are more practical than 3-D 

hydroelasticity theories in the design stage although its limitations. 

Fukasawa and Miyazaki (2009) proposed a methodology to estimate the local stress 

distribution of a ship in slamming condition. The calculation procedure consists of 

three levels; that was the estimation of nonlinear ship motion and distortion as a 

flexible beam, the estimation of non-linear pressure distribution in each ship section, 

and the stress analysis of the entire ship structure with totally very short processor 

durations. Ogawa et al. (2009) developed a practical prediction method of wave 

loads in rough seas taking hydroelastic vibration into account for container ships and 

comparison with model tests was also made. 

Denchfield et al. (2009) studied on the evaluation of symmetric motions and global 

wave-induced loads for a Leander class frigate in head irregular and rogue waves 

using a 2D hydroelasticity analysis. Miao and Temarel (2009) investigated the failure 

of the MSC Napoli using 2D symmetric hydroelasticity analysis. The aim of the 

investigation was to assess the influence of whipping-induced loads on the structural 

strength of this containership. Santos et al. (2009) studied the symmetric (heave and 

pitch motions and distortions associated with vertical bending) wave induced 

dynamic behaviour of a fast patrol boat. The limitations of 2D and 3D hydroelasticity 

theories were discussed in this study.  
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1.1.2 Three dimensional theories 

To overcome the limitations imposed by two-dimensional hydroelasticity theories, 

the three-dimensional (3D) form of unified hydroelasticity theory was developed in 

the late 1980s to include applications to non-beamlike marine structures, such as 

multi-hulled vessels, and to assess the effects of more detailed local structural 

configuration on the global dynamic response (Wu, 1984; Price and Wu, 1985; 

Bishop et al., 1986b). This theory employs either 2D beam or 3D structural 

idealizations, through finite element (FE) modelling, together with 3D potential flow 

analysis around the flexible floating structure in a seaway using pulsating source 

distribution over the vessel’s mean wetted surface. 

The generalized equation of motion has a form similar to that was mentioned for 2D 

theories, 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, together with the generalized wave exciting force,  

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. 

The formulation of restoring coefficients of the theory (Price and Wu, 1985) 

appeared to be a problem, which had not been thoroughly investigated before. 

Newman (1994) presented an expression of the restoring coefficients for a stationary 

floating structure, where the effect of volumetric deformation on the hydrostatic 

forces is included. Riggs (1996) re-examined these formulations, and by including a 

weight term derived another formulation for a stationary floating structure. By 

extending this analysis and introducing the geometric stiffness, Huang and Riggs 

(2000) obtained a revised expression, which is proved to be symmetric in form 

involving a volume integral of the initial stress and partial derivatives of mode 
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shapes. Abovementioned restoring coefficients only stand for a stationary floating 

structure. A formulation of restoring coefficients for a moving or stationary flexible 

structure was presented by Du et al. (2001).  

A 3D hydroelastic analysis method based on the frequency domain potential theory 

employs one of the frequency domain Green’s functions, resulting in the frequency 

dependent hydrodynamic coefficients. This kind of method is referred to as the 

frequency-domain hydroelastic analysis method, although the time simulation of the 

responses in irregular waves may also be performed by calculation of the response 

amplitude operators (RAOs) and superposition of the corresponding weighted 

frequency components, each varies sinusoidally in time domain. 

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, 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.  

Ergin and Temarel (2002) examined the dynamic characteristics (i.e., natural 

frequencies and mode shapes) of a partially filled and/or submerged, horizontal 

cylindrical shell. In this investigation, it is assumed that the fluid is ideal, and fluid 

forces are associated with inertial effects only: namely, the fluid pressure on the 

wetted surface of the structure is in phase with the structural acceleration. The in 

vacuo dynamic characteristics of the cylindrical shell are obtained using standard 

finite element software. In the “wet” part of the analysis, it was assumed that the 

shell structure preserves its in vacuo mode shapes when in contact with the contained 

and/or surrounding fluid and that each mode shape gives rise to a corresponding 

surface pressure distribution of the shell. The fluid-structure interaction effects were 

calculated in terms of generalized added masses, using a boundary integral equation 

method together with the method of images in order to impose an appropriate 
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boundary condition on the free surface. To assess the influence of the contained 

and/or surrounding fluid on the dynamic behaviour of the shell structure, the wet 

natural frequencies and associated mode shapes were calculated and compared with 

available experimental measurements.  

Uğurlu and Ergin (2008) extended this method by applying the direct boundary 

integral quation method, and by using a higher-order panel method (linear 

distribution). The method employed in this study is a hybrid method—a boundary 

integral equation method for the calculation of the fluid–structure interaction effects 

and a finite element method for the structural analysis. They presented the effects of 

different end conditions on the response behaviour of thin circular cylindrical shell 

structures fully in contact with flowing fluid. Additionally, the dynamic responses of 

a tapered cylindrical shell conveying flowing fluid and simply supported at its ends 

were investigated. It should also be said that the method used in this study could be 

applied to any shape of cylindrical structure in contact with internal and/or external 

flowing fluid, in contrast to the studies found in the literature. In the analysis of the 

linear fluid–structure system, it is assumed that the fluid is ideal, i.e., inviscid, 

incompressible and its motion is irrotational. It is assumed that the flexible structure 

vibrates in its in-vacuo modes when it is in contact with flowing fluid, and that each 

mode gives rise to a corresponding surface pressure distribution on the wetted 

surface of the structure. The in-vacuo dynamic properties of the dry structure were 

obtained by using standard finite element software. In the wet part of the analysis, 

the wetted surface was idealized by using appropriate boundary elements, referred to 

as hydrodynamic panels. The fluid–structure interaction forces were calculated in 

terms of the generalized added mass coefficients, generalized Coriolis fluid force 

coefficients and generalized centrifugal fluid force coefficients. 

Ergin et al. (2007) applied a 3D linear hydroelasticity method, based on the work by 

Ergin and Temarel (2002), to the fluid-structure interaction of a 1900 TEU container 

ship.  The wet resonance behaviour (frequencies and mode shapes) was investigated 

for fully loaded and ballast conditions.  The method is based on a boundary integral 

equation method, together with the method of images in order to impose appropriate 

boundary condition on the fluid’s free surface.  The infinite frequency limit condition 

was imposed on the free surface, and this condition may be assumed acceptable for 

the high frequency vibration of fluid-structure systems. The calculated wet natural 
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frequencies and mode shapes were compared with those obtained from FEM 

calculations (ABAQUS) showing very good agreement. The hull and the surrounding 

fluid domain were discretized using structural and fluid finite elements, respectively. 

In a similar manner, Ergin and Can (2010), presented a comparisonal study for 

submerged cylinder. They compared the experimental, mathematical and numerical 

hydroelastic models of a fully submerged cylinder. Same mathematical model was 

used as above-mentioned. To acquire the dynamic characteristics of the pressure hull 

in fluid medium numerically, FEM was used. The surrounded fluid domain was 

discretized with fluid finite elements. The numerical predictions based on FEM have 

showed satisfactory agreement with the experimental measurements and analytical 

calculations.  

Price and Wu (1989) modified the three dimensional hydroelasticity 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 

behaviour 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). 

The great increase of dimensions of bulk carriers, tankers and containerships during 

the past decades, motivated the investigation and application of hydroelasticity 

theories in the assessment of springing and whipping behaviours. In the publications 

in this field, different 2D and 3D hydroelastic methods were employed. 

Malenica et al. (2003) investigated the symmetric hydroelastic responses of a barge 

to impulsive slamming loads and non-impulsive linear wave loads. A non-uniform 

Timoshenko beam and classical 3D boundary integral technique were used to model 

the interaction problem of the barge. Later on, Remy et al. (2006) carried out the 

second phase numerical and experimental study on the same barge, to permit all 

wave responses of vertical, horizontal bending and torsion in regular and irregular 

waves of different headings being physically and numerically examined. Chen et al. 

(2005) also predicted the hydroelastic responses of this barge to regular waves by 

employing the 3D hydroelastic analysis method, and compared with the experimental 

results. 
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In evaluation of transverse global loads on a multi-hull ship, Miao et al. (2003) 

investigated the responses of a trimaran travelling in long-crested irregular seas, 

focusing on the effect of the underdeck, side and bottom slamming on the wave-

induced global responses. 

A complete frequency domain analysis method for linear three-dimensional 

hydroelastic responses of floating structures moving in a seaway is presented by Du 

(1996) and Du et al. (1998, 1998). 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 behaviour 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 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 
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with experimental results. Further, the development of a solitary wave under a 

flexible floating structure is observed both in numerical analyses and experiments. 

Large motions experienced at sea and the corresponding hull dynamic response 

require consideration of the effects of non-linearities on the 3D hydroelasticity front. 

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). The aforementioned examples relate to dealing with 

the geometric non-linearities associated with the influence of the instantaneous 

wetted surface, while assuming linear structural behaviour. 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). In this approach, the numerical approaches and 

computer code for the case of zero speed were developed and the non-linear 

responses were predicted. The predictions indicated that the low-frequency 

resonance of the rigid body modes appeared in waves of every direction, and 

influenced the non-linear responses and safety of the large moored structure through 

coupling with the flexible body modes. 

Tian and Wu (2006, 2007) further improved the numerical scheme to include all the 

forward speed terms in the non-linear analysis, and Tian (2007) produced the code 

NTHAFTS. This provides the possibility of predicting both the first and the second-

order hydroelastic responses of a ship travelling in rough seas. The predicted non-

linear motions and structural responses of the 1500t SWATH ship travelling in 

irregular waves were presented (Wu and Tian, 2008 and Wu et al., 2007). It is shown 

that the non-linear predictions of deflections and the global loads are larger than the 

linear predictions up to ≈ 20 per cent in moderate and high waves. Among these 

differences, the variation of the instantaneous wetted surface makes relatively greater 

contribution than other non-linear hydrodynamic actions for a SWATH type ship. 

Iijima et al. (2008) proposed a totally different non-linear 3D hydroelastic analysis 

procedure to evaluate the 3D hydroelastic vibrations of a ship. This could be called 

the two-stage procedure. In the first stage, the motion calculation is conducted in 

time domain by using three dimensional potential theory for obtaining the non-linear 

forces owing to the quadratic component in Bernoulli’s theory and the fluctuation of 

wetted surface at the position after displacements, namely hydrodynamic pressure is 
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evaluated based on the instantaneous position and the normal vector is updated each 

time step. In the second stage the structural responses are calculated by applying the 

pressure and inertia loads evaluated in the first stage on the 3D FE model of the 

whole ship in the rotated body-fixed coordinate system. Although separated to two 

stages, this numerical procedure actually includes the flexible modes and their 

interference with the rigid body modes both in the first and the second stages. 

1.1.3 Experimental studies 

Although different hydroelasticity theories of ships were developed, and applied to 

various types of floating structures, there has been a lack of experimental validations. 

The potential use of 2-D hydroelasticity theory (Bishop and Price, 1979; Bishop et 

al., 1978 and Belik et al., 1980) was illustrated through applications to naval vessels 

and a wide range of merchant ships, such as tankers, bulk carriers, and container 

ships, together with comparisons against available full-scale measurements. 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 behaviour 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. Zhong et al. (1995) 

developed a method for calculating resonant frequency of wave-induced ship hull 

vibrations of a large ship. 

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. 

The linear hydroelasticity theories in the frequency domain are based on a 

hydrodynamic solution envelope that has reached a certain degree of maturity. 

However, there is an urgent need for systematic validation through elastic model 
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tests, which are few and far between. The measurements on elastic models of the 

S175 container ship have been used extensively for validation (Watanabe et al., 1989 

and Chen et al., 1999). More recently, Remy et al (2006) reported on tests with a 

flexible backbone barge, stationary in regular waves encountered at various 

headings. Other examples include the work by Storhaug and Moan (2006), who 

reported on measurements of wave-induced vibrations on segmented models of large 

ocean-going ships, with various stern configurations. Oka et al. (2007, 2008) 

reported on a series of tests conducted on a backbone elastic model of a high speed 

vessel and a container ship in various sea states, including whipping. It is important 

for published data to contain all necessary details of models, operational conditions, 

and experimental errors. Du et al. (2008) reported on the processing of measurements 

from elastic models using wavelet analysis. Drummen et al. (2009) carried out the 

experimental and numerical study of a container ship of newer design responding to 

severe head seas. The experiments showed that hull flexibility can increase the 

vertical bending moment by up to 35 per cent in irregular sea states relevant for 

design, and the fourth and sixth harmonic of the vertical bending moments had a 

maximum value between 25 per cent and 50 per cent of the first harmonic. 

However the tests of segmented ship models are unable to examine the distributions 

of stresses within the deck and internal structures. Wu et al. (2003) concluded that in 

order to obtain a measurable stress, rather large model scale was necessary in the 

case of a metal model. Fukasawa et al. (1981), Watanabe (1984) and Watanabe et al. 

(1989) chose different kind of materials like synthesized resin and foamed urethane 

in order to create elastic models.   

For validation of numerical models used to analyse the global hydroelastic behaviour 

of long and slender floating bodies, Malenica et al. (2003) performed the 

experiments on a flexible barge model composed of 12 rigid pontoons connected 

with two steel plates allowing for only vertical bending in head waves. Following up 

this work, Remy et al. (2006) used the same model, but with the two steel plates 

replaced by a single steel rod in the centre plane of the model to permit the vertical, 

horizontal bending and torsion in regular and irregular waves of different headings. 

Increasing demand to container ships in maritime trading, led to research on these 

ships. Miyake et al. (2009) investigated the influence of whipping and springing on 

the hull structural strength of mega-container ships experimentally and numerically. 
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Oka et al. (2009) examined the relation between statistical values of wave loads and 

experimental parameters. A series of tank tests in regular and irregular waves carried 

out using the segregated model, in which a backbone is attached. The effect of elastic 

vibration of ship hull on wave loads and critical sea and speed condition for hull 

girder loads were examined.   

Also experimental studies in VLFS area are very scarce and there are only a few 

papers, e.g. Yago (1995), Yago and Endo (1996a, b), Yamashita et al. (1997), Ohta 

et al. (1998), Wang (2001) and Chen et al. (2003). Yan et al. (2003) combined the 

plate Green function and the fluid Green function in an analysis of the hydroelastic 

response of VLFS. The results are compared with experimental data. It is shown that 

the method proposed in this paper is efficient and accurate. The slamming 

phenomenon around the end of VLFS was studied experimentally and analytically by 

Yoshimoto et al. (1996). Faltinsen (1996) estimated local stress due to bottom 

slamming on a VLFS and compared these estimates with results.  

1.1.4 Full scale measurements 

Although the traditional way of designing ships has been successful to a certain 

extent in building conventional ships, and has been continuously improving, it still 

does not prevent structural damage from happening as a result of excessive dynamic 

responses of ships in rough seas. Due to the fact that, full scale measurements are 

required. From the end of 1990’s to early 2000s, DNV conducted the full scale 

measurements by installing a structural monitoring system including a wave radar on 

board a bulk carrier for several years (Storhaug and Moan, 2006) and revealed the 

great contributions of wave-induced vibrations to the total fatigue damage (Moe et 

al., 2005 and Storhaug et al. 2003). Also, the measured wave and springing-induced 

loads and stresses were compared with numerical predictions of four different 

approaches. It was pointed out that the need for considering springing in design of 

ships was particularly urgent for large similar ships to be operated on particularly 

severe routes. 

Aalberts and Nieuwenhujis (2006) reported on one year’s full-scale measurements of 

a general cargo/container vessel (Victoraborg) with hull and bow flare, and analysed 

the effect of whipping on fatigue. It was concluded that the wave induced horizontal 

hull girder moment was roughly 35 per cent of the wave-induced vertical hull girder 
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bending moment, and due to whipping  the fatigue damage induced by the vertical 

hull girder bending moment increased by about 30 per cent. 

Storhaug (2009) investigated the MSC Napoli’s structural failure with model tests 

and full scale measurements and examined the importance of the whipping in 

dynamic collapse strength on ships. 

In hydroelastic analysis of slamming and whipping behaviours of a ship, the 

vibratory damping of the coupled system is of great influence and also rather difficult 

to determine. To further understand the vibratory damping of large high speed 

catamarans Thomas et al. (2008) conducted the full-scale measurements of slam 

events and exciter tests on two large high-speed Incat catamarans. It was found that 

the total predicted damping, due to hydrodynamic and material damping, only 

account for a small proportion of the measured total damping. Also, Davis et al. 

(2009) investigated the slamming and whipping behaviour of an Incat catamaran and 

the influence of the centre bow design on slam forces with using segmented models. 

This study was supported with full scale slamming measurements. 

Validation against full-scale measurements contains uncertainties associated with sea 

characteristics and operational parameters. Nevertheless, this has been shown to 

provide valuable comparison opportunities in the past for naval vessels, such as two 

frigates and a patrol boat (Bishop et al., 1983 and Aksu et al., 1991). Dessi et al. 

(2009) researched on the correlation between model-scale and full-scale tests aimed 

to determine the bending response of a navy vessel in waves. Moreover, a theoretical 

procedure, based on the successive comparison of a chain of intermediate numerical 

models filling the gap between the real ship and the segmented hull, has been 

outlined and applied in the case of regular wave excitation. 

1.2 Design Perspective 

An overview of hydroelasticity of marine structures is given. Applications of linear 

hydroelasticity theory, in its two-dimensional form, have demonstrated the validity 

of adopting such a coupled FSI approach for mono-hull vessels in terms of predicting 

resonance behaviour associated with distortions, including springing and whipping 

but also accounting for higher modes and other distortions, such as coupled bending 

and twisting, which may become important depending on vessel type, size, material, 
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and operational conditions. It has, thus, provided for a unified and fundamentally 

sound approach, whose application is relatively straightforward and efficient in terms 

of structural properties required.  

The linear three-dimensional hydroelasticity provided for the coupled FSI of non-

slender hulls, particularly multihull vessels and unconventional floating structures. 

Applications have shown that this is an area where the hydroelasticity approach may 

have significant influence. The approach is more complex and its efficiency in terms 

of structural modelling and computational time may raise questions. With the 

availability of refined global structural FE models becoming the rule, rather than the 

exception, and exponential improvements in CPU time coupled to parallel 

computing, calculations on refined FSI models are a reality.  

As ships change in terms of scale and type, and operational, economic, and 

environmental requirements become more stringent. Especially in the last five years, 

there is a growing interest to subject of hydroelasticity in maritime industry. It is a 

completely natural situation in a changing world driven by the need for safe, 

environmentally friendly, and economic ship designs (Figure 1.1). Therefore, it is 

possible that with improved implementation of its fundamental principles 

‘hydroelasticity’ will become part of ‘Design Assessment Procedures’ and associated 

software tools. So, the use of a more realistic ‘first principles’ approach for the 

assessment of wave-induced loads, either on its own or in combination with the latest 

generation of prescriptive Classification Rules and procedures, would become more 

prevalent. This trend will be facilitated by advances in information technology and 

the increasing need to develop transparent goal-based design standards. In the future, 

design developments, such as Goal-Based Ship Construction Standards, could 

present a challenge in bringing together codes of design practice and performance-

based design (Hirdaris and Temarel, 2009). 
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Figure 1.1 : Hydroelasticity theory in design process 

1.3 This Thesis 

The main objective of this study is to determine hydroelastic dynamic characteristics 

of a supply vessel under regular waves with using 3-D hydroelasticity method. For 

the supply vessel adopted in this study, detailed three dimensional finite element 

structural model is prepared by using the commercial finite element software, i.e., 

ANSYS (v.11) to obtain in vacuo dynamic characteristics of the supply vessel. The 

three dimensional structural model consist entirely of the shell and beam elements, 

representing all major and minor internal-external structural components.  

It is assumed that, the ship hull vibrates in its in vacuo eigenmodes when it is in 

contact with fluid, and that each in vacuo mode gives rise to a corresponding surface 

pressure distribution on the wetted surface of the ship structure. The in vacuo 

dynamic analysis entails the vibration of the ship hull in the absence of any external 

force and structural damping, and the corresponding dynamic response 

characteristics of the supply vessel is obtained in terms of in vacuo frequencies with 

the associated mode shapes using the abovementioned FE software. The calculations 

were made for only fully loaded condition. 
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In a further study, a higher order 3-D hydroelasticity method is applied. It is based on 

a boundary integral equations method with using appropriate boundary condition on 

the fluid’s free surface, and it is assumed that the fluid is ideal, i.e., inviscid, 

incompressible and its motion is irrotational. At the fluid-structure interface, 

continuity considerations require that the normal velocity of the fluid is equal to that 

of the structure. The normal velocities on the wetted surface are expressed in terms 

of the modal structural displacements. The method proposed in this study has already 

been successfully applied to structures partially filled with or partially submerged in 

quiescent fluids. The fluid-structure interaction effects are calculated in terms of the 

generalized added mass and hydrodynamic damping coefficients in the frequency 

domain. 

During the analysis, the wetted surface is idealized, by using appropriate boundary 

elements, referred to as hydrodynamic panels. A linear distribution of unknown 

potentials was assumed over the each hydrodynamic panel. These unknown 

potentials were calculated using the kinematic boundary conditions imposed at each 

nodal point. To assess the influence of the fluid on the dynamic response behaviour 

of the supply vessel, the wet resonance frequency values and the principal 

coordinates for head waves were calculated. 
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2.  MATHEMATICAL MODEL 

2.1 Introduction 

A linearized three dimensional hydroelasticity method is adopted in this study.  A 

hydroelastic problem consists of two different parts – a “dry” structural analysis and 

a “wet” fluid analysis. And a structural model and hydrodynamic model are 

generated for these analyses respectively. 

The flexible structure is assumed vibrating in the absence of external forces and 

structural damping, and this allows the dynamic characteristics of the structure, i.e. 

natural frequencies, principal modes to be calculated in the structural analysis. In the 

wet analysis phase, the fluid actions which are applied as an external loading to the 

flexible structure are evaluated using a linearised three dimensional flow analysis 

accounting for free surface effects, distortions of the structure, etc. 

By combining the dry and wet dynamic analysis parts, the responses at any arbitrary 

position within the structure and the resonant frequencies of the structure can be 

determined. 

2.2 Equation of Motion for a Discretised Structure 

A general three dimensional continuous structure possessing infinite number of 

degrees of freedom. This infinity can be approximated with a finite number of 

degrees of freedom. And this representation can be constructed with an assemblage 

of finite elements with the elements being interconnected at nodal points on the 

element boundaries as a discretization. 

Equation of motion describing the response of a discretised structure to external 

excitation may be written as 

PKUUCUM V =++ &&&     (2.1)
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where M, CV, K denote the mass, structural damping and stiffness matrices 

respectively. The vectors UUU &&& ,,  represent the structural displacement, velocity and 

accelerations respectively and the column vector P denotes the external forces. 

External forces consist of body forces, surface forces and concentrated forces. In the 

case of a ship travelling through a seaway, these forces may represent wave 

excitation, hydrodynamic and hydrostatic forces as surface forces, gravity force as a 

body force, and mooring line and mechanical excitation forces as concentrated 

forces.  

For the finite element model, the displacements can be expressed as 

[ ]nj21 UUUUU ........=T  (2.2)

where Uj represents the nodal displacements at the jth node, and n denotes the 

number of nodes used in the discretization. In a global xyz coordinate system, for a 

shell element, each node can have 6 degrees of freedom: three translations ux, uy, uz 

and three rotations θx, θy and θz. Therefore, the nodal displacements at the jth node 

may be written in the following form  

[ ]zyxzyx
T uuu θθθ=jU  (2.3)

2.3 Structural Model and Theoretical Base 

To obtain the structural vibration characteristics of the supply vessel in vacuo 

medium, a structural model of the structure is created. FEM is used as a numerical 

method for discretization of the structural model. And this structural model is 

constructed for the “dry” analysis. Mainly, the fundamental equations of a modal 

analysis in FEM and the evaluation of the natural frequencies and the corresponding 

mode shapes of the structure will be stated in this section. 

FE approach enables to convert the problem with an infinite number of degrees of 

freedom to one with a finite number, thereby simplifying the solution process. For 

good accuracy in the solution, the number of nodal degrees of freedom usually must 

be fairly large; and the details of element formulations are rather complicated. 

Therefore, it becomes necessary to program this method on a computer.  
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A linear elastic structure has an infinite number of degrees of freedom and infinite 

number of natural modes of vibration. If the structure were analyzed as an elastic 

continuum, its flexible- body response to dynamic loads would consist of the sum of 

an infinite number of vibrational modes. However, if the structure is discretized by 

the finite-element method, the resulting analytical model will have only a finite 

number of nodal degrees of freedom and a finite number of natural modes of 

vibration. Therefore, such a numerical model has only a finite number of vibrational 

motions contributing to its dynamic response. 

2.3.1 Determination of the natural frequencies 

In the dry analysis part of the hydroeaslticity theory, the structure vibrates freely in 

the absence of any structural damping or external force in vacuo. Therefore Eq. (2.1) 

reduces to the form,  

0=+KUUM &&  (2.4)

The dynamic characteristics of the flexible structure are obtained by solving this 

equation. The form of the Eq. (2.4) suggests that one can express the trial solution as 

tie ωDU =  (2.5)

where D is the modal matrix whose columns are the in vacuo, undamped mode 

vectors of order n, d; t is the time variable, ω a constant identified to represent the 

circular frequency of vibration (rad/sec) of the vector D. 

Substituting Eq. (2.5) into Eq. (2.4), we obtain the generalized eigenproblem, from 

which D and ω must be determined:  

MdKd 2ω=  (2.6)

The eigenproblem in Eq. (2.6) yields the n eigensolutions (ω1
2, d1), (ω2

2, d2), …, 

(ωn
2, dn), where the eigenvectors are M-orthonormalized i.e.;  
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and  
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The vector di is called the ith-mode shape vector, and ωi is the corresponding 

frequency of vibration (rad/sec). It should be emphasized that Eq. (2.4) is satisfied 

using any of the n displacement solutions di eiωt, i=1, 2…, n.  

Defining a matrix D whose columns are the eigenvectors di and a diagonal matrix Ω2 

which stores the eigenvalues ωi
2 on its diagonal; i.e., with  

[ ]

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=Ω=

2

2
2

2
1

2
21

.
.

.
;,...,,

n

nddd

ω

ω
ω

D  (2.9)

the n solutions to Eq. (2.6) can be written as   

2Ω= MDKD  (2.10)

Since the eigenvectors are M-orthonormal,  

2Ω=KDDT  (2.11)

IMDD =T
 (2.12)

2.3.2 Preliminaries to the solution of eigenproblem 

The generalized eigenproblem  

MdKd λ=  (2.13)

where K and M are, respectively, the stiffness matrix and mass matrix of the finite 

element assemblage. The eigenvalues λi and eigenvectors di are the free vibration 

frequencies (rad/sec) squared, ωi
2, and corresponding mode shape vectors, 

respectively.  
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K has order n and half-bandwidth mK (i.e., the total bandwidth is 2mK+1) and that K 

is positive semi-definite or positive definite. There are n eigenvalues and 

corresponding eigenvectors satisfying Eq. (2.13). The ith eigenpair is denoted as (λi, 

di), where the eigenvalues are ordered according to their magnitudes (Bathe and 

Wilson, 1976):  

nλλλ ≤≤≤≤ ...0 21  (2.14)

The solution for p eigenpairs can be written  

Λ= MDKD  (2.15)

where D is an n x p matrix with its columns equal to the p eigenvectors and Λ is a p x 

p diagonal matrix listing the corresponding eigenvalues. As an example Eq. (2.15) 

may represent the solution to the lowest p eigenvalues and corresponding 

eigenvectors of K, in which case  

[ ] pip ,...,2,1;,...,1 == ddD  (2.16)

and  

( ) pidiag i ,...,2,1; ==Λ λ  (2.17)

As mentioned before if K is positive definite,  

nii ,...,2,1;0 =>λ  (2.18)

and if K is positive semi-definite,  

nii ,...,2,1;0 =≥λ  (2.19)

where the number of zero eigenvalues is equal to the number of rigid body modes in 

the system. 

The mass matrix may be banded, in which case its half-bandwidth mM is equal to mK 

or M may be diagonal with mii ≥ 0; i.e., some diagonal elements may be possibly 

zero. A banded mass matrix, obtained in a consistent mass analysis, is always 

positive definite, whereas a lumped mass matrix is positive definite only if all 
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diagonal elements are larger than zero. In general, a diagonal mass matrix is positive 

semi-definite. 

It should be noted that when unit mass is specified at each degree of freedom the 

generalized eigenproblem in Eq. (2.15) reduces to the standard eigenvalue problem.  

dKd λ=  (2.20)

In other words, the eigenvalues and eigenvectors in the Eq. (2.15) can also be 

thought of as frequencies squared and vibration mode shapes of the system. 

Corresponding to the possible eigenvalues in the generalized eigenproblem in Eq. 

(2.13) has eigenvalues,  

nii ,...,2,1;0 =≥λ  (2.21)

where the number of zero eigenvalues is again equal to the number of rigid body 

modes in the system. 

2.3.3 Principal coordinates 

In order to study relationships among the natural modes of vibration, consider modes 

i and j of the eigenvalue problem for action equations, as follows:  

ii dMdK 2
iω=  (2.22)

jj dMdK 2
jω=  (2.23)

These expressions are modified versions of Eq. (2.15). Pre-multiplication Eq. (2.22) 

by dj
T and post-multiplication of the transpose of Eq. (2.23) by di yields  

ijij dMddKd T
i

T 2ω=  (2.24)

ijij dMddKd T
j

T 2ω=  (2.25)

The left-hand sides of Eq. (2.24) and Eq. (2.25) are equal, so that substraction of the 

Eq. (2.25) from the Eq. (2.24) produces the relationship  

( ) 022 =− ij dMdT
ji ωω  (2.26)
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On the other hand, if we divide both sides of Eq. (2.24) by ωi
2 and both sides of Eq. 

(2.25) by ωj
2, the right hand sides become equal. Then subtraction gives   

011
22 =⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
− ij dKdT

ji ωω
 (2.27)

To satisfy Eq. (2.26) and Eq. (2.27) when i ≠ j and the eigenvalues are distinct 

(ωi
2≠ωj

2), the following relationships must hold  

0== jiij dMddMd TT  (2.28)

and  

0== jiij dKddKd TT  (2.29)

These expressions represent orthogonality relationships between the modal vectors di 

and dj. From Eq. (2.28) it can be seen that the eigenvectors are orthogonal with 

respect to mass matrix M. Eq. (2.29) also shows that they are orthogonal with respect 

to stiffness matrix K. 

For the case when i=j, Eq. (2.26) and Eq. (2.27) yield case  

Piii MdMd =T  (2.30)

and  

Piii KdKd =T  (2.31)

in which MPi and KPi are constants that depend on how the eigenvector di is 

normalized. For operational efficiency, all of the eigenvectors are replaced column 

wise into n x n modal matrix of the form as stated in Eq. (2.9)    

[ ]n21 dddD ...=  (2.32)

where n is the number of the degrees of freedom. Then Eq. (2.28) and Eq. (2.29) can 

be stated collectively as   

PMDMD =T  (2.33)
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in which Mp is a diagonal array that will be referred to as a principal mass matrix. 

Similarly, Eq. (2.29) and Eq. (2.31) are combined into   

PKDKD =T  (2.34)

where KP is another diagonal array that principal stiffness matrix. Eq. (2.33) and Eq. 

(2.34) represent the diagonalization of matrices M and K. If either of them is already 

diagonal, the operations merely scale the values on the diagonal. 

To take the advantage of the diagonalization process, reconsider the equation of 

motion for free vibrations of an undamped MDOF system as Eq. (2.4). Pre-

multiplication of Eq. (2.4) by DT and insertion of I = D D-1 before U&&  and U 

produces   

011 =+ −− UDDKDUDDMD TT &&  (2.35)

which can be restated as   

0=+ PPPP UKUM &&  (2.36)

By virtue of Eq. (2.33) and Eq. (2.34), the generalized mass and stiffness matrices in 

Eq. (2.36) are both diagonal. Also, the displacement and acceleration vectors in the 

latter equation are defined to be   

UDUP
1−=  (2.37)

and   

UDUP
&&&& 1−=  (2.38)

The generalized displacements UP given by Eq. (2.37) are called principal 

coordinates, for which the Eq. (2.36) have neither inertial nor elasticity coupling. 

From Eq. (2.37) and Eq. (2.38), it can be found that the displacements and 

accelerations in the original coordinates are related to those in principal coordinates 

as follows:  

PUDU =  (2.39)
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and  

PUDU &&&& =  (2.40)

Here it can be seen that the generalized displacements in vector UP operate as 

multipliers of the modal columns in D to produce values of the actual displacements 

in vector U. Thus, the shape functions for the principal coordinates of a MDOF 

system are its natural modes of vibration. The eigenvalue problem in Eq. (2.22) is 

now restated more comprehensively as  

2ωDMKD =  (2.41)

in which the modal matrix D is given by Eq. (2.32). The symbol ω2 in Eq. (2.41) 

represents a diagonal matrix with values of ωi
2 in diagonal positions, as follows.  

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

2

2
2

2
1

2

...00
............
0...0
0...0

nω

ω
ω

ω  (2.42)

This matrix will be referred to as the eigenvalue matrix. It postmultiplies the matrix 

D in Eq. (2.41), so that a typical modal column di is scaled by the corresponding 

eigenvalue ωi
2. Pre-multiplying Eq. (2.41) by DT and using relationships Eq. (2.33) 

and Eq. (2.34),  

2ωPP MK =  (2.43)

Hence,  

2
iωPiPi MK =  (2.44)

Thus, in principal coordinates the ith principal stiffness is equal to the ith principal 

mass multiplied by the ith eigenvalue. 
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2.3.4 Mass normalization 

The principal mode vectors can be normalized in an arbitrary way, but the 

uniqueness of the solution and the mode shapes are not affected. Therefore the 

principal mode vectors are not unique, but the principal mode shape corresponding to 

a natural frequency is unique. In this study, mass normalization scheme that the mass 

matrix is transformed to the identity matrix is used. This condition is stated by 

specifying MPi in Eq. (2.30) must be equal to unity, as follows:  

1== NiNiNi MdMdT  (2.45)

where,  

iS
i

Ni
dd =  (2.46)

Under this condition, the scaled eigenvector dNi is said to be normalized with respect 

to the mass matrix. The constant Si in Eq. (2.46) is computed as,  

⎟
⎠

⎞
⎜
⎝

⎛
±=±= ∑∑

==

n

k
kijk

n

j
ji

T
i dMdS

11
ii dMd  (2.47)

If the mass matrix is diagonal, this expression simplifies to  

∑
=

±=
n

j
jiji dMS

1

2  (2.48)

When all of the vectors in the modal matrix are normalized in this manner, the 

subscript N can be used and Eq. (2.33) is revised to become  

IMDMD NNN ==T  (2.49)

Thus, the principal mass matrix is now the identity matrix. Furthermore, the principal 

stiffness matrix, from Eq. (2.34) and Eq. (2.43), is seen to be  

2ω== NNN DKDK T  (2.50)
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or, for the ith mode,  

2
i

T ω== NiNiNi dKdK  (2.51)

Therefore, when the eigenvectors are normalized with respect to M, the stiffnesses in 

principal coordinates are equal to the eigenvalues. This particular set of principal 

coordinates is known as normal coordinates. Rewriting Eq. (2.36) in normal 

coordinates,  

0=+ NNNN UKUM &&  (2.52)

or  

02 =+ NN UU ω&&  (2.53)

The vectors UN and NU&& in Eq. (2.52) and Eq. (2.53) contain displacements and 

accelerations in normal coordinates. From Eq. (2.37) and Eq. (2.38), these vectors 

are related to their counterparts in physical coordinates by   

UDU NN
1−=  (2.54)

and  

UDU NN
&&&& 1−=  (2.55)

and the reverse transformations are  

NN UDU =  (2.56)

and 

NN UDU &&&& =  (2.57)

The inverse of the normalized modal matrix is required in Eq. (2.54) and Eq. (2.55) 

may be easily found. Eq. (2.49) is only be needed to post-multiplied by DN
-1 to obtain 

the relationship  

MDD NN
T=−1  (2.58)
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Thus, the desired inverse may always be calculated by this simple matrix 

multiplication. If only a selected number of modes m is wanted to be included in the 

analysis, the modal matrix will be of size n x m. Then Eq. (2.54) and Eq. (2.55) must 

be restated as (Weaver and Johnston, 1987)  

UMDU NN
T=  (2.59)

and  

UMDU NN
&&&& T=  (2.60)

2.4 Generalized Equation of Motion of the Discretised Structure 

By substituting the Eq. (2.39) and Eq. (2.40) into Eq. (2.1) and pre-multiplying by 

DT, the following generalized equation in terms of principal coordinates of the 

structure is obtained: 

)()()()( tttt QcUUbUa PPP =++ &&&  (2.61)

Here a, b, c denote the generalized mass (same as the Eq. (2.33)), damping and 

stiffness matrices (same as the Eq. (2.34)), respectively, and are defined as follows: 

MDDa T=  (2.62)

DCDb V
T=  (2.63)

KDDc T=  (2.64)

PDQ T=  (2.65)

It should be noted that the generalized mass, a, and stiffness, c, matrices are 

diagonal; but the generalized damping matrix, b, is not necessarily diagonal. The 

generalized force matrix, Q(t), represents the  generalized fluid-structure interaction 

Z(t) and all other generalized external forces Ξ(t) (e.g., wave forces, etc), and it may 

be expressed as follows  
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( ) ( ) ( )tttttt QZcUUbUa PPP =Ξ+=++ )()()()( &&&  (2.66)

The matrices on the left hand side of Eq. (2.66) are evaluated in the dry analysis part 

of the hydroelasticity theory as mentioned above. Eq. (2.66) may be rewritten in the 

form   

( ) ( ) ( ) )()()()( tttt Ξ=+++++ PPP UCcUBbUAa &&&  (2.67)

where A, B and C are the generalized added mass, fluid damping and fluid stiffness 

matrices respectively. Fluid actions are treated in the hydrodynamic model.  

2.5 Hydrodynamic Model 

The wet analysis part of the hydroelasticity theory introduces the fluid actions which 

are applied to the flexible structure and treated as external loading. A linearised three 

dimensional velocity potential is employed with the wetted surface of the structure 

discretised by panels on which an oscillating source potential of constant strength is 

positioned centrally. The analysis produces the fluid structure interaction effects 

which are usually described in terms of generalised added mass, hydrodynamic 

damping, restoring (fluid stiffness) force coefficients and additional fluid or other 

external excitations with using the hydrodynamic model. 

2.5.1 Formulation of the fluid problem 

It is assumed that the flexible structure is excited by incident surface waves of small 

amplitudes or by any other means so that the resulting oscillations of the body are 

small. Moreover, the formed surface waves caused by the disturbance of the body 

propagate in all directions away from the body. 

In the mathematical model, the fluid is assumed ideal, i.e., inviscid and 

incompressible, and its motion is irrotational and there exists a fluid velocity vector, 

v, which can be defined as the gradient of the velocity potential function, Φ as  

),,,(),,,( tzyxtzyxv Φ∇=  (2.68)

Further, Ф is the unsteady velocity potential associated with the perturbations to the 

flow field due to the motion of the flexible body, and satisfies the Laplace equation 
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0),,(2 =∇ zyxφ  (2.69)

2.5.1.1 Boundary conditions 
Throughout the fluid domain, an appropriate free surface boundary condition, the 

kinematic boundary condition on the wetted surface of the structure, and a far field 

radiation condition is adopted.  

For time-harmonic flows without forward speed, the free surface requires a 

kinematic and a dynamic boundary condition and its elevation deduced from the 

Bernoulli’s equation is given by  

ζζ =⎟
⎠
⎞

⎜
⎝
⎛ Φ∇Φ∇+
∂
Φ∂

−= 02
11 Zon

tg
 (2.70)

This satisfies the dynamic boundary condition on the free surface. The required 

boundary condition is expressed by the substantial derivative 

( ) 00 =− Z
Dt
D ζ  (2.71)

By inserting Eq. (2.70) into Eq. (2.71) and neglecting the second-order terms, a 

linearised free-surface boundary condition is obtained in the following form 

02

2

=
∂
Φ∂

+
∂
Φ∂

z
g

t
 (2.72)

where g is the gravitational acceleration and z denotes the vertical axis (Uğurlu and 

Ergin, 2006, 2008). 

On the wetted surface of the vibrating structure, the fluid normal velocity must be 

equal to the normal. This kinematic boundary condition for the rth modal vibration 

of the elastic structure can be expressed as, 

nur ⋅⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=
∂
Φ∂

tn
r  (2.73)

where n is the unit normal vector on the wetted surface and points into the region of 

interest. The vector ur denotes the displacement response off the structure in the rth 

principal coordinate. 
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The radiation condition implies that the waves generated by the structure-fluid 

interactions are directed away from the body to infinity and therefore it imposes an 

uniqueness to the solution Ф. Mathematically, the formulation of the radiation 

condition can be determined by the following limit equation (Haskind, 1946), 

22
,

, ,lim yxRki
R

R dr
dr

R
+=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Φ+

∂
Φ∂

∞→
 (2.74)

where Фr,d represents the radiation or diffraction potential, k is the wave number and 

R is the distance from the body.  

2.5.1.2 Principal coordinate relationship 
For an elastic structure in contact with fluid medium, the principal coordinates 

describing the vibratory response of the structure may be expressed as (from this 

point, in order to avoid confusion in notation manner, the principal coordinates term 

is changed from UP(t) to p(t).) (Uğurlu and Ergin, 2006, 2008)   

tietp ω
0p=)(  (2.75)

where po  represents the response amplitude vector and ω is the circular frequency of 

the oscillations and t is the time. Ω is the imaginary part of λ and its real part gives an 

exponential growth or decay. The velocity potential function due to distortion of the 

structure in the rth vacuo vibrational mode may be written as follows 

,...,,2,1,),,(),,,( m
ti

rr nrezyxtzyx == ωφφ 0rp  (2.76)

Here nm represents the number of modes of interest, and p0r is an unknown complex 

amplitude for the rth principal coordinate. 

The vector ur in Eq. (2.73) denotes the displacement response of the structure in the 

rth principal coordinate and it may be written as 

tiezyxtzyx ω
0rrr puu ),,(),,,( =  (2.77)

where ur(x, y, z) is the rth modal displacement vector of the median surface of the 

elastic structure, and it is obtained from the in vacuo analysis. 
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Substituting Eq. (2.76) and Eq. (2.77) into Eq. (2.73), the following boundary 

condition is obtained on the fluid-structure interface: 

( )nur ⋅=
∂
Φ∂ ωi
n

r  (2.78)

2.5.2 Evaluation of perturbation potential  

The boundary value problem for the perturbation potential may be expressed in the 

following boundary integral equation form: 

( ) ( ) ( ) ( ) ( ) ( ){ }∫ −=
WS

dSc ξξφξφξξφξ ,, ** xqxq  
(2.79)

Here ξ = (ξ, η, ζ) and x respectively represent the field and source points on the 

wetted surface. ( )ξφ ,* x  is the Green function associated with the time-harmonic 

free-surface flows without forward speed, n∂∂= /φq  represents the flux, and the 

free term c(ξ) identifies the fraction ( )ξφ  lying inside the potential domain of 

interest. The Green function can be given in the form (Wehausen and Laitone, 1960). 

( )Hrr ++= '114 *πφ  (2.80)

where H represents the free surface effects contained in *φ , 

( ) ( ) ( )[ ] 2/1222 zyxr −+−+−= ζηξ , ( ) ( ) ( )[ ] 2/1222' zyxr ++−+−= ζηξ  denote the 

distances between the field and source points and the field point and free-surface 

image of the source point, respectively., 

For the solution of the Eq. (2.79) with the boundary condition Eq. (2.78), the wetted 

surface can be idealized by using boundary elements, over which the distribution of 

the potential function and its flux can be described in terms of shape functions and 

nodal values as form: 

∑∑
==

==
ee n

j
ejej

n

j
eejeje NN

11

, qqφφ  (2.81)
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Here ne and Nej represent the number of nodal points assigned to the eth element and 

the shape function adopted for the distribution of the potential function, respectively, 

and they together determine the imposed approximation order for the potential and 

flux distributions over the wetted surface (Ergin et al., 2007). 

2.5.3 Calculation of generalized fluid-structure interaction forces  

Using the Bernoulli’s equation and neglecting the second-order terms, the dynamic 

fluid pressure on the elastic structure due to the rth modal vibration becomes from 

Eq. (2.76) 

( ) ( ) ( ) ti
rf

r
fr ei

t
ttP ωφωρρ 0rpxxx −=

∂
Φ∂

−=
,,  (2.82)

where ρf is the fluid density. The rth generalized fluid structure interaction force 

component due to kth modal vibration of the elastic structure with using the relation 

in Eq. (2.76) is defined as  

( )∫∫ ∑
=

=−=
WS

M

k
krkkkrfrk pTdSpiZ

1
φωρ nu  (2.83)

For time-harmonic free-surface flows without forward speed, the radiation potential 

is complex in general. Trk can be expressed as (Uğurlu and Ergin, 2009),  

rkrkrk BiAT ωω −= 2  (2.84)

Here, Ark and Brk represent the generalized added mass coefficient in phase with the 

acceleration and the generalized hydrodynamic damping coefficient in phase with the 

velocity, respectively. So, Zrk can be expressed in terms of generalized added mass 

and generalized hydrodynamic damping coefficients. Namely,   

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅= ∫∫

WS
krfrk dSiA φωωρ nuRe)/( 2  (2.85)

represent variations that are in phase with the acceleration, while the  
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( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅−= ∫∫

WS
krfrk dSiB φωωρ nuIm)/(  (2.86)

terms are in phase with velocity. 

Both of these terms are associated with rth mode and represent coupled effects owing 

to oscillatory distortion of unit amplitude in the kth mode. 

2.5.4 Generalized wave excitation forces 

For a floating structure the main excitation source is the ambient waves, generally 

composed of two components that are related to the incident wave system and its 

disturbance due to the scattering effect of the body. The incident wave and 

diffraction potential fields, respectively denoted by Фi and Фd, are connected 

through the relation 

( )
0=

∂
Φ+Φ∂

n
di  (2.87)

on the wetted surface of the structure, which may invoke another boundary integral 

equation in the form of Eq. (2.79) for the diffraction potential distribution. 

Considering a generalized excitation force in the form  

( ) ( ) ti
D

ti eet ωω Ξ+Ξ=Ξ=Ξ 0  (2.88)

or in the modal form  

( ) ( ) ti
Drr

ti
rr eet ωω Ξ+Ξ=Ξ=Ξ 0  (2.89)

Ξr represents the rth component of the generalized wave excitation force where Ξor 

represents the force component which may be caused by sinusoidal waves of 

frequency ω, the diffraction problem can be avoided by using the Haskind relations, 

and the resulting generalized wave forces for a stationary floating structure may be 

defined as 

( )∫∫ ⋅−−=Ξ
WS

rirrifr dSqq nuφφρ0  
(2.90)
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where Ξ0r represents the force component associated with the rth modal vibration, 

and iφ  is the amplitude of the incident wave potential. 

2.5.5 Resonance frequencies 

After providing the generalized excitation in the form of Eq. (2.88), which may be 

caused by sinusoidal waves of frequency ω or an external mechanical forcing 

oscillator acting at position (x0, y0, z0) with frequency ω, the new form of the 

generalized equation of motion of an elastic structure with the solution of Eq. (2.75) 

is   

( ) ( ) ( ) )()()()( tttt Ξ=+++++ pCcpBbpAa &&&  (2.91)

or  

( ) ( ) ( )[ ] titi eei ωωωω Ξ=+++++− 0pCcBbAa2  (2.92)

After a slight arrangement, Eq. (2.92) can be rewritten in notational form defined as 

Ξ=0pD  (2.93)

where 

( ) ( ) ( )[ ]CcBbAaD +++++−= ωω i2  (2.94)

The solution of Eq. (2.93) can be obtained from 

( )
02

*

00
det

det
det

Ξ=Ξ=
D

DD
D
Dp adjadj  (2.95)

Here, the asterisk denotes a complex conjugate expression. In the Eq. (2.91), the only 

remaining unknown is the generalized principal coordinate p(t) which can be easily 

calculated and, from this information the resonance frequencies of the fluid-structure 

vibration deducted. 
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3.  STRUCTURAL ANALYSIS (DRY ANALYSIS) 

3.1 Introduction 

To obtain the structural vibrational characteristics of the structures, first, a dry 

analysis were executed. Here, the structure is assumed to vibrate freely in vacuo in 

the absence of any structural damping or external force. This is of vital importance 

allowing the dynamic characteristics (i.e. natural frequencies, principal mode shapes, 

etc.) of the flexible structure to be calculated. These characteristics determine the 

structure’s behaviour under all types of conditions. 

In the present study, the dynamic characteristics of a supply vessel were obtained 

using a linearised finite element approach. The finite element package, ANSYS was 

adopted. Three-dimensional structural models were generated to idealize the 

structural and inertia characteristics of the supply vessel. After explaining the 

geometric and physical properties of the supply vessel, the finite element analysis 

was discussed. It should be noted that, it was assumed that the displacements were 

small and continuous  and that the material was linear and homogeneous throughout 

the structure. 

3.2 Geometric and Physical Properties of the Supply Vessel 

The geometric and physical properties of the supply vessel are summarised in Table 

3.1. The investigations were performed for fully loaded condition. The general 

technical plots are shown in Figure 3.1 and 3.2. 

Length Overall (m) LOA  42 
Length Between Perpendiculars (m) LOA  40.4095 
Beam Moulded (m) B  12.5 
Draught (m) T  2.746 
Depth Moulded (m) D  4.9 
Displacement (tonnes) ∆  723.81 
Longitudinal Center of Gravity (m) LCG  20.748 

Table 3.1: Principal particulars of the supply vessel



 44

 

Figure 3.1 : Midship sections 
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Figure 3.2 : Longitudinal sections 
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For the finite element analysis, the material of all construction is assumed as grade 

DH 36 structural steel. The mechanical properties of the material used in the analysis 

are given in Table 3.2. 

Code ASTM A131 
Young Modulus 210000 MPa 
Poisson Ratio 0.3 
Density 7.86x10-9 tonnes/mm3

3.3 Finite Element Analysis 

3.3.1 Element types 

Three-dimensional structural finite element model was generated by using 

commercial finite element software, i.e., ANSYS (v.11).  

The three dimensional structural model consists of shell and beam elements. The 

shell finite elements were used to represent the physical behaviour of the all major 

external and structural components. Shell element “SHELL 181” was selected for 

modelling the primary and secondary members of the structural model. The shell 

element adopted for the calculations, can carry bending, membrane and shear loads. 

This element has six degree of freedom (three translations and three rotations) at 

each node. It is a general purpose shell element with four nodes and three nodes for 

triangular elements. 

The four nodded shell element is mainly adopted for the structural model, and the 

three nodded triangular shell element is used when it becomes necessary. It is 

recommended that quadrilateral elements should be kept as square as possible 

because the accuracy tends to deteriorate as the aspect ratio of the quadrilateral 

increases. The aspect ratios, a/b ≤ 3:1 (where a and b are the largest and shortest 

element dimensions respectively) are, acceptable for practical considerations. On the 

other hand, when the surfaces are highly curved or warped, areas of large curvature, 

such as the bilge and side shells in the vicinities of bow and stern, triangular 

elements may be used and kept as equilateral as possible. One of the disadvantages 

of using triangular elements is that they are stiffer than quadrilateral elements.  

Table 3.2: Material properties
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Also, to reflect the real physical behaviour of the structure, the components that can 

not be modelled with shell elements, like transverse and longitudinal deck stiffeners, 

side stiffeners, floor stiffeners and flat bars; were represented by beam elements. For 

beam elements representation, “BEAM 188” type was used. This element is based on 

Timoshenko beam theory and shear deformation effects are included. It is a two 

nodded element and has six degree of freedom (three translations and three rotations) 

at each node like shell element. 

 
Figure 3.3 : Global model of the supply vessel (Surface view) 

3.3.2 Modelling 

Basically, computer generated 2-D technical drawings and 3-D CAD models that 

were provided from the design company, were used during the finite element 

modelling of the supply vessel. 

Modelling process was started with extraction of the web sections in the CAD 

programs. Following this, the web sections preserving their coordinates were 

transferred to finite element program with a suitable geometric file format. Model in 

this state only consisted of lines. To compose a 3-D model, these planar lines were 

connected longitudinally with lines. And with using these lines, appropriate surfaces 

were created. So, the 3-D surface model was generated. (Figure 3.3) 
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Figure 3.4 : Half of finite element model of the supply vessel 

The shell element thicknesses and beam element cross sections were provided from 

the design company within the technical drawings and during the modelling of these 

properties, it was sticked to design values. (Figure 3.5) 

 

Figure 3.5 : HP beam model 

As mentioned before, the structure is modelled with appropriate shell and beam 

elements. Shell elements were used to represent the decks, inner/outer plating, 

bulkheads, tank borders, major longitudinal girders and transverse webs. Transverse 

and longitudinal deck stiffeners, side stiffeners, floor stiffeners and flat bars were 

modelled with beam elements according to original cross sections. (Figure 3.4)  
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The vessel was modelled with 32847 nodes and 48632 elements. An example of 

finite element modelling is shown in Figure 3.6. 

 
Figure 3.6 : A view of a finite element model of a block 

The reasons of the usage of the beam elements in the model, can be collected under 

two main title. First, the stiffeners have a great contribution on the structure’s 

stiffness, especially in bending. Second, they have effects on longitudinal mass 

distribution (Figure 3.7). 

 

Figure 3.7 : Beam elements under the main deck 
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In order to obtain an accurate idealization of the dynamic behaviour of the vessel, a 

close agreement between the finite element model and designed vessel for the 

vertical and horizontal center of gravity and total weight. For this reason, to acquire 

the correct mass distribution; the items except the construction structure were also 

incorporated. The items such as isolation materials, cables, navigation equipment, 

paint, furniture etc. were distributed as nodal masses along the secondary 

components of the structure to nodes of the elements (Figure 3.8).  

 

Figure 3.8 : Nodal mass items on the superstructure 

The equipments (rudders, rudder blades, nozzles, cranes etc.) and engines (main 

engines, generator sets, etc.) that have great effect on mass distribution were also 

modelled as nodal mass and they were connected to the structure with appropriate 

elements. Figure 3.9 and 3.10 show the connections of nozzle, rudder and main 

engine model as a nodal mass respectively. 
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Figure 3.9 : Nozzle and rudder connection with using nodal masses 

 

Figure 3.10 : View of main engine representation as a nodal mass 

Also, the masses of the tank contents were taken into consideration. Because, they 

have great effect on the longitudinal mass distribution. The mass of the tank content 

was modelled as a nodal mass at the location of center of gravity that has been 

supplied from the designer. After that, these nodal masses were connected to the 

stiffer constructions like bulkheads, longitudinal major girders etc. Figure 3.5 shows 

an example of a representation of tank content as a nodal mass. 
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Figure 3.11 : Tank content representation with nodal masses 

3.3.3 Solution algorithm 

In modal analysis, ANSYS offers many numerical methods to solve the Eq. (2.6). In 

this study, “Block Lanczos” eigensolver was used. This eigenvalue solver uses the 

Lanczos algorithm where the Lanczos recursion is performed with a block of vectors. 

This method is not only accurate but also faster. It requires min. %50 more memory 

than other solvers. It is recommended when to find many modes (about +40) and the 

model consists of shells or combination shells and beams. 

As mentioned in Chapter 2, the normalization was generated to mass matrix.   

3.4 Results 

To acquire the global in vacuo modes and to prevent from obtaining local panel 

modes in the model; the mesh density was hold coarse. The analysis was executed 

with no boundary condition as in nature. 

After execution of the in vacuo modal analysis; five global modes were obtained. 

The global in vacuo natural frequencies of the vessel are shown in Table 3.3.  
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Modes Natural Frequency (Hz) Description 
9 8.206 2 noded bending 
12 12.928 2 noded torsional 
21 16.959 3 noded bending 
26 21.522 Complex (torsional + bending) 
29 22.415 Complex (torsional + bending) 

The figures that show the in vacuo modal results are listed in Appendix A.1. Because 

of the short length and wide beam dimensions of the vessel, the number of the global 

modes is quite low and the values of the natural frequencies are higher than the 

slender like ships as expected. Also, in the low frequencies, local panel modes have 

greater contribution to the modes. 

 

Table 3.3: Natural frequencies for in vacuo medium
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4.  FLUID-STRUCTURE INTERACTION (WET ANALYSIS) 

4.1 Introduction 

When a structure oscillates in a fluid environment, the generalized hydrodynamic 

loading due to the oscillation varies harmonically with the same oscillating frequency 

as the structure. This harmonic oscillatory motion may be caused by a sinusoidal 

wave exciting force or a sinusoidal mechanical excitation, etc. The generalised 

hydrodynamic forces acting on the structure can be divided into the generalised wave 

exciting force and the generalised forces due to the oscillations of the body in calm 

water. For the latter group of generalised forces, it is assumed that the structure 

oscillates with the frequency of excitation force in its principal rigid body and 

distortional modes and there are no incident waves. These forces are identified with 

concepts such as generalised added mass and generalised hydrodynamic damping 

terms. 

In this chapter, the characteristic hydrodynamic properties (i.e., generalised 

hydrodynamic coefficients, resonance frequencies, etc.) of the supply vessel are 

studied that are evaluated in the wet analysis. And the hydrodynamic panel method is 

explained and the attention was focused on the resonance behaviour of the structure. 

4.2 Hydrodynamic Modelling 

In the wet part of the analysis, the fluid is assumed ideal, i.e., inviscid and 

incompressible, and its motion is irrotational. The wetted surface of the supply vessel 

was idealized by using boundary elements, referred to as hydrodynamic panels. 5627 

hydrodynamic panels were distributed over the wetted surface of the vessel hull. A 

linear distribution of unknown potentials was assumed over the each hydrodynamic 

panel. These unknown potentials were calculated using the kinematic boundary 

conditions imposed at each nodal point. The discretized wetted surface was created 

by using the nodal coordinates of the structural model as shown in Figure 4.1 and 

4.2.   
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Figure 4.1: Wetted surface from bottom 

 

Figure 4.2: Wetted surface from top 
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4.3 Generalized Hydrodynamic Added Mass and Damping Coefficients 

The generalized added mass values, Ark, shown in Figure 4.3, for the first five global 

modes, and they vary with frequency. They start with large finite values at very small 

frequencies, rise to their maximum values in the low frequency region and decrease 

in value until they reach a constant value at higher frequencies.  

 

Figure 4.3: Hydrodynamic added mass coefficients 

The generalized hydrodynamic damping coefficients, Brk, presented in Figure 4.4, 

behave as expected for a structure vibrating in an ideal fluid in which viscous effects 

are neglected. They start with zero values at very small frequencies, rise to a 

maximum value and then decrease in value reaching zero at high frequencies. 

 

Figure 4.4: Hydrodynamic damping coefficients 
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The abovementioned coefficients only reflects the diagonal terms of the generalized 

added mass matrix [A] and generalized hydrodynamic damping matrix [B]. Also, the 

coupling (off-diagonal) terms have effect on the generalized matrices. Figures 4.5 

and 4.6 show the coupling effects to the first global mode from the other four global 

modes for generalized added mass and hydrodynamic damping matrices respectively.  

 

Figure 4.5: Hydrodynamic added mass coefficients (Coupling terms) 

 

Figure 4.6: Hydrodynamic damping coefficients (Coupling terms) 

As shown in the figures, the coupling terms, behave like their diagonal terms. The 

value of the coupling terms are about %30 of the diagonal ones. Another interesting 
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result to be noted, is the effect of the second global mode. For the all frequency 

values, its effect to the first global mode is nearly zero.   

4.4 Calculation of  Wet Natural Frequencies 

It should be noted that, in the case when a body oscillates in or near a free surface, 

the hydrodynamic coefficients exhibit frequency dependence in the low frequency 

region, but show a tendency towards a constant value in the high frequency region. 

In this study, it is assumed that the structure vibrates in a relatively high frequency 

region so that the generalized added mass values are constants and are evaluated by 

use of Eq. (2.85). Hence the generalized equation of motion for the dynamic fluid-

structure interaction system (Eq. 2.92), assuming free vibrations with no structural 

damping, is  

( )[ ] 02 =++− pcAaω  (4.1)

where a and c denote the generalized structural mass and stiffness matrices, 

respectively. The matrix A represents the infinite frequency generalized added mass 

coefficients. 

Solving the eigenvalue problem, expressed by Eq. (4.1), yields the wet frequencies 

and associated wet mode shapes of the structure in contact with fluid. To each wet 

frequency ωr, there is a corresponding wet eigenvector, p0r = { pr1, pr2, …, prm,}. The 

wet frequencies for the first five global ship hull modes were evaluated as listed in 

Table 4.1. 

Table 4.1: Comparison of natural frequencies 

Modes Dry Natural Frequency 
(rad/s) 

Wet Natural Frequency 
(rad/s) 

Description 

9 51.5598 37.3501 2 noded bending 
12 81.2290 69.8446 2 noded torsional 
21 106.5165 79.4152 3 noded bending 
26 135.2267 106.9433 torsional + 

bending 
29 140.8367 123.9309 torsional + 

bending 



 60

4.5 Determination of Resonance Frequencies 

Forced vibrations of structures take place under the excitation of external forces. 

When the excitation force is in the form of an oscillatory force then the structure 

vibrates with a sinusoidal motion of the same frequency. If the frequency of 

excitation coincides with one of the natural frequencies of the structure, violent 

vibrations are usually encountered causing possible failure in the structure, especially 

when structural damping is low. Therefore, the prediction of the resonance 

frequencies is of major importance in the vibrations of structures 

After determining the wet frequencies, Eq. (2.92) is solved with assuming no fluid 

stiffness. New form of the Eq. (2.92) is  

( ) ( )[ ] titi eei ωωωω Ξ=++++− 0pcBbAa2  (4.2)

The amplitudes of principal coordinate responses rp , for five global modes, are 

evaluated and shown in Figures 4.7-4.11. These are associated with excitation by 

regular sinusoidal waves of 1m amplitude. The resonance frequencies can be 

estimated by observing the major peaks in these figures. 

 

Figure 4.7: Amplitudes of first elastic principal mode 
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4.6 Estimation of Dynamic Responses  

The solution of the Eq. (4.2) is expressed in terms of principal coordinates associated 

with the principal modes of the dry structure as abovementioned. Once the principal 

coordinates, ( )tp  are determined, the dynamic responses of the structure at any point 

may be calculated by applying the principle of superposition. Therefore, the 

displacement response at any point of the structure can be expressed as a summation 

the modal components of displacements multiplied by the corresponding principal 

coordinates. That is the corresponding uncoupled wet mode shape for the structure 

partially and totally in contact with fluid are obtained as  

( ) { } ( ) ( )tzyxwvutzyx rj

M

j
jrrrr puu ∑

=

==
1

,,,,,,,  (4.3)

where ( ) { }jjjj wvuzyx ,,,, =u  denote the in vacuo mode shapes of the elastic 

structure and M the number of mode shapes included in the analysis. The velocity 

and acceleration responses can be also expressed in a similar way defined as follows: 

( ) ( ) ( )tzyxtzyx rj

M

j
jr puu && ∑

=

=
1

,,,,,  (4.4)

( ) ( ) ( )tzyxtzyx rj

M

j
jr puu &&&& ∑

=

=
1

,,,,,  (4.5)

It should be noted that the fluid-structure interaction forces associated with the 

inertial effect of the fluid do not have the same spatial distribution as those of in 

vacuo modal forms. Consequently, this produces hydrodynamic coupling between 

the in vacuo modes of the structure. This coupling effect is introduced into Eq. (4.1) 

through the generalized added mass matrix A. 

4.7 Principal Coordinates 

The generalized hydrodynamic behave as expected. And as shown in Figures 4.7-

4.11, the wet frequency values evaluated from the eigensolution of Eq. (4.1), show 

very good agreement with the resonance frequency values obtained from Eq. (4.2). 

For instance, from the first elastic principal mode, the first wet frequency is observed 
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as 37.3501 rad/s (2-noded vertical bending mode) and the major peak occurs at the 

vicinity of 37.07 rad/s (Figure 4.7).  

 

Figure 4.8: Amplitudes of second elastic principal mode 

Also, from the second elastic principal mode shown in Figure 4.8; the major peak 

occurs at 69.74 rad/s and it is very close to second wet resonance frequency 69.8446 

rad/s (2 noded torsional).  

 

Figure 4.9: Amplitudes of third elastic principal mode 
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Figure 4.10: Amplitudes of 4th elastic principal mode 

 

Figure 4.11: Amplitudes of 5th elastic principal mode 
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5.  CONCLUSION AND RECOMMENDATIONS 

The three dimensional linear hydroelasticity theory (Bishop and Price, 1979; Bishop 

et al., 1986; Ergin and Uğurlu, 2011) admits a unified analysis which allows the 

assessment of the dynamic behaviour of arbitrary shaped flexible structures 

sinusoidally or randomly excited by waves, propeller, machinery, etc. The structure 

may be floating in the free surface or submerged in water of finite or infinite depth 

and positioned in or near a free surface or fixed boundary. The hydroelastic analysis 

consists of two separate parts. In the first, the dry analysis, the structure vibrates 

freely in vacuo in the absence of any structural or external force. This procedure 

provides information on the dry dynamic characteristics, i.e. natural frequencies, 

principal modes, etc. Generally, a linearised finite element method is employed in 

this part of the analysis. In the second, the wet analysis, all fluid actions, which are 

applied as an external loading to the flexible structure, are described by means of a 

linear three-dimensional potential analysis which assumes that the fluid is 

incompressible, inviscid, homogeneous and its motions are irrotational. The 

hydroelasticity theory, also, permits the application of linear superposition principle 

to obtain the responses of flexible structures in the time domain. 

The major purpose of this research was to investigate the hydroelastic dynamic 

response characteristics of a supply vessel with full loaded condition in regular head 

waves. For the supply vessel adopted in this study, a detailed three dimensional finite 

element structural models were prepared by using the commercial finite element 

software. In a first group of calculations, the in vacuo natural frequencies and mode 

shapes were calculated with using finite element method. 

In a second group of calculations, a higher-order 3-D hydroelasticity method was 

employed for calculating the fluid-structure interaction effect in terms of the 

generalized added mass and hydrodynamic damping coefficients on the assumption 

of ideal fluid and irrotational flow.  
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The wet frequency values were calculated and the frequency dependent response 

behaviours in terms of principal coordinates were calculated for the regular head 

waves. The resonance behaviours might be observed from the peaks of the principal 

coordinate response amplitudes. 

From this study, general conclusions may be drawn. First, the combination of a finite 

element method to discretise the dry structure and a singularity distribution method 

to discretise the wetted surface provides an effective approach to tackle the fluid-

structure interaction problems. This allows the separate modelling of the structure 

and fluid parts of the problem. The use of singularity distribution technique 

(hydrodynamic panel modelling) does not require the discretisation of the volume 

fluid surrounding the structure as required in finite element method. 

The generalized hydrodynamic coefficients behave as expected. In the case when a 

structure oscillates in or near a free surface, the hydrodynamic coefficients exhibit 

frequency dependence in the low frequency region, but show a tendency towards a 

constant value in the high frequency region. 

The resonance behaviour of structures can be clearly predicted by the hydroelasticity 

theory as demonstrated in this study for the supply vessel. The comparison of 

resonance frequencies of the supply vessel in air with those in water shows that the 

effect of the water is to reduce the resonance frequencies considerable. The effect is 

believed to be almost entirely due to the added inertia of the surrounding fluid 

environment. 

The major purpose of this research was to calculate the hydrodynamic characteristics 

and obtain hydroelastic behaviours in waves. First, a linear finite element model 

approach is used to describe the dynamic behaviour of the supply vessel structure in 

vacuo. The fluid actions associated with the principal vibrational modes were 

determined from a three dimensional theory of potential flow around the supply 

vessel in regular waves. 

The present work may be extended for studying the hydroelastic dynamic response 

characteristics under regular beam and irregular waves.  
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Figure A.1 : Mode 9 (8.206 Hz) 

  

 
Figure A.2 : Mode 12 (12.928 Hz) 
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Figure A.3 : Mode 21 (16.959 Hz) 

 

 
Figure A.4 : Mode 26 (21.522 Hz) 
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Figure A.5 : Mode 29 (22.415 Hz) 
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