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ABSTRACT 

Waves, winds and currents can cause specific environmental effects that a marine 
structure has to withstand. Amongst these, wave action is the fundamental source of 
load on the marine structure. In order to ensure safety, operability, economy and 
design-life duration of a marine structure, theoretical estimates of wave loads and 
structural response play an increasingly important role in the overall design process. 

The interaction between a structure and a fluid medium is of great concern in 
numerous engineering problems, e.g., slamming of ships in rough seas, vibration of 
water retaining structures under earthquake loading etc. All these dynamic problems 
include the interaction, which takes place between the structure and surrounding fluid. 
It is of practical importance to estimate the effect of the induced fluid loading on the 
dynamic state of the vibrating structure. If the vibration takes place in a relatively 
low-density fluid, such as air, in comparison with the structural material, in most 
situations, the loading will have a comparatively small influence on the vibration. 
However, when the vibrating structure is in contact with a fluid which has a 
comparable density, such as water, the fluid loading which depends on the structural 
surface motions will significantly alter the dynamic state of the structure from that of 
the in vacuo vibration. In other words, the equations of structural and fluid motions 
are inexorably linked. Therefore, development, improvement and application of 
numerical techniques for analyzing such an interaction become one of the most 
important activities of naval architecture researchers. 

The following document is about the interaction mentioned above and particularly 
studied on the slamming issue and its main characteristic, transient excitation and 
response. 

A dry analysis is presented on simple beams, idealized SWATH ship as a preamble to 
a future wet deck slamming analysis and plates (unstiffened and stiffened). As the 
basis of subsequent harmonic and transient analyses, modal characteristics of each 
system is studied and in conjunction with the results obtained from these, responses 
on frequency and time domain are calculated in this document. 

In the following part of the thesis beams and plates are analysed under transient 
excitation, since this is the basis for modelling the excitation and response induced by 
slamming. Results are produced and compared both using theoretically established 
convolution method and ANSYS (transient analysis with full and mode superposition 
methods). 

Realistic stiffened plates and their equivalent flat plates are also studied and analysed 
in the subsequent sections. Difficulties encountered during the structural modelling 
(finite element modelling) are briefly outlined, with particular emphasis to the 
importance of the selection of appropriate finite elements. 
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NOMENCLATURE 

The definitions of a given symbol in the document are given in this section. 

-Through out the document, over dots signify differentiation with respect to time, 

primes signify differentiation with respect to space. 

-Symbols are also defined where they appear in the text. 

A Cross section area 

Arrm Vibration amplitude for plates 

arr Generalised added mass 

[ a] Generalised mass matrix 

B(x) Sectional beam 

brr Generalised added damping 

[b] Generalised damping matrix 

err Generalised added stiffness 

[c] Generalised stiffness matrix 

D Bending flexural rigidity for plates 

E Young's modulus 

EI Flexural rigidity 

F, f Force 

G Shear modulus 

G(x) Shape factor 

g Acceleration of gravity 

I Moment of inertia 

[K] Stiffness matrix 

kAG Shear rigidity 

L, I Length 

M Bending moment 

[M] Mass matrix 

p Pressure 

pr Principal coordinate corresponding to the rth mode shape 
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{Pr} Principal coordinate vector for six rigid body modes 

T Sampling period 

t time/thickness 

-0 Forward speed 

Ui Rigid body degrees of freedom (i=1,2 .. 6) 

V Velocity vector 

V Shear force 

v Horizontal transition 

w Vertical transition 

Wr ~odeshape 

X, x Longitudinal Cartesian coordinates axes 

Y, Y Horizontal Cartesian coordinates axes 

Z, z Vertical Cartesian coordinates axes 

(l Shear damping constant 

~ Bending damping constant 

1:1 Displacement 

I:1t Time increment 

0 Kronecker delta 

e Rotation 

11 ~ass per unit length 

v Poisson ratio 

Vr ~odal damping factor 

S Damping ratio 

y Shear strain 

p Density 

<P Velocity potential 

ffir ~odal natural frequency 

I Summation 

V Gradient operator 

V 2 Laplacean operator 

{ } Vector 
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1 INTRODUCTION 

In order to ensure safety, operability, economy and design-life duration of a marine 

structure, theoretical estimates of loads and structural response play an important role 

in the overall design process. Especially in slamming, due to its severe nature, the 

interaction between a structure and a fluid medium is of great concern. 

Therefore, modelling of excitation and response induced by impact and development, 

improvement and application of numerical techniques that can be used to analyze 

slamming on mono- and multi-hulled vessels are investigated in this document. 

In the analysis, whilst allowing for local structural details, it is also important to 

acknowledge the effects of these details on modelling and response side of the 

problem, such as accuracy, simplicity or complexity. Subsequently, under the 

influence of these ideas, the overall aims and objectives of this study are given as in 

next section. 

1.1 Aims and Objectives 

The aim of this proposed research is to generate mathematical models for excitation 

and response due to impact slamming which also take into account the local structural 

details and material properties in mono- and multi-hulled vessels. 

The objectives of this research project are mainly: 

• To generate mathematical models simulating impact excitation and response 

whilst allowing for the influence of structural configuration and material 

properties, such as; 

stiffened and unstiffened flat plates, 

longitudinal, transversal and orthogonal stiffening, 

stiffened and unstiffened wedge shapes of varying deadrise angles to stand 

for the bow visualization, 

The following objectives were further envisaged, towards a PhD thesis: 
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• To incorporate these mathematical models in two and three dimensional fluid­

structure interaction software to simulate the impact slamming of high speed 

mono- and multi-hulled vessels 

• To investigate the possibilities of reducing impact induced loads by ways of active 

or passive systems (e.g. smart materials, damping mechanisms) 

1.2 Layout of the Thesis 

The thesis is arranged in 7 chapters. Chapter 2 is intended to give a brief background, 

beginning with ideal fluid equations for rigid body analysis and hydro elasticity theory 

for elastic bodies, and then continuing with literature survey on the problem of 

slamming and the modelling of stiffened plates. 

In chapter 3 modal analysis of simple beams is studied using ANSYS and results are 

compared with theory. This work was carried out to gain a better understanding of the 

fundamentals in modelling "dry" dynamic analysis of beamlike structures. The modal 

characteristics are later used in the frequency domain response analysis of the beams. 

Chapter 4 represents the dry analysis of a SWATH ship taken from the thesis of Wu 

(1984) and includes the comparisons between two models. This investigation was 

carried out to gain a better understanding of modelling the "dry" dynamic analysis of 

non-beamlike structures. It was the intention to use the wet deck of a twin-hulled 

vessel as an application of the impact model developed in this thesis. 

In chapter 5 transient analyses of beams and plates is presented. Modal characteristics 

are obtained prior to obtaining the transient response through the mode superposition 

method. Impulse excitations such as triangular, rectangular and sinusoidal are applied 

to the beam and plate models. Transient responses are found using ANSYS FEA 

program and using the, so-called, numerical method (mode superposition) throughout 

this document. Results from these two methods are compared and studied. Towards 

the end of chapter 5 issues related to modelling stiffened plates are investigated. 

Different directional stiffeners are included in the plate FE models using shell and 
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beam elements. Various combinations of stiffening and finite elements are considered 

in the modal and transient analyses. On the other hand particular examples of 

stiffened plates from literature are also used for the verification of FE modelling and 

modal analysis. A stiffened single bottom plate of a tanker is modelled and studied to 

see the response of a real system. The stiffened plate is studied dynamically using 

different finite elements and methods. At the end of chapter 5, a preliminary 

equivalent plate is created to represent structurally a stiffened flat panel and static and 

dynamic response comparisons are presented. 

Conclusions of the work carried out and recommendations for future work are given 

in chapter 6 and chapter 7, respectively. 
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2 BACKGROUND and LITERATURE SURVEY 

Accurate prediction of wave-induced motions and hydrodynamic loads is very 

important in ship design. In the design process, naval architect has to consider the 

initial cost, safety, reliability, operability and life duration of the floating structure. 

Empirical, quasi-static, hydrodynamic (i.e. rigid body analysis) and hydroelastic 

approaches can be the tools to analyze the interaction at different stages of the design. 

Empirical rules are generally based on tests and past experience, which are costly and 

not open to progress. Static or quasi-static methods are used in the early stages of 

design (preliminary design) mainly in industry and by classification societies as a 

result of their simplicity. 

In reality ships operate in conditions determined randomly by environment (e.g. wind, 

seaway etc.) which has dynamic characteristics. Traditionally the behaviour of a 

moving, floating structure in water can be divided into three. These are (Bishop et aI, 

1986); a) manoeuvring which deals with the behaviour of a rigid ship in calm water 

when it is subject to external actions caused by forced motion of rudder, stabilizer 

fins, propellers or thrusters. b) Seakeeping, which describes the responses of a rigid 

ship, moving or stationary, in regular sinusoidal waves or in a random seaway. In 

other words wave-induced motions of ships have been investigated widely under this 

topic. In order to predict the motions of a ship in waves, the ship is regarded as an 

umestrained rigid body with six degrees of freedom. These degrees of freedom consist 

of three translation components, which are surge, heave and sway; and three rotation 

components, which are roll, pitch and yaw (Figure 1). c) Structural theory, based on 

empirical rules, which determine the loading, imposed on the structure, and then the 

use of structural analysis of a quasi-static nature. Since ships are treated as rigid 

bodies in seakeeping and manoeuvring theories, magnitudes and characteristics of 

bodily responses are the main interests. In other words rigid body assumption 

excludes the strains and stresses. 
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In linear hydrodynamics the unsteady motions of the ship and the fluid are assumed to 

be small. To be able to investigate the motions, the formulation of fluid-structure 

interaction is required. In this interaction, ship undergoes prescribed oscillatory 

motion in each of its six degrees of freedom in calm water causing radiation problem 

and at the same time as a result of diffraction problem incident waves act upon the 

ship in its equilibrium position. Evaluation of the fluid-structure interaction involves 

determination of added mass and damping coefficients (hydrodynamics), hydrostatic 

restoring coefficients and wave excitation forces and moments. 

In the mid-seventies the hydroelasticity theory was developed and introduced (Bishop 

and Price, 1979) in order to provide more accurate predictions of the dynamic loads 

and responses of beamlike hulls travelling in random seas. In its most general form 

this approach subsumes both manoeuvring and seakeeping theories. This theory is 

extended to non-beamlike structures in the three dimensional hydroelasticity (Bishop 

et aI, 1986). The advantage of hydroelasticity is that it is unified, that is to say it is 

capable of predicting the rigid body as well as the distortional responses of floating, 

fixed and submerged structures in a fluid domain. 

U6(yaw) 

U3 (heave) 

z U2 (sway) 

y 

~::====~~====::::::;;;,....-ff~~x Ul (surge) 

Figure 1 Six degrees of freedom for rigid body motions 

2.1 Rigid Body Analysis 

The study of wave loads, ship motions and structural responses has improved much 

due to the significant increase in size and speed of ships. Initially the ship 

hydrodynamics was studied on the roll motion of the steamships by Froude (1861). 

Kriloff (1896) studied the pitch and heave motions of ships with increasing power and 

speed. These two scientists derived differential equations of ship motions for the 
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inertial and restoring forces of the ship. In their work, the pressure field of the 

undisturbed incident waves was considered and the resultant force on the ship has 

become known as the Froude-Krylov exciting force. Another major advance on the 

ship's hydrodynamic disturbance followed in a study by Lewis (1929) considering the 

added mass associated with hull vibrations in structural modes. In this study the 

characteristic frequency is sufficiently large, so that inertial effects are dominant and 

gravitational forces can be neglected. On the other hand Lewis assumed the ship hull 

to be slender and used a strip theory approach for the integration of the hydrodynamic 

force longitudinally in terms of the two-dimensional characteristics of each transverse 

section. This appears to be the first development of a strip theory in ship 

hydrodynamics (Newman, 1978). Later Haskind (1946a,b) used Green's theorem to 

construct the velocity potential due to the presence of the ship hull and derived the 

necessary Green's function or source potential. The velocity potential was 

decomposed into a form including separately the solution of the diffraction problem 

and solutions of the radiation problem for each mode of oscillatory ship motion. 

According to the different treatment of the ship's hydrodynamic disturbance, 

theoretical studies of wave-ship interaction can be categorized into two- or three­

dimensional problems to be solved in the time or frequency domain using linear or 

nonlinear methods. A brief overview of the methods is given in the following 

sections. 

Idealized fluids can be analyzed mathematically by deleting stress tensor of the 

Navier-Stokes equation, which is generalized equation for the fluid motion. In the 

motion of an ideal fluid, the fundamental equations are the continuity equation and 

Euler's equations. The velocity vector V = (u1 , U 2 , u3 ) must satisfy the continuity and 

Euler's equations (Newman 1977), 

(1) 

i = 1,2,3 (2) 
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Figure 2 Coordinate system 

where, p is the normal pressure stress, p is the fluid density and ~ is the external 

force field which consist only of the gravitational force pg acting vertically 

downwards. 

If ~ = (O,-pg,O) au. au. 1 a (p ) _1+U
j

_ 1 = ___ +pgx2 · 
at ax} p aXj 

To simplify these equations, it is assumed that the motion is irrotational. An 

irrotational flow is one in which fluid elements moving in the flow field do not 

undergo any rotation. Further, if the velocity field is irrotational, it can be represented 

as the gradient of the scalar function¢, or the velocity potential. In other words, if the 

fluid motion is irrotational, the velocity can be derived from gradient of a scalar 

potential ¢. The velocity potential ¢ exists only for irrotational flow. The reason for 

replacing the velocity by its potential is that the velocity can be envisaged and 

measured in the laboratory by experiments, whereas the velocity potential is no more 

than a mathematical abstraction. However, the velocity is a vector quantity with three 

unknown scalar components, where as the velocity potential is a single scalar 

unknown from which all three-velocity components may be computed: 

or V=V¢. 

(3) 

(4) 

If equation (3) is substituted for the velocity vector in the continuity equation (1), the 

Laplace equation, which expresses conservation of fluid mass for potential flows and 
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provides the governing partial differential equation to be solved for the function fjJ, is 

attained 

~8fjJ +~8fjJ +~8fjJ =0 
8xl 8xl 8x2 8x2 8X3 8X3 ' 

(5) 

or (6) 

Bernoulli's equation can be obtained by integrating the Euler's equations to give an 

explicit equation for the pressure. There are two flow cases for the presentation of 

Bernoulli's equation. 

If the flow is considered to be steady, but non irrotational, then Euler's equations take 

the form (after omitting the time dependent terms) 

8u. a ( ) u j _ l =-- pi P+gx2 
8xj oXi 

The pressure is obtained after integrating equations (7), as 

1 2 
P = -"2 pV - pgX2 + C, 

where 

(7) 

(8) 

(9) 

The second form of Bernoulli's equation, valid for unsteady irrotational flows, is 

more useful since the flow of an inviscid fluid is generally irrotational but may be 

unsteady. It is obtained by substituting equation (3) in the general form of Euler 

equation (2) for F; = (O,-pg,O) , 

~ ofjJ + ofjJ ~ ofjJ = _~~(p+ pgx2), (10) 
at oXi 8Xj oXj oXi P oXi 

after integrating equation (10), 

ofjJ +~~~ = _~(p+ pgx2)+C(t), 
at 28Xj oXj P 

(11) 

the second form of Bernoulli's equation is obtained, where C(t) may be chosen 

arbitrarily( equal to zero, deleted, etc.). 
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2.1.1 Two-Dimensional Hydrodynamics 

Strip theory is the main tool of hydrodynamics. It gives an opportunity for a quick and 

reasonably accurate prediction of the wave loads. In its basic definition, strip theory is 

used to calculate the inertia loads and the fluid actions due to the wave-induced 

motions of a slender hull by dividing it into transverse strips in longitudinal direction. 

Hydrodynamic properties of added mass and damping are associated with each strip. 

The excitations induced by the waves and reciprocally experienced by the hull are 

evaluated using the hydrodynamic contribution of these strips. 

Korvin-Kroukovsky (1955) first developed a strip theory for ship motions. Some 

refinements and extensive experimental comparisons were provided later by Korvin­

Kroukovsky and Jacobs (1957). Grim and Schenzle (1969) generalized the strip 

theory to the prediction of roll, sway and yaw motions in oblique waves. Later, a 

range of linear strip theories has been proposed by Gerritsma and Beukelman (1964), 

Tasai and Takaki (1969) and probably the most cited and well-known strip theory of 

Salvesen et al. (1970). 

The essence of strip theory is thus to reduce a three-dimensional hydrodynamic 

problem to a series of two-dimensional problems which are easier to solve. The major 

difficulty in determining the ship motions is to perform the calculations needed to fmd 

the coefficients of added mass, damping and the diffraction exciting forces, which 

requires the solution of difficult hydrodynamic problems. 

If a body moves in an infinite ideal fluid, hydrodynamic pressure forces and moments 

will result which can be expressed most simply in terms of the added-mass 

coefficients. 

The added-mass coefficients physically represent the amount of fluid accelerated with 

the body. The added mass can be interpreted as a particular volume of fluid particles 

that are accelerated with the body. However, the particles of fluid adjacent to the body 

will accelerate to varying degrees, depending on their position relative to the body. 
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The three-dimensional added-mass coefficients can be approximated by a strip theory 

synthesis, in which the flow at each section is assumed to be locally two-dimensional. 

The flow field at any cross section of the ship may be approximated by the assumed 

two-dimensional flow in that strip. To obtain the total effect on the ship, the effects of 

all individual strips are integrated along the length. For example, the strip theory 

approximation for the heave added mass is 

A33 = J a33 (x)dx 
L 

(12) 

where a33 (x) is the two-dimensional added mass and L denotes that the integration is 

taken over the ship length. 

In the process of estimation of hydrodynamic loading applied to the hull by a 

sinusoidal wave, fluid actions are estimated by means of strip theory. According to the 

theory it is thought that at some instant t , a slice of the hull lies in the plane of a slice 

of water. Strip theory predicts the force exerted by the fluid slice on its 

instantaneously coincident hull slice. In other words, strip theory seeks to predict the 

force applied by the strip of fluid to the hull (Bishop and Price, 1979). 

z 

y 

Figure 3 The hull slice 
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In Figure 3 the thin slice of hull is nonnal to AX 0' distant X A from the origin A of 

the fixed axes and x from the origin 0 of the equilibrium axes. (Bishop and Price, 

1979) 

At time t, X A = Ut+x 

At the instant t = 0 when 0 coincided with A, 
dx -
-=-U 
dt 

The relative displacement of the ship and water surface is 
-
z(x,t) = w(x,t) - (x,t) (13) 

where w(x,t) is the upward displacement ofthe section ofthe hull coincident with the 

-
strip and (x,t) is the local surface elevation. The quantity z(x,t) is thus a measure 

of hull emergence at the water strip. The upward force per unit length exerted by the 
-

fluid on the hull, F(x,t), is dependent upon z(x,t) and its total derivatives with 

respect to time. 

{ [ -] - } D Dz x t Dz x t -
F(x,t) = - - m(x) (,) + N(x) (,) + pgB(x)z(x,t) 

Dt Dt Dt 
(14) 

m(x) is the local 'added mass' per unit length, N(x) is the local 'fluid damping 

coefficient' and the operator !2 is the total derivative with respect to time~ that is 
Dt 

!2=~+~dx=~_U~ 
Dt at ax dt at ax 

(15) 

D~(x,t) = (~_ U ~)~(X,t) 
Dt at ax 

(16) 

(17) 

D2~(x t) [ - dm(X)] D~ -
F(x,t)=-m(x) Dt2' - N(x)-U dx Dt-pgB(x)z(x,t) (18) 
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-
The relative displacement z( x, t) can be eliminated by introducing the quantity 

[w(x,t) - ((x,t)]. B(x)is the sectional beam. In this way it is found that 

F(x,t) == -H(x,t) + Z(x,t) (19) 

where 

D
2
w(x t) [ - dm(X)] Dw(x t) 

H(x,t)==m(x) 2' + N(x)-U ' +pgB(x)w(x,t) 
Dt dx Dt 

(20) 

Z(x,t) == m(x) D
2
((:,t) + [N(X) _ U dm(X)] D((x,t) + pgB(x)((x,t) 
Dt dx Dt 

(21) 

After using equations D( == -im( and D2f == _m 2( related with Smith correction 
Dt Dt 

we find that 

Z(x,t) = ~ m(x)m2 - imlN(x) - Um'(x)j+ pgB(x)}:(x,t) (22) 

The strip theories mentioned above all assume unsteady potential flow analysis and 

they assume the ship is slender, speed is moderate and hull sections are wall sided. 

These strip theories are low-speed theories. However, Blok and Beukelman (1984) 

showed that the heave and pitch results from strip theory were still satisfactory when 

the Froude number reached 0.57~ 1.4. 

Conformal mapping techniques are also used in literature to derive hydrodynamic 

properties such as added mass and damping for each section. Lewis and multi­

parameter mapping are some examples to conformal mapping techniques. Multi­

parameter conformal mapping also permits the transformation of asymmetric sections 

to a circle, where Lewis mapping is more suitable for hull sections, which are 

symmetric (Westlake et al, 2000). Investigations by Kerczek et al. (1969), Westlake et 

al. (2000) and textbook by Newman (1977) can be studied for further information on 

conformal mapping techniques. 
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Faltinsen and Zhao (1991a,b) have presented a modified liner strip theory (high speed 

strip theory), where the three-dimensional free surface boundary condition is used to 

interrelate the two-dimensional problems at each strip. Faltinsen (1993) generalized 

the high-speed slender body theory of Chapman (1975) to consider the interaction 

between the steady and unsteady flow fields around the ship. Since the two­

dimensional velocity potential satisfies a three-dimensional free surface condition and 

the diverging wave system generated by the ship motion is included, the high-speed 

slender body theory is also called 2Yz-D method. This is the main difference to the 

conventional strip theory where the two-dimensional velocity potential satisfies a 

lineralized two-dimensional free surface condition, so that only the transverse wave 

system is considered. 

Linear strip theories have been widely used in the literature to estimate the 

performance of a ship in waves, due to their computational simplicity. However when 

the ship forward speed gets higher, it is no longer reasonable to apply the 

conventional strip theory, because the fluid field near the ship hull cannot be 

described sufficiently as a two dimensional flow. In addition strong nonlinearity is 

probably the most prominent feature of high-speed vessels even in moderate sea states 

(Wu and Moan, 1996). More over in the extreme seas due to large ship motions the 

nonlinearity problem arises. When the literature is investigated there are studies in 

which nonlinear ship motions and structural responses have been observed. 

Existing nonlinear analyses can be categorized as perturbation or time-domain 

simulation methods. In the perturbation method the boundary conditions or the 

hydrodynamic coefficients and the responses are expanded into perturbation series 

and a sequence of linear problems in ascending order are solved separately in the 

frequency domain (Jensen and Pedersen, 1979, 1981). Based on this procedure 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. 

According to their observation, the first order fluid forces are identical to those of the 

classical linear strip theory (Gerritsma and Beukelman, 1964), while quadratic terms 

arise due to the nonlinearity of the exciting waves, the flare of the ship hull geometry, 
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and the perturbation of the two-dimensional hydrodynamic coefficients. The 

limitation of this nonlinear analysis is that, if the perturbation parameter is larger, the 

higher order corrections will not improve the linear results (Wu and Moan, 1996). 

The time simulation method on the other hand is the most suitable for describing the 

real nonlinear problem. Furthermore there are several advantages in using time­

domain analysis compared to a frequency-domain analysis. Time-domain analysis can 

deal with the exact instantaneous body surface for large-amplitude motions of a 

vessel. Most importantly transient impact is easily treated in the time-domain. 

Because of its advantages, at the beginning scientists worked on developing nonlinear 

time domain strip methods extracted directly from frequency domain strip theory 

formulations. Some of these attempts are presented by Mayerhoff and Schlachter 

(1980), Yamamoto et al. (1980), and Guedes Soares (1989). These theories are found 

to be weak in irregular waves due to neglecting hydrodynamic memory effects and the 

hydrodynamic coefficients in the equations of motion. 

The time-domain solution for the free surface hydrodynamics means to solve the 

initial boundary problem in the time-domain. The basic work was done by Finkelstein 

(1957). He systematically derived various time-domain free surface Green functions. 

Cummins (1962) decomposed the time-domain velocity potential in to instantaneous 

and memory parts based on the impulsive response function, separating the ship 

geometry from the ship motion. Ogilvie (1964) generalized this approach by including 

the forward speed. 

De Kat and Paulling (1989) and Fonseca and Guedes Soares (1998) studied partly 

nonlinear strip theories based on time-domain potential flow representation or the 

Fourier transform of frequency dependent transfer functions. The fluid action consists 

of linear and nonlinear parts. The linear fluid forces are expressed by a time 

convolution as discussed by Cummins (1962). The nonlinear hydrostatic restoring 

force and the Froude-Krylov force are calculated accurately. These approaches are 

verified with experimental results from model tests (Xia and Wang, 1997). Fonseca 

and Guedes Soares (1998) presented a time domain strip method to predict the vertical 
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motions and sectional induced loads of ships in large amplitude waves. Their solution 

is obtained in the time-domain using convolution to account for the memory effects 

related to the free surface oscillations. 

Watanabe and Guedes Soares (1999) presented a comparison between the predictions 

of different non-linear time-domain codes applied to study the vertical wave induced 

bending moment in a container ship in waves of different steepness. Most of the 

methods in this study are based on strip theory formulations applied to both rigid and 

flexible hull formulations. In the lower wave height region the results computed from 

different methods are similar, however, the agreement among the computed values 

becomes poor in the higher wave region. 

2.1.2 Three-Dimensional Hydrodynamics 

The linear two-dimensional theories are computationally efficient, but since the 

forward speed terms are neglected in the free surface boundary condition, they are not 

suitable for high-speed vessels. In this sense three-dimensional approaches can 

incorporate forward speed effects more properly. However, strip theories are efficient 

in evaluating symmetric motions for slender beamlike ships, these theories fail in the 

case of non-beamlike and high speed vessels. The need for three-dimensional theories 

is parallel to the developments in the design of high-speed multi-hull vessels and other 

ocean structures. 

In literature, in order to consider the speed and three-dimensional effects, slender 

body theories are proposed. In these theories fluid domain is considered to be made of 

two parts, which are inner fluid field and outer (far) field. The inner fluid field is 

treated as a two-dimensional problem matched with a three-dimensional solution for 

the far field. The outer solution can be constructed from a singularity distribution 

method, known as Green function method (Panel method). In this method the mean 

wetted surface, which stands for the hull boundary, is discretized into panels. The 

singularities, which are located in the discretized boundary, satisfy the free surface 

condition. After evaluating the strength of singularities (sources), these are used to 

determine the fluid pressure and forces acting on the hull. (Fonseca and Guedes 
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Soares, 1998). Based on different solutions of the inner two-dimensional problem, 

different kinds of slender body theories have been proposed, such as the original 

slender body theory (Newman, 1964), which is a low frequency theory assuming the 

wave length of the incident waves in the same magnitude as the ship's length, the 

unified slender body theory (Newman, 1978) which eliminates the limitations of 

original theory on the wave lengths and encounter frequency, the high-speed slender 

body theory (Chapman, 1975), and the new slender body theory (Yeung and Kim, 

1984). 

Majority of three-dimensional solutions are based on the boundary integral equation 

method and the unsteady potentials are solved either in the frequency or in the time­

domain, using Green function methods or Rankine source methods (Fonseca and 

Guedes Soares, 1998). Chang (1977) is the first who successfully applied the Green 

function method in the frequency domain. Inglis and Price (1980), Guevel and Bougis 

(1982) applied the method to a ship with steady forward speed. Other investigations 

also carried out on this method differing in the computation of the Green function, 

such as Wu and Eatock-Taylor (1987) and Ba and Guilbaud (1994). On the other 

hand, time domain linear solutions applying Green function method were presented 

by Liapis and Beck (1985), King et al. (1988) and Bingham et al. (1994). 

Wenyang and Yishan (1999), studied the time-domain calculation of hydrodynamic 

forces on ships particularly with large flare in two and three-dimensional cases. In 

their two-dimensional and three-dimensional time-domain free surface Green function 

source distribution applications on large flared ship hulls (non wall sided), it is found 

that the source strength diverges with the time stepping which makes the calculation 

fail. In their 3-D application, as an alternative to panel method, they introduced a wall 

sided surface which encloses the hull surface in the fluid and used Green theorem to 

solve the problem. 

Ye and Hsiung (1999) proposed an investigation based on Cummins' potential 

decomposition and Chapman's wave body interaction analysis to compute the ship 

motion with forward speed in regular head waves. They used impulse response 
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functions to solve the equations of motions in the time domain. They applied the 

method to compute the radiation forces of a catamaran with forward speed. It was 

noted that the time-domain computation for ship motions is particularly important in 

the cases where the forward speed effect is considered. 

2.2 Hydroelasticity 

Ships are treated as rigid bodies in seakeeping and manoeuvring studies, with interest 

focused on the magnitudes and characteristics of the bodily responses as mentioned in 

the previous section. A ship moves as a rigid body and also distorts. The rigid body 

motions are investigated as if the ship does not distort. However, this set of motions is 

only a subset of a larger group of motions for, in reality, a ship is a flexible structure 

capable of distorting in an infinite number ways. There is a simplification in the 

assumption of a rigid body that it excludes the ideas of strains and stresses. To 

overcome such limitations, hydroelasticity theory was developed, based on the fact 

that a flexible structure distorts through applied fluid actions, along with a 

mathematical model founded on the scientific principles of solid mechanics and fluid 

dynamics (Aksu et aI., 1993). Hydroelasticity theory, in which the coupled 

hydrodynamic and structural dynamic problems are solved simultaneously, has been 

introduced to determine the wave-induced motion, internal forces and stresses more 

accurately. 

Hydroelasticity is the study of the behaviour of a flexible body moving through a 

liquid. (Bishop et al., 1986). This describes the behaviour of a flexible ship hull or 

offshore structure distorting due to the actions of external fluid loading arising from 

the seaway, rudder, propeller, etc. The steady state and transient responses of flexible 

ship structures in regular and irregular seaways can be investigated employing 

hydro elasticity analysis. The theory involves a description of the structure of the 

vessel and the fluid actions applied to it. In its most general form, it encompasses both 

seakeeping and structural dynamics. The hydro elasticity theory of ships is a milestone 

in the study of wave-structure interaction. 
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There are two-dimensional and three-dimensional hydro elasticity theories to predict 

the responses (bodily motions, deflections, bending moment, shear force, twisting 

moment, stresses) at any point within a flexible structure excited by regular and 

irregular waves approaching the structure at an arbitrary heading angle. For beam-like 

ship structures, both symmetric (vertical bending) and anti-symmetric (lateral bending 

and twisting) responses can be predicted by the two-dimensional theory as well as the 

influence of hull slamming assessed. For flexible structures of arbitrary shape (e.g. 

jack-up structure, barge, multi-hulled vessels) a general three-dimensional 

hydroelasticity allows responses to be evaluated and the theory includes the ability to 

predict transient slamming responses excited in oblique seaways (Aksu et aI., 1993). 

The principles of both two and three dimensional hydroelasticity theories are the 

same. The main difference is the employment of different methods in terms of 

idealization of the structure and the evaluation of the fluid-structure interaction. In 

two dimensional hydroelasticity theory, the structure is idealized as a Timoshenko 

beam whilst a strip theory is used to determine the hydrodynamic coefficients and 

wave excitation associated with rigid body motions and distortions (Bishop and Price, 

1979). On the other hand for the three dimensional theory, a finite element 

idealization of the structure and a panel element discretisation of the wet surface of 

the hull is employed. In this case a source whose strength is determined from 

boundary conditions is situated at the center of each panel and use is made of suitable 

Green's functions (Bishop et aI., 1986) 

Evaluation of the dynamic loads and responses using hydro elasticity theory for a 

vessel travelling at arbitrary heading in regular waves and irregular seaways are lead 

by two subsequent approaches, dry and wet analysis. The dry or in vacuo analysis, in 

which the structure vibrates freely in vacuo, in the absence of any structural damping 

or external force and the wet analysis introducing the fluid actions, which are applied 

as an external loading to the flexible structure. 

In describing the responses, it is necessary to assign coordinates to deflections at 

various degrees of freedom and one particular set of generalized coordinates, having 

the advantage of being unambiguous and easily commended, is the set of principal 
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coordinates of the dry structure. Hydroelasticity theory is based on this set of principal 

coordinates with six coordinates describing the rigid body motions and as many 

generalized coordinates as necessary describing the symmetric and anti-symmetric 

responses. This implies that it is necessary to analyze the behaviour of the flexible 

structure in vacuo (dry analysis) to evaluate the principal modes of corresponding to 

the principal coordinates, and in the wet analysis, when the structure is in fluid, all 

fluid actions are treated as externally applied generalized fluid forces acting on the 

structure (Aksu et aI., 1993). 

In the dry analysis, when the floating structure is a slender hull (beam-like ships), 

Timoshenko beam theory, in which the rotation of the cross section is considered as 

the sum of the shearing angle and the rotation of the neutral axis, can be used (Bishop 

and Price, 1979). On the other hand, for non-beam-like vessels, linear finite-element 

approach is convenient to be used to describe the dynamical behaviour of dry 

structure in vacuo. 

According to the hydroelasticity theory developed for beam-like structures, the 

symmetric responses, vertical displacement w(x,t) , bending moment M(x,t) and 

shear force V (x, t) at any point along the structure measured from the stem can be 

expressed by summations in the form (for free-free beam representation) (Bishop and 

Price, 1979) 

N 

w(x,t) = L wr(x)Pr(t) (23) 
r=O 

N 

M(x,t) = LMr(x)Pr(t) (24) 
r=2 

N 

V(x,t) = LVr(x)Pr(t) (25) 
r=2 

where Pr(t) denotes the rth principal coordinate of the principal column vector {Pet)} 

of order N+ 1. 

Principal coordinate {Pet)} is a solution of the equation, if we assume the generalized 

values in matrices belong to dry hull 
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[a ]{p(t)}+ [b ]{p(t)} + [c ]{P(t)} = {F(t)} (26) 

where [a] is the generalized mass matrix, [b] is the generalized damping matrix, [c] 

is the generalized stiffness matrix, {p(t)} is the principal coordinate representing the 

response and {F(t)} is the generalized force representing input loading. [a], [b] and 

[c] are diagonal matrices, {p(t)} and {F(t)} are column vectors. 

In general two-dimensional hydroelasticity theory, the dynamic responses against the 

excitation (i.e. motions, distortions, shearing forces, bending moments, and twisting 

moments) can be determined by using techniques of modal analysis. The ship's hull is 

assumed to be beam-like. Its dynamic characteristics are determined in a dry-hull 

analysis. By treating the hull as a non-uniform Timoshenko beam and adopting a 

suitable process for representing the continuous structure as one with finite number of 

degrees of freedom, a set of principal modes and natural frequencies may be 

determined. 

In order to describe the fluid motion around oscillating deformable structures, the 

interface boundary condition must be given. Price and Wu (1985) presented a linear 

potential flow theory of flexible marine structures, where the classical kinematic rigid 

body (Timman-Newman) boundary condition for seakeeping problems (Newman, 

1978) was generalized as the interface boundary condition. (Xia, 1996) gave a general 

linear boundary condition for hydroelastic analysis of arbitrarily shaped floating 

structures with ideal or viscous fluids. 

The complexity of ship dynamics has led to the adoption of the most basic 

assumptions (Bishop and Price, 1991). The structural and hydrodynamic analyses are 

usually performed separately. Wave-induced motions of ships have been thoroughly 

studied in the field of seakeeping. When wave induced internal forces and structural 

performances of ships are to be examined, the fluid is put aside and all the fluid loads 

are assumed to be prescribed, for example, by seakeeping theory. These assumptions 
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bring some questions to discussion; if the natural frequencies associated with elastic 

deflections are within the spectrum of wave loads, the structure may suffer steady 

state global elastic vibration, referred as springing. On the other hand if the ship 

undergoes slamming, it may be accompanied by transient vibration, i.e. whipping. To 

be able to determine these fluid-induced structural responses accurately, the coupling 

effects between the structural and hydrodynamic problems cannot be neglected (Xia 

and Wang, 1997). 

2.2.1 Two-Dimensional Hydroelasticity 

In the two dimensional hydroelasticity, which is also referred as unified strip theory 

developed by Bishop and Price (1979), fluid actions are represented by strip theories 

(Gerristma and Beukelman, 1964; Salvesen, Tuck and Faltinsen, 1970), while the 

generalized modes are composed of the rigid motion modes and the additional dry 

modes of the ship structure represented as a non-uniform beam vibrating in vacuo. 

Bishop et al. 1977, Bishop et al. 1980 and Bishop et al 1986 applied this method on 

various beamlike ships to investigate symmetric, anti symmetric and unsymmetric 

dynamic behaviour in waves. 

Beam model brings limitations to the analysis especially in the case of multi-hull 

vessels such as SW ATH ship. Mainly the slender ship and high speed assumptions 

restrict the two-dimensional theory, since strip theory particularly takes into account 

monohulls which usually modelled as Timoshenko beams and zero forward speed. 

To overcome the limitations imposed by two-dimensional strip-beam theory, Wu, Xia 

and Du (1991) proposed a general slender body hydro elasticity theory by extending 

Newman's unified ship motion theory (Newman, 1978) to admit distortions of the 

ship hull. The hull is treated as a Timoshenko beam. The resulting unified theory is 

valid generally for all wave frequencies of practical importance. 

Hermundstad et al. (1994) presented a linear hydro elastic analysis of a high speed 

mono-hull which is based on modal technique (using dry modes) and involves a three 
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dimensional free surface condition with forward speed to predict the symmetric 

responses. The results suggested that the hydroelastic effect in linear responses is 

insignificant for most high·speed vessels as far as extreme values are concerned, but it 

may influence fatigue life. 

(Hermunstad, 1995) reported a linear hydroelastic approach based on the 2Yz 

dimensional fluid method (Zhao and Aarsnes, 1995), which is a slender body theory 

for ships moving at high forward speeds. Hermundstad et al. (1999) also used a 

similar method, which is the generalized version of the method presented by 

(Faltinsen and Zhao, 1991a,b) and investigated the linear hydro elastic analysis of high 

speed catamarans and monohulls in regular waves. In this modified method, they 

properly included the hydrodynamic interactions between catamaran hulls into the 

theory and they avoided the numerical differentiation of the velocity potential by 

utilizing Tuck's theorem (Ogilvie and Tuck, 1969). Wu and Moan (1996) used high· 

speed strip theory and considered a Vlasov beam idealization including rotary inertia 

and shear deformation effects to investigate the hydroelastic responses of ships in 

irregular head waves. They presented linear and nonlinear hydroelastic formulations 

in frequency and time domains for the ship hull response analysis and concluded that 

nonlinearity becomes important with the high speed of the vessels. 

In the cases where the hydrodynamic loading on the structure is of a non· linear 

character, then the time-domain analysis is more appropriate. Gu, Wu, and Xia (1989) 

presented a time domain hydroelastic simulation for the prediction of vertical ship 

motions and bending moments in the moderate regular and irregular seas. They used a 

Timoshenko beam model of the ship structure. Xia and Wang (1997) verified this 

approach with the ship model tests. They generalized the three-dimensional time 

domain free surface potential flow method to account for the flexibility of floating 

structures. This resulted in a linear time domain theory for hydroelastic analysis of 

ships and offshore structures. After simplifying the theory, they used Timoshenko 

beam idealization and slender body strip method. They numerically investigated the 

responses for a warship hull and a S 175 containership in regular and irregular waves. 

The results pointed out the importance of the nonlinear effects on ship motions and 
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internal forces. Hence Xia et al. (1998) studied nonlinear wave loads and ship 

responses using a time domain strip theory. A nonlinear hydro elastic method for wave 

and slamming induced vertical motions and structural responses of ships is 

introduced. They presented numerical results for the S175 containership with two 

different bow flare forms and also compared the results with experiments. 

2.2.2 Three-Dimensional Hydroelasticity 

In order to examine the fluid-structure interaction behaviour of non-beamlike flexible 

floating structures (i.e. multi-hull vessels, jack-up rigs, catamarans and semi­

submersibles, etc.), Wu (1984); Price and Wu (1985) and Bishop et al. (1986) 

presented a three-dimensional hydroelasticity theory, in which the limitations of two­

dimensional theory are avoided by using three-dimensional potential theory (pulsating 

source distribution on the mean wetted surface of the structure) to model the fluid 

forces and creating a three-dimensional fmite element model of the structure. 

Since the three-dimensional hydro elasticity theory is well capable of modelling the 

non-beam like structure case, it has been used to investigate the dynamic behaviour of 

SWATHs in waves (Bishop et aI, 1986; Bishop, Price and Temarel, 1986; Price, 

Temarel and Wu, 1987; Price et al. 1994) the problem of jack-up transportation (Fu, 

Price and Temarel, 1987), the behaviour of a dry dock (Lundgren, Price and Wu, 

1989). Ergin et aL (1992) studied on a flexible cylindrical shell in air and submerged 

using an alternative time domain analysis to illustrate the effects of impulsive loading. 

Price et al. (1994) presented a hydroelastic analysis of a SWATH (T-AGOS 19) in 

waves to account for the steady state responses. They presented comparisons between 

simplified (for preliminary design stage) and refined (for final design and the 

assessment of the effects of loading) stage finite element models. The main 

differences between the two models are the structural details and weight distribution. 

Stress distributions in the structure were obtained and discussed at various travelling 

speeds and heading angles in irregular seas in frequency domain. 
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Che et al. (1994) brought a new approach into the discussion of the analysis of wave 

induced hydroelastic response of floating, slender structures. They developed a 

method that combines a three dimensional structural model with fluid forces from 

two-dimensional potential theory (strip theory). Since a three-dimensional finite 

element model of the structure is used, the method allows direct computation of three­

dimensional response of the structure. On the other hand, because of using a two­

dimensional fluid model, the large computational effort of three-dimensional 

hydroelasticity (three-dimensional potential theory) is avoided. To demonstrate and to 

verify the method a SWATH ship is analyzed. The results of this method are 

compared with a full three-dimensional hydroelastic analysis. The results indicated 

that the 2D/3D composite method could be an alternative to three-dimensional 

hydro elasticity for large floating structures that can be characterized as slender. 

Aksu et al. (1991) compared two and three-dimensional hydroelasticity theories 

including the effect of slamming. Comparisons were made in time-domain steady 

state and transient slamming responses for head seas. They investigated the 

behaviours of slender uniform and non-uniform barge structures travelling in irregular 

seas using both theories. In the case of uniform barge travelling in head seas, the 

response simulations agree in both methods. However, for a non-slender uniform 

barge differences occur between the two theories. Results from three-dimensional 

hYdroelasticity theory are found to be reliable and investigation was extended to 

slamming. 

Janardhanan, Price and Wu (1992) developed a three-dimensional time-domain 

hydroelastic approach, incorporating time history effect and non-linear fluid loading 

from wave effects. The theory is based on the fluid field representation in terms of the 

frequency-domain Green function. 

Wu and Moan (1996) and Wu et al. (1996) reported a time-domain hydroelastic 

analysis for ships at high forward speed, using 2Yz dimensional simplification in the 

fluid force prediction. The total vertical loads are decomposed into linear and 

nonlinear modification parts. The linear part is evaluated by use of appropriate linear 
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potential flow theory. The nonlinear modification part comes from the hydrodynamic 

force caused by slamming and nonlinear modifications in Froude-Krylov, hydrostatic 

restoring, radiation and diffraction forces. This non-linear hydroelastic theory to 

predict the wave-induced structural responses in ships with large amplitude motion in 

head or following seas using the decomposition approach of total response to linear 

and nonlinear parts, developed by Wu and Moan (1996), is applied to a catamaran 

model in regular head waves and theoretical results are compared with model tests in 

the study of Wu et al. (1996). 

Cheung et al. (1998) studied the hydroelastic analysis of a SWATH structure and 

other methods of analysis of the primary structure of SWATH ships such as quasi­

static and rigid body-dynamic are also applied together with hydroelasticity. 

Deflections and stresses are calculated after each method and compared. In all three 

methods the hydrodynamic pressure is evaluated by the source distribution method 

and the structural deformation and stress are modelled by the finite element method. 

To verify the accuracy of the hydroelastic analysis, the convergence of the solution to 

the number of modes is investigated. It is noted that the discrepancy between the 

hydro elastic prediction and the other two approaches is generally more pronounced 

near the stern of the ship, where the lower hulls are more flexible and hydroelastic 

effects are important. In addition it is reported that the first two methods generally 

give very close predictions of the deformation and stress. Further more, due to the 

elastic response, the hydroelastic approach gives consistently higher predictions of the 

lower hull deflection and the stress in the strut, but lower predictions of the stress in 

the upper hull compared with the other two methods. 

The assumption In most seakeeping, two-dimensional and three-dimensional 

hydroelasticity theories that the advancing of the ships does not generate non-uniform 

steady flow around and behind the vessel is not applicable for a fast moving non­

slender or thick body. This problem that the steady state disturbance cannot be 

omitted in high forward speeds, led Du and Wu (1998) to investigate the effect of 

forward speed on the hydroelastic behaviour of ship structures and to illustrate the 

calculations of an ellipsoid moving beneath wave surface, and a surface ship of the 
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semi-ellipsoid fonn travelling in waves. Numerical comparisons of the hydrodynamic 

coefficients, wave exciting forces, rigid body motions, and flexible body distortions 

are made for different forward speeds, different slenderness parameters, and different 

heading angles. The contributions from the velocity field of non-unifonn steady flow 

to the interface boundary condition, and the generalized hydrodynamic forces are 

included in the three-dimensional hydro elasticity analysis. 

2.3 Slamming 

In rough seas where large relative amplitude ship motions occur, the bow may emerge 

out of the water. The impact phenomenon that follows, as the bow re-enters the 

incoming wave, is commonly referred to as slamming. Slamming is the main transient 

loading for a ship and can cause important local and global loads on a vessel. 

Slamming on mono-hulls is often categorized as bottom slamming and bow flare 

slamming. 

Under certain conditions the sea imparts a severe transient loading to the hull, because 

of rapid and deep immersion of the bow when there is a pronounced flare or as a 

consequence of local emergence of the hull either near the stem or at the forefoot. 

After emergence, the subsequent re-entry of the forefoot may create substantial forces 

due to sudden pressure changes in the region as the ship strikes the water surface 

(bottom impact slamming). This may result in high frequency transient responses in 

the structure. When the relative velocity of the ship's bottom and the sea surface is 

large enough, the vessel will slam when its forefoot re-enters the water. An impulsive 

loading will be applied which will make the ship oscillate and may cause damage. 

There may also be local damage and equipment may suffer as result of the shock 

loading. 

When a bow flare section of a ship enters the water, the local loads around the flare 

are not influenced by hydroelasticity. On the other hand hydroelasticity is important in 

a global analysis. When the ship is considered as elastic beam, the integrated water­

entry force on a bow flare section causes transient hYdroelastic response (whipping) 

of the beam (Faltinsen, 1997). Despite the pressure field due to impact remains 
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localized in space and time, slamming loads can locally create plastic deformations of 

the hull external structure. They are also involved in the high-frequency whipping 

type response of the global ship structure and lead to an increase of the vertical 

bending moments. In the severe cases these loads are seen responsible for the loss of 

ships. 

Different physical effects may have an influence during slamming. When the local 

angle between the water surface and the body surface is very small at the impact 

position, an air cushion may be formed between the body surface and the water 

surface. Compressibility of the air influences the airflow. The airflow interacts with 

the water flow, which is influenced by the compressibility of the water. When the air 

cushion collapses, air bubbles are formed. The large loads that can occur during 

impact between a nearly horizontal body and a water surface can cause important 

local dynamic hydroelastic effects. This can lead to subsequent cavitation and 

ventilation (Faltinsen, 1999) 

The calculation of impact load is needed in order to determine the required strength of 

the structure involved. A better understanding of the whole phenomenon of slamming 

will also give information on how to design the shape of the structure for the 

minimization of the impact load. 

Many researchers have studied vessel impact problems since the early 1930s. The 

pioneering works are von Karman's (1929) impact analysis of seaplane landing and 

Wagner's (1932) flat plate model. 

Impact forces can be obtained from the slamming pressure due to bottom impact 

(Ochi and Motter, 1973; Stavovy and Chuang, 1976). On the other hand, the forces 

applied to hull during the penetration of the waves after the initial impingement can 

be evaluated from the momentum slamming theory (Leibowitz, 1963). These two 

theories have different characteristics. Bottom impact induces a sharp peak of short 

duration while the penetration of the waves induces a smoother peak of relatively 

longer duration (Belik et aI., 1980). The total slamming force may consist of the 
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impact and/or the momentum forces. Belik et al. (1988) reported that use of the 

impact forces or the momentum forces or their combination results in very small 

differences. 

Based on the theories mentioned above, the actual magnitude of the slam can be 

described in two distinct ways. It is assumed that the total slamming force consists of 

these two distinct components. 

(27) 

The first one, which is impact slamming, attempts to evaluate the forces due to sudden 

pressure change around bottom of the hull at the instant when the hull strikes the free 

surface of the waves. The characteristics of this type of slam are short duration, the 

compressibility of the water, the significance of the influence of air cushioning and 

the dependency of the impact pressure on the relative velocity at the re-entry (Bishop 

and Price, 1979). 

Impact theory assumes that the impact pressure and hence the slamming impact force 

at the instant of impact is proportional to the vertical velocity (Bishop and Price, 

1979). In impact theory, the transient forces are continuously distributed over a length 

of the hull, which was initially clear of the water near the forefoot; the distributed 

force must be discretised for the purposes of calculation. This can be done by 

assuming the transient to be stepwise distributed over some of slices into which the 

hull is imagined cut for the purposes of structural or hydrodynamic calculations. 

The generalized two-dimensional transient excitation force at the s th coordinate is 

I 

zAt} = f F(x,t)ws(x)ix (28) 
a 

where F(x,t} is the transient force per unit length acting on the hull and Ws is the 

displacement at coordinate s . 
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This theory is based on the assumption that the slamming force and hence the impact 

pressure at the instant of impact is proportional to the nth power of the impact 

velocity: (Belik et aI., 1987) 

pressure, p = k(impact _ velocityf 

The constants k and n are determined experimentally by systematic drop tests on 

plates, sections of hulls, etc. or on ship models towed in waves. 

The expression assumed for the impact force per unit length is given by 

F;mpac/x,t) = Pmax(x)G(x)f(t) (29) 

In the application of impact slamming theory, the following equation for the transient 

loading can be used. (Bishop and Price, 1979) 

t 

F(x,t) = P;ax G(x)te (I-Ta) 

o 
(30) 

where G(x) is the shape factor, Pma)s the maximum pressure and To is the time that 

elapses between the instant at which the bottom strikes the wave surface and the 

instant at which the loading reaches its maximum value. 

The second method, which is called momentum slamming, is associated with fluid 

actions describing the rate of change of momentum as the hull re-enters the water and 

describes the effect of pressure variations around the hull surface as it penetrates the 

moving fluid after the initial entry. Flare slamming can be described adequately only 

by the second approach. 

The transient force, which is related to the rate of change of momentum of the 

surrounding fluid and the instantaneous buoyancy, is (Bishop and Price, 1979) 

F(x,t) ~ -{~t [m(x,t) ~t Wro/(X,tl]- pgS(X,t)} (31) 

where m(x,t)and S(x,t) are the instantaneous added mass and submerged area of the 

hull section as it re-enters the water. wre1 is the relative displacement at a section x on 

the hull. 
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Ochi and Motter (1973) divided the slamming loads in three different problems 

related with the determination of the slamming pressure, the pressure distribution and 

the time variation of the slamming load. Subsequently several authors proposed 

different methods to predict these parameters. Kawakami et al. (1977) proposed a 

different method to predict the time variation of the slamming load, Stavovy and 

Chuang (1976) proposed a method to predict the maximum slamming pressure. Mter 

defining the slamming force, the structural response has been treated by several 

authors, for example Belik et al. (1983) and Guedes Soares (1989), who performed 

time simulations for irregular seas using different methods for the prediction of the 

slamming loads. 

The main problem in slamming is the determination of the maximum slamming 

pressure, which is assumed by all methods in the following relation; 

- ..!. kv 2 
PITlllX - 2 

where k is a non-dimensional factor that depends on the section geometry and this 

factors plays the main role in determining the maximum slamming pressure (Ramos 

and Soares, 1998). In the method ofOchi and Motter (1973) k factor is established as; 

Stavovy and Chuang (1976) evaluate the value of k using the local deadrise angle. It 

is obtained using a series of polynomials that fit experimental results. Zhao and 

Faltinsen (1993) compared three different methods to evaluate k in their study. The 

first one is based on the non-linear boundary method with a jet flow approximation. 

The second one was a new similarity solution for wedges with the deadrise angle 

varying from 4 to 81 degrees and the last one was an asymptotic solution based on the 

Wagner solution. The comparison of these five different empirical methods (k versus 

deadrise angles varying from 0 to 45° ) for the evaluation ofthe slamming loads based 

on experimental results can be found in the work by Ramos and Guedes Soares (1998) 

where they presented a method to predict the stresses induced on ship hull when the 

forward bottom impacts in water. The relative motion between the ship and waves is 

determined using a linear strip theory. They calculated the vibratory response of a 
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container ship by modelling it with finite elements and using modal superposition 

together with central differences for the time integration. The results obtained using 

different methods to calculate the slamming forces, differ very largely for the slam 

induced vertical moment amidships. 

As well as the investigations on steady state responses, the transient responses due to 

slamming in regular head waves using impact and momentum slamming theories have 

been studied by Bishop et al. 1980 and Belik et al. 1980. The latter paper is a 

continuation of the previous one and the combined effects of bow slamming and 

steady state responses for a destroyer travelling in regular waves are investigated. In 

both studies transient impact and momentum loading is examined separately and 

using linear superposition, total responses are obtained. In order to simulate a real 

slam, the attention is drawn to the necessity of using both impact and momentum 

theories together rather than using only one. Belik and Price (1982) compared the 

existing slamming theories ((0 chi and Motter, 1973) and (Stavovy and Chuang, 1976) 

for impact slamming, (Leibowitz, 1963) for momentum slamming) in the time domain 

simulation of ship responses in irregular waves. The Ochi-Motter impact slamming 

theory is found to be contributing to the existing steady state response values much 

less than the Stavovy-Chuang theory. Furthermore, the latter approach was found to 

be more capable of predicting the localized damage on the structure (eg. plating). On 

the other hand the momentum slamming effect was reported as dominating both of 

these impact responses and providing a significant increase in the steady response. 

They also pointed out the dependence of magnitudes of slamming transient responses 

on the structural damping. In addition to impact slamming theories, bow flare 

slamming was incorporated into the available modal approaches to analyze transient 

responses due to the effects of bottom and bow flare slamming on a destroyer (Belik 

et aI, 1988). With this paper Belik et al. clarified that the responses derived by 

combining impact and momentum slamming effects in the time domain are not 

necessarily larger than those derived from separate evaluations using the two theories 

because of phase differences. They concluded that a better simulation of bottom 

slamming is achieved by combining the two theories. In addition to the earlier 
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investigations of the same authors it is concluded that momentum slamming theory 

allows for the investigation of flare slamming and the effects of forward hull form. 

The response of the hull to a transient excitation (e.g. slamming) is associated with the 

resonance frequencies of the distortion mode shapes of the hull (Belik, Bishop and 

Price, 1980, 1983). Comparisons of the predictions of hydro elasticity theory with full­

scale measurements for two frigates in a severe weather trial (Bishop, Clarke and 

Price, 1984), a fast patrol boat travelling in rough seas (Aksu, Price, Suhrbier and 

Temarel, 1993) include steady state and transient (slamming) responses together. 

Kvalsvold and Faltinsen (1994) investigated the hydroelastic response due to the 

slamming against the wetdeck of a multihull vessel in head sea waves analytically and 

numerically. In theoretical slamming model, they used a two-dimensional, asymptotic 

method valid for small local angles between the undisturbed water surface and the 

wetdeck. Local hydro elastic effects in the local slamming area are also accounted for. 

Shear deformations and the rotatory inertia effects are all considered in their work. 

They modelled the wetdeck as a Timoshenko beam with rotatory springs at the beam 

ends to get the shear deformation and rotatory inertia effects properly. The 

hydrodynamic formulation of the problem is based on the extension of Wagner's 

(1932) two-dimensional theory. The main indication of the results is that the 

slamming loads on the wetdeck are significantly influenced by the elasticity of the 

wetdeck structure. 

Slamming against rigid wetdecks has been studied by Kaplan and Malakhoff (1978) 

and Kaplan (1987, 1991). Kaplan (1992) reported that wetdeck slamming could cause 

a hydrodynamic loading in the order of the weight of the vessel or even larger, which 

may lead to severe local as well as global damages of the hull structure. Zhao and 

Faltinsen (1992) reported that the global heave and pitch motions of a catamaran were 

influenced by wetdeck slamming, however they did not account for any local or 

global elastic effects of the catamaran. Kvalsvold and Faltinsen (1995) improved their 

previous study on the wetdeck slamming of a multihull vessel in head sea waves 

(Kvalsvold and Faltinsen, 1994) by modelling the wetdeck as a set of three 
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Timoshenko beams in the transverse direction. The main difference between these 

two subsequent studies is reported by Kvalsvold and Faltinsen (1995); in the previous 

single Timoshenko beam model the lack of the inertia effects in the wetdeck outside 

the beam influenced the hydroelastic response when the wetted length was of the 

order of the beam length. In the latter study they extended the previous study to 

account for an arbitrary relative position between the undisturbed free surface of the 

waves and the wetdeck at the moment of initial water impact. As a result the resulting 

absolute maximum stresses are found to be slightly dependent of where the waves hit 

initially between two transverse stiffeners in the wet deck. In the work by K valsvold 

and Faltinsen (1995) two different approaches are used to calculate the wetted length 

of the beams. First one is based on the von Karman (1929) method and the other is the 

generalization of Wagner (1932) method. The fundamental difference between those 

two is that the latter method accounts for the pileup water effects. 

Faltinsen (1997) studied the wetdeck slamming theoretically by a hydro elastic beam 

model. The analysis is simplified by introducing an initial structural inertia phase and 

a subsequent free vibration phase. Theoretical results are validated with drop tests of 

elastic plates on waves. The reported results indicate that the effect of the forward 

speed from the free surface conditions is not important for realistic wetdeck slamming 

conditions. The important effect comes from the body boundary conditions as an 

angle of attack effect. Another key result from the study is that both theory and 

experiments show that maximum bending stress is proportional to the drop velocity 

and is not sensitive to where the waves hit the wetdeck nor the curvature of the crest 

in the impact region. 

Aksu et al. (1996) studied the effects of operational parameters, such as forward speed 

and loading condition, and seaway parameters, such as significant wave height, 

characteristic wave period and randomness, on the predicted steady state and 

slamming induced loads and stresses, using a bulk carrier and a tanker as examples. 

The intensity and severity of slamming are examined as a function of significant wave 

height and characteristic wave period used to describe the random seaways generated 

from ISSC wave spectra. They restricted their investigation on the symmetric bending 
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and shear of beamlike hulls in random head seas. In the calculation of transient 

slamming forces they considered the combination of the bottom impact forces 

(Stavovy and Chuang, 1976) and the rate of change of momentum as the forefoot 

penetrates the water surface (Leibowitz, 1963). 

Vessel impact problems generally have been solved by two-dimensional or simplified 

three-dimensional model with basic assumptions of zero gravity, zero viscosity and 

zero compressibility. Some main examples of these two different approaches are by 

Cointe (1989, 1991), Zhao and Faltinsen (1993, 1996), Voros (1996) and Zhao et al. 

(1997) for the two-dimensional solutions and by Troesch and Kang (1986,1988) and 

Lai and Troesch (1995,1996) for the simplified three-dimensional solutions. These are 

all symmetric body solutions. 

On the other hand Xu et al. (1998) proposed a two-dimensional theory for asymmetric 

impact problems of vessels with arbitrary geometry. Based on Voros's (1996) flat­

cylinder theory, they established two types of flow models for cases of small and large 

asymmetry and calculated the asymmetric impact (slamming) loads due to extreme 

vessel motion by applying the method of discrete vortices. The difference between the 

two types is whether the flow is attached or separates at the keel on the first instances 

of impact. 

Greenhow (1987) investigated the two-dimensional wedge entry into initially calm 

water. He considered the time dependent motions of wedges of various angles with 

both gravity and the nonlinearity of the boundary conditions on the wedge and free 

surfaces. 

The water entry problem has been analyzed for studying water entry of a two­

dimensional body of arbitrary cross-section by a numerical approach by Zhao and 

Faltinsen (1993). Through a boundary element formulation with a jet flow 

approximation, they simulated the flow around a wedge for different values of the 

deadrise angle. In view of the extension to three-dimensional problems, the model has 

been successively applied to asymmetric bodies (Zhao and Faltinsen, 1998). 
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Korobkin (1998) considered the impact of an elastic body onto a liquid, when the 

possibility of the liquid to escape from the impact region is highly limited. In order to 

solve this problem a catamaran wetdeck and its response to liquid impact is taken as 

example. The results mainly show that any possibility of restricting the liquid flow 

near the impact region has to be avoided at the design stage, since the limitation on 

the liquid flow leads to high level of stresses in the elastic bottom. 

Faltinsen (1999) analyzed the water entry of a slender hull with wedge shaped cross 

sections using orthotropic plate theory. Systematic studies on the importance of 

hydroelasticity as a function of deadrise angle and impact velocity are also presented. 

The effect of structural vibrations on the fluid flow is incorporated solving the two­

dimensional Laplace equation in the cross sectional fluid domain by Wagner's theory. 

The theory is also validated by comparison with full-scale experiments and drop tests. 

The effect of hydroelasticity is found to be significant in the smaller deadrise angles 

due to the larger impact velocity. 

Campana et al. (2000) studied the impact of cylindrical bodies over the water surface 

in the compressible and incompressible stages. In the compressible phase the 

hydrodynamic analysis is carried out and a closed form expression for the maximum 

impact force is found for a wedge section and for a circular cylinder. For the 

incompressible stage they used an unsteady boundary element method to compute the 

free surface evaluation and the slamming force on the body. They analyzed the effect 

of the entry velocity reduction during the impact (e.g. the effect of the inertial force in 

water shock). The inertial effect leads to a characteristic maximum in the time history 

of the slamming force and this makes it natural to investigate the role played by the 

mass of the impacting body on the slamming load. In the case of a circular cylinder, a 

closed form relationship between the maximum slamming force and the mass of the 

impacting body could not be found in their investigation. They concluded that for 

either compressible or incompressible conditions, a similar increasing trend of the 

maximum slamming load acting on impacting wedges is obtained for increasing body 

mass. 
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Carcaterra and Ciappi (2000) investigated the response of simple systems (rigid and 

elastic) impacting on the water surface. An elastically deformable wedge and a rigid 

wedge coupled with an oscillator were taken as examples. The wedges were consisted 

of two elastically coupled bodies and the body shape is elastically deformed during 

the impact in the first one, while the second one is a rigid impacting body. The 

investigation led to the following conclusions. In both models, the hydrodynamic 

force evaluation was not effected by the presence of elastic coupling. The deformable 

wedge presented a feedback control of the impact force when the deformation tended 

to increase the wetted surface, a consequent velocity reduction was observed. It was 

noticed that when the rigid wedge is coupled with oscillator, the hydrodynamic force 

had an order of magnitude larger with respect the elastic reaction. Therefore in both 

cases the rigid wedge approximation is suggested to be used in predicting the 

maximum hydrodynamic slamming force. 

With respect to the role of hydroelasticity on slamming, Bereznitski (2001) carried out 

an alternative investigation based on a large number of calculations using a two­

dimensional wedge shaped body and stated that the ratio between the duration of the 

impact and the first period of the natural vibration of the dry structure is the key factor 

for defining when hydroelasticity should be taken into account or can be neglected. 

Bereznitski (2001) also developed a three-dimensional model for bottom slamming. 

He considered a steel plate with stiffeners and applied drop tests on it. The effects of 

hydroelasticity and compressibility are taken into account in the analysis. The factors 

influencing the impact interaction such as the air entrapped between the structure and 

the water surface, penetration of structure inclined at a specified angle, acceptability 

of 3-DI2-D model conversion, are discussed in this paper. 

Faltinsen (2002) analyzed the water entry of a rigid wedge using matched asymptotic 

expansions under the assumptions of incompressible water and irrotational flow. A jet 

domain, inner domains at the spray and outer domain are defined. The matched 

asymptotic expansion solution of Armand and Cointe (1987), in which the deadrise 

angle is limited with very small values, is extended by assuming finite deadrise angles 
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when the outer and inner domain solutions are found. This new solution method is 

found satisfactory for gravity free water entry of a general two-dimensional body 

shape. 

Hansen et al. (1994) investigated the wave induced high-speed vessels' hull vibrations 

(springing and Whipping). A parametric study is also performed to determine the 

importance of hull flexibility and ship length on the springing and Whipping response 

of fast mono-hull vessels. The calculations are carried out using nonlinear strip 

theory. 

Chihua and Y ousheng (1997) developed a boundary element method for calculating 

the two-dimensional flare ship hull slamming with a constant entry velocity. The 

exact nonlinear free surface boundary conditions are accounted for, and the linear 

element assumption is adopted. Results obtained show that the slamming on the flare 

section of ship hull may cause more structural damage than when using aU-shape 

section. 

Varyani et al. (2000) presented an investigation on the slamming impact of a 

catamaran together with its motions in head seas including and omitting forward 

speed. For the ship motions they used strip theory and three-dimensional pulsating 

source method. On the other hand they developed a computational fluid dynamics 

method to predict the slamming loads acting on the catamaran. 

In literature there are some fundamental experiments related with slamming. Chuang 

(1966, 1967) analyzed the slamming problem experimentally through a series of drop 

tests with a flat plate and a wedge. In the flat bottom slamming experiment the effect 

of the trapped air between the falling body and the water, causing the maximum 

impact pressure to be much lower than the pressure expected, was observed. 

Subsequent experiments in slamming of wedge shaped steel models with small 

deadrise angles were performed by the same author. The results of drop tests are used 

to provide charts for estimating the maximum impact pressure due to rigid body 

slamming of wedges. 
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Verhagen (1967) investigated the impact of a flat plate on a water surface 

theoretically and experimentally. Lewison (1970) presented a paper on the reduction 

of slamming pressures. He used a flat water impact theory which takes account of the 

air trapped between the falling body and the water surface. Two sets of experiments 

are introduced in the study; in the first set, pressure measurements on a flat plate were 

made on a large vertical drop test machine and second set of experiments were on a 

small scale model in head seas. As a result of the experiments it was concluded that 

end flanges would sharply reduce the peak pressures because of entrapping a greater 

volume of air. In other words, the slamming pressures under the forefoot were 

reduced sharply, if the air cushion was artificially reinforced. Beukelman (1978) 

carried out forced oscillation tests about the water surface to obtain bottom impact 

(slamming) pressures using two-dimensional approach. 

Shibue et al. (1994) presented a transient structural response analysis for drop tests of 

two-dimensional cylinders on water surface to reproduce the time histories of strain 

under water impact pressure. They focused on the effects of maximum pressure values 

on the maximum strain values. 

2.4 Stiffened Flat Plates 

Many structures such as those used for aerospace, marine and offshore applications 

are, generally, made up of unstiffenedJstiffened plate panels. The design of these 

structures involves detailed analysis for static and dynamic responses. In order to 

model these structures, it IS necessary to identify and adopt suitable 

analytical/numerical methods, which will be reliable as well as economical in 

representing the structural behaviour of the plate panels. 

Stiffened plates are encountered in bridge decks, floor slab systems, ship 

constructions, etc. The primary advantage of stiffening the plate lies in the structural 

efficiency of the system, since great savings of weight can be attained with no 

sacrifices in strength or serviceability of the structure. Stiffening a plate gives higher 

strength/weight ratio of the structure compared to a bare plate having the same 
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material. Hence stiffened plate construction is widely used in aerospace and marine 

structures, where weight is of great significance. The structural system is composed of 

plate elements, above which the load is applied, reinforced by stiffener (or beam, rib, 

stringer, girder) elements located at discrete spacings in one direction (longitudinal or 

transverse) and in some cases in both directions. The former stiffening system is often 

referred to as uniaxially or longitudinally stiffened plate and the latter as orthogonal or 

waffle type stiffing. If the stiffeners are symmetrical about the mid-plane of the plate 

they are referred to as concentric stiffening, and if they are located on one side of the 

plate they are referred as to as eccentric stiffening (Bedair, 1997). 
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Figure 4 Stiffened plate (Tanaka et al., 1998) 

The methods used for dynamic and static analyses of plates are similar. The following 

is a review of analytical and numerical tools for studying dynamic behaviour of 

stiffened plates. 

The vanous approaches include orthotropic plate approximation, grillage 

approximation and plate-beam idealization. The philosophy of each depends upon the 

treatment of plate and stiffener elements. Research on the static and dynamic 

characteristics of stiffened plates can be divided into these three broad headings: 

2.4.1 Orthotropic Plate Approximation 

The orthotropic plate theory was first developed by Huber, in which smearing the 

stiffener into the plate forms a relatively simpler approach to the solution of stiffened 

plate problems (Satsangi et aI., 1989). This approximation converts the plate from one 
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having stiffeners dispersed throughout, to one having orthotropic properties as seen in 

Figure 5 (Bedair, 1997). The resulting idealized structure is therefore composed of the 

original plate layer and additional layer. 

7 
Figure 5 Orthotropic plate idealization (Bedair,2 1997) 

Main publications regarding orthotropic plate theory can be given as follows; Natural 

frequencies have been calculated according to Navier's solution by Huffington (1956) 

and Hoppman et al. (1956); a study of nodal patterns followed by Hoppman et al. 

(1957) that was modified by Thorkildsen et al. (1959) to introduce rotary inertia 

effects. Rotary inertia of both the plate and the stiffeners were incorporated later by 

Huffington et al. (1965). The response of a damped, simply supported stiffened plate 

subjected to sinusoidal and random excitation is determined analytically including 

shear and rotary inertia by Laura (1968). Smith · et al. (1970) presented an 

experimental and analytical study of vibration of clamped stiffened and unstiffened 

plates subjected to inplane loading. Natural frequencies have been calculated for 

rectangular plates having fixed, simply supported and free boundary conditions. The 

influence of aspect and rigidity ratios on the plates has been examined by Grace et al. 

(1985). A higher order shear deformation theory was developed for investigation of 

free vibration characteristics of a thick, simply supported, orthotropic plate by Doong 

et al. (1987). The boundary element method was used for the free vibration analysis of 

orthotropic plates (Sun et al., 1987). This theory is used efficiently if the stiffeners are 

small, identical and placed uniformly at close intervals. If the stiffeners are not 

identical in both directions or not equally spaced then the resulting thickness becomes 

non-uniform (Satsangi et al., 1989). These issues impose limitations. Moreover, as the 

plate and the stiffeners are converted into an equivalent plate, the evaluation of the 

stresses in the plate and the stiffeners separately becomes difficult. 

56 



2.4.2 Grillage Approximation 

The stiffened plate structure is idealized as a set of intersecting beams for the 

convenience of the analysis. Static analysis of stiffened plates using this 

approximation is more than the dynamic analysis of stiffened plates. Free vibration 

studies of grillages have been done by Balendra and Shanmugan (1985). The transfer 

matrix technique has been used to determine frequencies of a grillage in the study of 

Leckie (1963). In the idealization of a stiffened plate as a grillage the effective breadth 

of plating is assumed as the flange of the beam. According to various researchers this 

effective breadth varies from 50% to 100% of the stiffener spacing (Satsangi et aI., 

1989). There are basically two drawbacks in this approach (Satsangi et aI., 1989). 

First the centroidal planes of the beams in different directions are assumed to be the 

same, which affect the accuracy of the stresses calculated. Secondly the beam 

properties are derived by considering the effective breadth of the plate. There is no 

simple method available for the calculation of effective breadth of plating. This 

creates difficulties in evaluating the true stresses in the plate and the stiffeners 

(Satsangi et aI., 1989). 

Hirherto two earlier methods of idealization of stiffened plates are mentioned. Both 

these methods fail in the case when the stiffeners are sparse and are therefore not 

suitable for the solution of generalized stiffened plate applications as a result of the 

limitations they impose (Mukherjee and Mukhopadhyay, 1988). 

2.4.3 Plate and Beam Idealizations 

It is more realistic to consider the plate and the stiffener as separate entities and then 

enforce the compatibility between the two. Various approaches exist in the literature 

for the analysis of stiffened plate problems by considering the plate and the stiffener 

as separate identities. For many plate problems of considerable practical interest, 

analytic solutions to the governing differential equations cannot be found. On the 

other hand numerical treatment of differential equations can yield approximate results, 

acceptable for most practical problems (Szilard, 1974). Some of these numerical 
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techniques are finite difference methods, energy methods, matrix method, finite strip 

method, finite element methods and others. 

In finite difference method the derivatives in the differential equation under 

consideration are replaced by finite difference quantities at some selected points. 

These points are located at the joints of a rectangular, triangular or other reference 

network, called finite difference mesh (Szilard, 1974). The entire continuum is 

subdivided into a uniform mesh and an approximate solution is obtained (Satsangi and 

Mukhopadhyay, 1989). Troitsky (1976) has reviewed earlier work on the finite 

difference method. Finite difference method has been used to calculate natural 

frequencies of stiffened plates with equally spaced identical stiffeners by Wah (1964). 

Equations formulated from the variational principle for free vibration of stiffened 

plates have been solved by the finite difference method by Aksu and Ali (1976). The 

method has extended to include in-plane inertia and in-plane displacements by Aksu 

(1982). Mukhopadhyay (1989) extended his existing theory for plates using semi 

analytic finite difference method to the vibration and stability analysis of stiffened 

plates. In this method a displacement function satisfying boundary conditions along 

two opposite edges is assumed. This function is then substituted into the differential 

equations of the free vibration and stability of the stiffened plate and then by using 

suitable transformation, they are reduced to ordinary differential equations with 

constant coefficients, which are solved by the finite difference technique. The solution 

of the eigenvalue problem gives the natural frequencies for free vibration and the 

critical load for the stability analysis of the stiffened plate. Under this methodology 

vibration and stability analysis of concentric stiffened plates considering bending 

displacements of the plate and the stiffener only are studied by Mukhopadhyay 

(1989). The same method is extended to the vibration analysis of eccentric stiffened 

plates, considering bending and axial (in-plane) displacements. It is noted that the 

eccentricity of the stiffeners gives rise to axial and bending displacement in the 

middle plane of the plate resulting in three coupled partial differential equations, 

which have been solved by the semi analytic method (Mukhopadhyay, 1989). This 

method has also been applied to the static analysis of both concentric and eccentric 

stiffened plates. On the other hand, Mukhopadhyay and Samal (1990) have carried out 
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transient analysis of plates using this method. The method being semi-analytic in 

approach, takes much less computer time than the ordinary finite difference method 

(Mukhopadhyay, 1994). 

As an energy method the Rayleigh-Ritz method, which involves determination of the 

kinetic and potential energies of the structural system using assumed shape functions 

that satisfy the geometrical boundary conditions and approximates the actual modes of 

vibrations, has been extensively used to study vibration problems of stiffened plates. 

The natural frequencies of the first symmetric and first anti symmetric modes of a 

simply supported rectangular plate with two different forms of stiffener cross section 

(rectangular and T) are determined using this method and the ratio (frequency of 

stiffened plate/frequency of unstiffened plate of equal mass) is also obtained for 

rectangular and T-section stiffeners (Kirk, 1970). Leissa (1973) presented 

comprehensive analytical results for the free vibration of rectangular plates using the 

Ritz method. Twenty-one cases exist involving the possible combinations of clamped, 

simply supported and free edge conditions in this study. Natural frequencies and mode 

indexes are presented for various plate aspect ratios. Madsen (1978) analyzed 

orthogonally stiffened panels for free vibration; he incorporated bending and warping 

torsion and axial deformation of the stiffener to obtain dynamic equations and applied 

the Rayleigh-Ritz method. Bhat (1982) studied the effect of stiffener spacing on free 

vibration. Wu and Liu (1988) applied this technique for the free vibration of stiffened 

plates having edges elastically restrained in rotation, based on plate and beam 

idealization. The first lower four frequencies for restrained plates with up to six 

stiffeners are calculated. 

A transfer matrix method has been developed to predict natural frequencies and 

normal modes for a finite number of panels that differ in width, thickness and material 

properties by Mercer and Seavy (1967). Long (1971), in his formulation for free 

vibration, neglected in-plane displacements across the direction of stiffener in the 

dynamic stiffness matrix. 
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In finite strip method the plate is divided into a number of strips. A semi-analytical 

finite strip method has been developed by Cheung (1976) in order to achieve 

economIC solution with reasonable accuracy, particularly for regular shaped 

structures. The method has some drawbacks like mixed boundary conditions, 

continuous span, internal opening and interior supports. These are mostly due to the 

characteristic beam functions used as displacement interpolation function along the 

longitudinal direction of the strip (Sheikh and Mukhopadhyay, 1993). The spline 

finite strip method has been subsequently proposed to eliminate most of the 

shortcomings of the finite strip method (Cheung et aI., 1982). In this method spline 

functions are adopted in one direction and finite element shape functions are adopted 

in the other direction as interpolation functions of displacement field (Sheikh and 

Mukhopadhyay, 1993). In other words the spline function is used as displacement 

interpolation function in the longitudinal direction of the strip (along the nodal lines) 

(Sheikh and Mukhopadhyay, July 1993). Later this method has been generalized so 

that plates having any arbitrary shapes can be analyzed with a single formulation (Li 

et aI., 1986). Sheikh and Mukhopadhyay have applied the method to static (Sheikh 

and Mukhopadhyay, 1992) and free vibration analysis (Sheikh and Mukhopadhyay, 

1993) of stiffened plates in a linear range. The spline finite strip method has been 

extended to the analysis of plate structures having edges elastically restrained against 

translation and rotation for both unstiffened and stiffened plates (Sheikh and 

Mukhopadhyay, July 1993). The same authors also used this method for the linear and 

nonlinear transient vibration analyses of plates and stiffened plates (Sheikh and 

Mukhopadhyay, 2002). 

Among all the numerical methods finite element method is the most realistic and 

versatile tool being reasonably accurate and less complex to model stiffened panels 

(Palani et al., 1992). Since many investigators have applied this method for the 

analysis of stiffened plate structures, considerable amount of literature is available in 

various publications. Herein only some of the main literatures on finite element 

analysis of plates are presented. The theory behind finite element method can be 

found in many textbooks (e.g.Zienkiewicz, 1977). 
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Olson and Hazel (1977) studied the effect of stiffness on various modes of vibration 

and they performed experiments using real time holography. The plate was modelled 

using triangular elements including bending and in-plane displacements. The 

stiffeners were modelled by beam bending and torsion elements. The fIrst twenty four 

vibration modes were predicted and measured for four different type of stiffened 

plates. Experimental results were compared with those analytically obtained using the 

high precision triangular plate bending element. Experimental results have been 

compared with a finite element model consisting of a three noded plate element with 

three degree of freedom per node and associated with a compatible beam element by 

Rao et al. (1978). Different finite element models have been proposed by 

Mukhopadhyay and Satsangi (1984) and Deb and Booton (1988) for static analysis, 

and by Mukherjee and Mukhopadhyay (1988) for vibration and dynamic analysis of 

stiffened plates with arbitrarily located eccentric stiffeners. Similar approaches which 

involve plane element shape functions (eight noded Serendipity) are used in deriving 

the stiffness/mass properties of the stiffeners and assembled with the stiffness/mass of 

the plate to arrive at the stiffness/mass of the eccentric stiffened plate models in the 

studies above. The early studies in the literature on stiffened plates/shells with 

arbitrarily located stiffeners have been restricted to use eight noded isoparametric 

Serendipity element; however, this element locks in shear for thin plates (Pal ani et 

aI., 1993). The shear strain term considered on the basis of Mindlin's theory in the 

isoparametric element gives rise to the shear locking problem with the decreasing 

thickness in the element (Barik and Mukhopadhyay, 1998). Barik and Mukhopadhyay 

(1998) use a new four noded plate bending element for the free vibration of arbitrary 

plates to overcome the drawback of isoparametric element. Two finite element models 

for static and vibration analysis of stiffened plates/shells with eccentric stiffeners 

(Palani et aI., 1992) have been extended to perform the same analysis of stiffened 

plates/shells with arbitrarily located eccentric stiffeners in Palani et al., (1993). An 

isoparametric stiffened plate bending element for dynamic analysis of stiffened plates 

under time varying loads (distributed and point sinusoidal loading and air blast 

loading) has been studied by Mukherjee and Mukhopadhyay (1987). 
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Mukherjee and Mukhopadhyay (1988) compared the use of consistent mass matrix 

and lumped mass matrix in the plate formulations. In their study it is suggested that 

while using a coarser mesh, the lumped mass scheme produces better results, whilst 

those from the consistent mass scheme improve gradually as the mesh divisions are 

increased. Since the consistent mass matrix provides a proper discretization 

procedure, it involves additional computing. The tendency of the lumped mass is to 

render the structure more flexible. A coarser mesh gives a stiffer structure. The 

counter balancing effect of the lumped mass results in a softer element at a coarse 

mesh. However for higher mesh divisions, the consistent mass formulation gives 

better results than the lumped mass. The result from the consistent mass is marginally 

better for higher natural frequencies. They also investigated the effect of eccentricity 

in clamped and simply supported stiffened plates. It is concluded that for boundary 

conditions where the inplane motions of the supported edges are restrained (e.g. 

clamped), no significant change of frequencies is obtained through the consideration 

of inplane degrees of freedom. For plates where the inplane motions take place at the 

boundary (e.g. simply supported), the effect of eccentricity is significant. 

Static three-dimensional finite element analysis of ship structures is studied using a 

superior stiffened plate element to the existing isoparametric element of 

(Mukhopdhyay and Satsangi, 1984) by Kumar Satish and Mukhopadhyay (2000). 

This element can accommodate any number of arbitrarily oriented stiffeners and 

eliminates the use of mesh lines along the stiffener. 

Vibration of a square clamped panel with varying stiffener length is investigated by 

Nair and Rao (1984) using high precision triangular plate bending elements and beam 

elements including bending and torsion for stiffener. 

Koko et al. (1992) have developed the so-called "super element", which allows a 

coarser mesh to be considered, typically one or a few elements between adjacent 

stiffeners, to model the free vibration of stiffened plates. Only a single element per 

bay or span is needed to model the response. 
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Bardell (1988) has developed a hierarchical FEM for the vibration analysis of plates. 

A distinct advantage of this method is that the system matrices for a given 

interpolation order can be used to form the matrices for a larger interpolation order. 

The interpolation functions used by Bardell are based on integrated Legendre 

orthogonal polynomials. Beslin and Nicholas (1996) have proposed a set of 

trigonometric hierarchical functions in order to predict high order modes of vibration 

of bending plates with arbitrary boundary conditions. Barrette et al. (2000) investigate 

vibration analysis of stiffened plates using hierarchical finite elements with a set of 

trigonometric interpolation functions. The trigonometric set offers better numerical 

stability at higher frequency, compared to polynomial set of Bardell (1988). 

Szilard (1974) and Mota Soares et al. (1980) have investigated the transient vibration 

analysis of bare plates subjected to sinusoidal excitation by the analytical solution and 

the mixed finite element model, respectively. Transient linear dynamic response of 

plates and shells with or without stiffeners, subjected to different kinds ofload-history 

has been studied by the finite element method (Sinha and Mukhopadhyay, 1995). 

As a conclusion finite element method is the most widely used approach. However, 

the method requires many elements for accurate modelling of the structure and the 

accuracy of the response increases with the higher mesh density. With the increasing 

frequency due to the shortening wavelength of structural deformation, the finite 

element method requires mesh refinement (Bercin, 1997). Hence the method is costly 

regarding computer time. Therefore the method can be seen unattractive for 

preliminary design where repeated calculations are inevitable. 

Depending on the structural configuration, loading, boundary conditions, accuracy of 

the results required and the computer capabilities available, one can make a proper 

selection of the method for the analysis of stiffened plate problems. 
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3 PERIODIC RESPONSE of UNIFORM BEAMS 

3.1 Modal Analysis of Beams 

Modal analysis is used to determine the vibration characteristics (natural frequencies 

and mode shapes) of a structure or a machine component while it is being designed. 

The natural frequencies and mode shapes are important parameters in the design of a 

structure for dynamic loading conditions. It also can be a starting point for another, 

more detailed, dynamic analysis, such as a mode superposition harmonic, transient, or 

a spectrum analysis. 

Here, two basic beams with different boundary conditions, free-free and pinned­

pinned as shown in Figure 7 and Figure 8, respectively, are examined by a modal 

analysis to determine their dynamic characteristics. The Euler-Bernoulli beam theory, 

in which the beam deformations are assumed due to the bending moment as a result of 

having small cross-sectional dimensions compared to the length of the beam, is used 

to obtain the dynamic characteristics. The effects of rotary inertia and shear 

deformation are neglected in the Euler-Bernoulli beam theory. These effects are 

considered in the Timoshenko beam theory. These theories can be found easily in 

every mechanical vibration book, therefore in the following part only a brief 

description of the relevant basic equations related to Euler beam is presented. 

An element of Euler beam subject to external force f(x,t) , bending moment M(x,t) 

and shearing force V(x,t) is given in Figure 6: 

f(x,t) M(x,t)+dM(x,t) 

M(x,t) ) 

(jo---1 
I 

V(x,t)+dV(x,t) 

V(x,t) \< ) 
dx 

z 

w(x,t) 

x 

Figure 6 A beam in bending(Rao, 1995) 
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According to the Euler beam theory, the equation of motion for the forced lateral 

vibration of a uniform beam is (Rao, 1995): 

a4 w a2 w 
EI-4 (x,t) + pA-2 (x,t) = f(X,t) 

ax at 
(32) 

where w(x,t) is the transverse displacement,E is Young's modulus and 1 is the 

moment of inertia of the beam cross section about the y-axis, p is the mass density, 

A is the cross-sectional area of the beam and f(x,t) is the external force per unit 

length of the beam. 

For free vibration, f(x,t) = 0 is substituted and after the free vibration solution: 

W(x) = C1 cos f3x + C2 sin f3x + C3 cosh f3x + C4 sinh f3x (33) 

liJ ~ /3' ~ EJ ~ (fJI)' ~ E1 (34) 
pA pAl4 

are obtained. The function W(x) is the normal mode (mode shape) or characteristic 

function of the beam and OJ is the natural frequency of vibration. For any beam there 

will be an infinitive number of normal modes with one natural frequency associated 

with each normal mode. The unknown constants C1 to C 4 and the value of f3 can be 

determined from the boundary conditions of the beam as indicated below. 

The cornmon boundary conditions are as follows: 

Free end: 
a2 w 

Bending moment = El -2- = 0 
ax 

a ( a
2w] Shear force = - El -2- = 0 

ax ax 

Simply supported (pinned) end: 

Fixed (clamped) end: 

Deflection= w = 0 

a2 w 
Bending moment = El -2- = 0 

ax 

Deflection = 0 

aw 
Slope=-=O 

ax 
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3.1.1 Free-Free Uniform Beam 

The free-free unifonn beam with the dimensions shown in Figure 7 is taken as a 

sample: 

L--L _____ ---.JO 
'( 100 m ) 

Figure 7 Free-free uniform beam 

The properties of the beam are as follows: 

Young's modulus, E = 207e9 N / m2 

Mass density, p = 7860kg / m3 

Moment of inertia, lex) = bd
3 

= 833.33m4 

12 

As mentioned in the previous section, natural frequencies for each mode n can be 

found using the Eq.(34): 

m. ~ fJ' ~ !~ ~ (M' ~ p~~4 
The values of f3) for each type of boundary condition can be found in textbooks and 

in this case, for the free-free unifonn beam, these are: 

f3/=4.730041, /32/=7.853205, f33/=10.995608, f3i=14.137165, (/3l=0 for 

rigid body mode) (Rao, 1995) 

Using the above f3,J values and the fonnula for natural frequency, the natural 

frequencies for the first four lateral deflected modes of free-free beam are found as 

follows: 

lVl = 33. 144rad / s = 5.275hz 

lV3 = 179.108rad / s = 28.506hz 

lV2 = 91.364rad / s = 14.541hz 

lV4 = 296.079rad / s = 47. 122hz 

The corresponding mode shapes will be: 

Wn(x) = CI [COSh(f3I )1I ; + cos(f3I)1I ; ] +C2 [Sinh(f3I )1I ; + sin(f3I)n ; ] (33a) 

C 
- -C sinh(,BI)1I - sin(,BI)n 

1- 2 
cosh(,Blt - cos(f3I)n 

where (33aa) 

66 



3.1.2 Pinned-Pinned Uniform Beam 

The pinned-pinned uniform beam with its dimensions is shown in Figure 8: 

/ / 

I L 
~ ~. 

I~ 100 m ~I 
Figure 8 Pinned-pinned uniform beam 

The properties of the pinned-pinned beam are as follows: 

Young's modulus, E = 207 e9 N / m 2 

Mass density, p = 7860kg / m3 

Moment of inertia, lex) = bd
3 

= 833.33m 4 

12 

The values of /3) for pinned-pinned uniform beam are: 

10m 

I~I 

Dt~ 

After substituting all the unknowns in Eq.(34), the natural frequencies for the first 

four lateral deflected modes of pinned-pinned beam are found as follows: 

ill 1 = 14.621rad / s = 2.327hz 

ill3 = 131.587rad / s = 20.943hz 

The corresponding mode shapes will be: 

ill2 = 58.483rad / s = 9.308hz 

ill4 = 233.933rad / s = 37.232hz 

~
. mrx 

Wn(x) = - sm(-) 
pAl I 

3.2 Numerical Modal Analysis of Beams 

(33b) 

The beams used in the previous section are modelled in the Finite Element Analysis 

(FEA) software called ANSYS. Beam-3 (2-D Elastic Beam) type 20 beam elements 

and 21 nodes are used to build the beam in the FE modelling. Beam-3 element shown 

in Figure 9, is a two-node uniaxial element with tension, compression, and bending 

capabilities. The element has three degrees of freedom at each node: translations in 

the nodal x and y directions and rotation about the nodal z-axis (ANSYS Elements 

Reference). 
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Figure 9 2D-Elastic beam element used in the FE modelling of the beams 
(ANSYS Elements Reference) 

J 

The translations in the nodal x and y directions are constrained to account for the 

pinned -pinned boundary conditions in the FE model of the pinned-pinned beam. 

Modal solution is applied after modelling the beams and 10 modes are extracted for 

each beam excluding the rigid body modes and the modes with longitudinal 

translations. The natural characteristics of these beams obtained from FEA are 

presented in Figure 10, Figure 12 and compared separately in the section 3.2.1 and 

3.2.2. 

3.2.1 Free-Free Uniform Beam 

Natural Frequency (Hz) Mode shape 

y 

Model 5 . 1695 

M ode2 13 .922 

y 

M ode3 26.5 15 
-~~--------- - -- - - - - - - - - -- --- ---- ----- -- ----- -- --._---- --- - -_. -- -. --- --_. 

M ode4 42.367 

y 

M ode 5 60.942 

F igure 10 Mode shapes and natural frequencies of free-free uniform beam-ANSYS 
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F-F beam 
Model Mode 2 Mode 3 Mode4 

N. Frequencies 

Analytical 5.275 14.541 28.506 47.122 

Numerical-ANsys 5.170 13.922 26.515 42.367 

Table 1 Companson of natural frequencies (Hz) for F-F beam after numencal and analytical solutions 

Natural Frequencies of F-F Beam 

50.-----------------------------------------------------------------~ 

45 

40 

35 

! 30 

~ 
iii 25 

! 20 

15 

10 

5 Theoretical 
- - - - - . Numerical-ANSYS 

O~--------------------~--------------------_r--------------------~ 
2 3 4 

Mode number 

Figure 11 Comparison of natural frequencies obtained theoretically and numerically for F-F beam 

3.2.2 Pinned-Pinned Uniform Beam 

Natural Frequency (Hz) Mode shape 

y 

~-------------------------------------------------------~ Model 2.3175 

Mode2 9.1588 

Mode3 20.209 

Mode4 35.005 

Mode5 52.997 

Mode6 73.624 

Mode7 96.359 
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p-p beam 
Model Mode 2 Mode 3 Mode4 

N.Frequencies 

Analytical 2.327 9.308 20.943 37.232 

Numerical-ANSYs 2.318 9.159 20.209 35.005 

Table 2 Companson of natural frequencIes (Hz) for P-P beam after numencal and analytIcal solutIOns 

Natural Frequencies of pop Beam 

40,--------------------------------------------------------, 
35 

30 

_ 25 

~ 
~ 
~ 20 

~ 
\L 15 

10 

5 ---Theoretical 
- ••• - Numerical-ANSYS 

o+-----------------~------------------~----------------~ 
2 3 4 

Mode number 

Figure 13 Comparison of natural frequencies obtained theoretically and numerically for P-P beam 

The comparison of analytical and numerical modal analysis shows that the natural 

frequencies obtained from both methods are reasonably close (Table 1, Table 2). 

However, it is evident that the natural frequencies of lower modes for both beams 

agree better than the higher modes. In other words as the number of mode increases, 

the differences between the analytical and the numerical results also increase, because 

natural frequencies get higher with the involvement of higher modes (Figure 11, 

Figure 13). This effect is more dominant in F-F beam as it has higher natural 

frequencies than the P-P beam. 

As a result the natural characteristics found through the modal analysis by FEA­

ANSYS are satisfactory to use in the following mode superposition harmonic and 

transient analyses. 
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3.3 Determination of Generalized Coordinates 

In the light of orthogonality relations of mode shapes (characteristic functions or 

principal modes), it can be shown that the mode shapes satisfy the equations (Bishop, 

R.E.D. and Price, W.G., 1979) 

I 

f{uwrws + Iyeres}ix = arsors 
o 

I 

f (Ele;e; + kAGYryJix = O);arsors = crs 
o 

(35) 

(36) 

(37) 

where J1(x) is the mass per unit length, wr(x) and ws(x) are two of the mode 

shapes, ars is the generalized mass which determines the scales of the characteristics 

functions, crs and brs are generalized stiffness and generalized damping respectively, 

I y (x) is the moment of inertia per unit length, e( x, t) is the slope attributable to 

bending, EI(x) is the flexural rigidity, kAG(x) is the shear rigidity, k is the constant 

related with the shape of the cross section of the structure being examined, Y is the 

shear strain, a and j3 are damping constants relating to shearing and bending 

distortions respectively, 0) r is the natural frequency of the rth mode, v r is the modal 

damping factor, and 0rs is the Kronecker delta function defined by 

o for 

°rs = 
1 for r=s 
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I 

Css = co;ass = f(EI0;2 + kAGy;}ix (38) 
o 

I 

bss = 2asscosvs = f(akAGy; + fJE10;2}ix 
o 

If no allowance is to be made for shear effect and rotatory inertia k and ly must be 

taken as zero and the functionswr(x), ws(x) will be different; 

I 

f .u(x)wrCx)ws(x)dx = arsors 
o 

I "" f El(x)wr (x)ws (x)dx = co;arsors 

(39) 

o 

In modal analysis, the equation of motion for an undamped system, expressed in 

matrix notation is; 

(40) 

For a linear system, free vibrations will be harmonic of the form: 

{w}= {wr }coscoi 

where {w r} is the eigenvector representing the mode shape of the rth natural 

frequency, cor is the rth natural circular frequency, and t is the time. 

Equation (40) becomes: 

(41) 

This equality is satisfied if either {wJ= {o} or if the determinant of QK]-co 2 [M]) is 

zero. The first option is the trivial one and, therefore, is not of interest. Thus, the 

second one gives the solution: 

This is an eigenvalue problem, which may be solved for up to n values of co 2 and n 

eigenvectors {w r }, which satisfy equation (41 ) 
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For mode shape normalization, the mode shapes can either be normalized to the mass 

matrix that each eigenvector (mode shape) {w r} is normalized such that: 

{WrY [MKwr}= 1 

or the mode shapes can be normalized to unity instead of the mass matrix that {w r } is 

normalized such that its largest component is 1.0 (unity). 

After determining the mode shapes normalized to either mass matrix or unity, it is 

possible to derive the generalized mass associated with the rth mode shape from a 

comparison of (a) the mass matrix and, (b) the unit displacement normalization 

schemes given as: 

(a) {wrl:[MKwrlm =1,i.e. arr =1 

(b) {wr}~[MKwr}u = arr 

where arr is the required corresponding generalized mass. 

Let S r be a scaling factor corresponding to the rth mode so that: 

{w r }m S r = {w r lu 
Substituting the above expression into equation (b) gives 

which reduces to 

generalized mass ~a" ~ s; ~ ( t: n 
Generalized masses of the beams, calculated according to the different mode shape 

normalization (to mass matrix and unity) in ANSYS are as follows: 

Mode shapes normalized to mass matrix: 

0.960332722 0.916487786 0.864961161 0.80781805 0.747882354 
Deflection term Deflection term Deflection term Deflection term Deflection term 

0.03967032 0.083518798 0.135044643 0.19176211 0.250268898 
Rotation term Rotation term Rotation term Rotation term Rotation term 
1.000003042 1.000006584 1.000005805 0.99958016 0.998151252 
gm( 4) (kg.m2

) gm(5) (kg.m2
) gm(7) (kg.m2

) gm(8) (kg.~) gm(lO) (kg.~) 
.. 

Table 3 Generahzed masses of the free-free beam (conslstmg of20 fimte elements) for modes 1-5 
corresponding to actual modes 4-5-7-8-10 
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0.99183957 0.967637159 0.931130446 0.88749587 0.8313391 0.769061 0.713577 
def. term def. term def. term d~f. term def. term def. term def. term 

4.99705E-14 0.031851581 0.068929199 0.11634051 0.170727701 0.228925 0.28834 
rot term rot. term rot. term rot. term rot. term rot term rot term 

0.99183957 0.99948874 1.000059645 1.00383637 1.002066801 0.997986 1.001916 
Illm(J) (kg.tti) gm(2) (kg.tti) I gm(3) (kg.tti) Illm(5) (kg.tti) Ilm(7) (kg.tti) Igm(8) (kg.tti) Igm(10)(kg.tti) .. 
Table 4 Generahzed masses of the pmned-pmned beam( conSIsting of 20 fillIte elements) for modes 1-7 

corresponding to actual modes 1-2-3-5-7-8-10 

Mode shapes normalized to unity: 

1.96004 E +07 1. 97903E+07 2.01884E+07 2.08442E+07 2. 18060E+07 
def. term def. term def. term def.term def. term 

8.0970IE+05 1.80382E+06 3. 15406E+06 4.95423E+06 7.30888E+06 
rot term rot term rot term rot term rot term 

2.041OIE+07 2. 1594IE+07 2.33425E+07 2.57985E+07 2.91149E+07 
Ilm(4) (kg.tti) gm(5) (kg.tti) gm(7) (kg.tti) gm(8) (kg.tti) Ilm(10) (kg.tti) 

.. 
Table 5 Generahzed masses of the free-free beam (conslstmg of20 fillIte elements) for modes 1-5 

corresponding to actual modes 4-5-7-8-10 

3.93002E+07 3.93003E+07 3.92998E+07 4.34487E+07 3.92997E+07 3.92896E+07 3.92914E+07 
d~f. term df!:f. term df!:f. term def. term d~f. term d~f. term d~f. term 

3.23229E+05 1.29293E+06 2.90906E+06 5.71778E+06 8.08055E+06 1. 16328E+07 1.58325E+07 
rot. term rot. term rot. term rot. term rot. term rot. term rot. term 

3.96235E+07 4.05932E+07 4.22088E+07 4.91665E+07 4.73802E+07 5.09224 E +07 5.51239E+07 
Ilm(1) (kg.tti) Ilm(2) (kg.m2

) Ilm(3) (kg.tti) Ilm(5) (kg.m2
) !llm(7) (kg.m2

) Illm(8) (kg.m2
) Ilm(10)(kg.tti) 

.. 
Table 6 Generahzed masses of the pmned-pmned beam(conslstmg of20 fillIte elements) for modes 1-7 

corresponding to actual modes 1-2-3-5-7-8-10 

The deflection and rotation values in the above tables stand for the numerical 

integration results of the fust and the second part of the given integral respectively in 

Eq.(35). The sum of these two gives the generalized mass. 

After mode shape normalization to mass matrix in ANSYS, generalized masses for 

each mode shape must be equal to 1 as explained earlier. Hence the integral in Eq.(35) 

giving the generalized masses is evaluated numerically for each beam and for each 

mode, resulting with generalized masses equal to 1 as shown in Table 3 and Table 4. 

The generalized masses found after mode shape normalization to unity shown in 

Table 5 and Table 6 can also be used if a subsequent analysis is going to be performed 

based on this type of normalization. 
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3.4 Analytical Calculation of the Beam Deflections 

The general fonn of the equation of motion of a multiple degrees of freedom system 

in matrix fonn is namely 

[a]{p(t)}+ [b]{P(t)}+ [c]{P(t)} = {F(t)} (42) 

where [a] is the generalized mass matrix, [b] is the generalized damping matrix, [c] 

is the generalized stiffness matrix, {Pet)} is the principal coordinate representing the 

response and {F (t)} is the generalized force representing input loading. [a], [b] and 

[c] are diagonal matrices, {Pet)} and {F(t)} are column vectors. 

For a hannonic excitation of the fonn F(t) = Fsincot or F(t) = Fcoscot or more 

conveniently in complex fonnatF(t) = FeiO)/, F indicates the amplitude and co the 

frequency of the hannonic excitation. 

According to the theorem due to Rayleigh, any distortion of the beam may be 

expressed as an aggregate of distortions in its principal modes. That is to say, for a 

symmetric deflection, (Bishop, R.E.D. and Price, W.G., 1979) 

co 

w(x,t) = LPr (t)wr (x) (43) 
r=O 

where Pr(t) is the rth principal coordinate. 

After solving principal coordinates from the equation of motion for each mode, they 

are substituted in Eq.( 43) and then total deflection for the desired location is found 

using the mode shapes and principal coordinates. 

For a hannonic excitation {F(t)} = FeiM , the response is also hannonic and in the 

fonn {p(t)} = PeiO)/ . 

{P(t)} = PicoeiO)t 

The generalized force Fr(t) corresponding to Pr(t) is (Rao 1995) 

I 

Fr(t) = f J(x, t)wr (x)dx (44) 
o 
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In definition, generalized force is equal to the product of the amplitude of the 

harmonic force with the modal displacement at the point where the force is applied. 

After substituting the equations above to the equation of motion (42) 

{p ~- [a tv2 + i[b tv + [cD = {F} (45) 

is obtained. 

As a result of orthogonality relations 

p.-( -arrOJ2 + ibrrOJ + crr) = F,. (46) 

can be written, where, 

arr = 1 (Generalized mass after mode shape normalization to mass matrix) 

brr = 2arrOJrvr (Generalized damping) 

crr = OJ; arr (Generalized stiffness) 

F or the undamped condition ( b rr = 0 ) 

p = F,. 
r (-OJ 2 +m;) 

(47) 

For the damped condition 

p= F,. 
r (OJ; - OJ2) + i2mPrOJ ) 

(48) 

Each uncoupled equation for Pr(t) is solved and then substituted in the total 

deflection equation (43) together with modal deflections for each mode obtained from 

FE modal analysis. 

A harmonic force is applied to the uniform pinned-pinned beam defined in Figure 8 

and the FE visualization of the beam under forced vibration is illustrated in Figure 14. 

F = 30000 sin OJt 

i 
50m 1 Nooell E~--------------------------~> 

ooe 1 Nooe 21 
~~------------------------------~------------------------------~~ 

1< >1 100m 

Figure 14 FEA model of the uniform pinned-pinned beam 

76 



3.5 Comparison of Numerical Results with Theoretical Calculations on the 

Frequency Domain 

In this section, a comparison is made in the amplitudes of displacement between 

analytical calculation (Eq.43, Eq.47 & Eq.48) and ANSYS after applying mode 

superposition harmonic analysis on the pinned-pinned uniform beam considering both 

undamped and damped conditions. Following the presentation of the key results, 

discussion is made in section 3.6. 

3.5.1 Undamped Condition 

Forcing frequency range is taken between 0-100 Hz and the comparisons are made at 

nodes 5, 11, and 14 with the harmonic force applied at node 11. Only the responses at 

node 5 are presented here in Table 7 and Figure 15. In the analytical solution, totally 

5, 10 and 17 principal modes are used for harmonic mode superposition. 

forcing 
2 10 30 50 80 100 

freq.(Hz) 
ANSYS 8.18150E-06 1.73590E-07 2.34200E-08 5.19140E-09 5.13480E-09 1.84260E-08 

17 mode 8.18195E-06 1.7361OE-07 2.33978E-08 5. 16994E-09 5.11214E-09 1. 84486E-08 

10 mode 8. 18202E-06 1.7354IE-07 2.34685E-08 5.2444IE-09 5. 19753E-09 1.83500E-08 

5 mode 8. 18092E-06 1.74650E-07 2.22350E-08 3.66922E-09 1.09529E-09 6.57520E-10 
Table 7 The values of undamped case amplitudes (m meters) at node 5 (F apphed at node 11) on the 

frequency domain between ANSYS and theory (superposition offirst 5,10, and 17 modes) 

r«xIe5 (F ~ raE 11) 

-17rrnE 
-- -10rrnE 

7.SEal 

····-5rrnE 
6SEal _._.J!/I5I13:iI 

5SEal 

2.SEal 

1.SEal 

9(E(J7 

6CEa3 

6CEa3 

2CEa3 

r«xIe5 (F ~ raE 11) 

-17rrnE 
---10rrnE 
·····5rrnE 
_._.J!/I5I13:iI 

a~~~~~~~~~···~··--~--·-···~···~···~···T···=····~···~···=···r···~···=···~···~··· 
510 1520253J3'i4J455JffitDffi7075tDffi9JGJ D 

~\. A. 
_1.(E(J7.6~~~x=:==========~ o 5 10 15 20 25 3J 3'i 4J 45 5J ffi tD ffi 70 75 tD ffi 9J GJ 100 -2CEa3 _. ___________ . ____ -----.J 

AIq.(I12) AIq.(I12) 

Figure 15 Theoretical and numerical comparisons of forced-undamped nodal responses at node 5 (F at 
node 11), using 5,10 and 17 modes in the harmonic mode superposition method-Both the amplitude 

and zoomed in plots shown respectively 
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3.5.2 Damped Condition 

Three different modal damping ratios 0.01, 0.1 and 0.5 are considered in the system. 

The amplitudes are found at nodes 5, 11, and 14, for the damping ratio 0.01. Only the 

results found at node 5 with harmonic force applied at node 11 and node 12 are 

presented here in Figure 16 and Figure 17 separately. To see the overall effect of 

using different damping ratios, Figure 20 and Figure 21 are also added to the end of 

this section. 

Damping Ratio = 0.01 

forcing 
2 10 30 50 80 100 

freq.(Hz) 
ANSYS 8. 16279E-06 1.73597E-07 2.33918E-08 5. 16859E-09 5.10420E-09 1. 78065E-08 

17 mode 8. 16330E-06 1. 73597E-07 2.33913E-08 5.16905E-09 5.10396E-09 1.78062E-08 

10 mode 8.16337E-06 1.73528E-07 2.34620E-08 5.24350E-09 5.18930E-09 1.77114E-08 

5 mode 8.16228E-06 1.74638E-07 2.22297E-08 3.6692IE-09 1.09530E-09 6.57525E-10 
Table 8 The values of damped case (dmp.r.=O.Ol) amplitudes (in meters) at node 5 (F applied at node 
11) on the frequency domain between ANSYS and theory (superposition offirst 5,10, and 17 modes) 

~~-----------------------------~ 1.CEa" __ ----~------------------------~1 

7.CE03 

E 
d4CE03 
E 

~
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" 

ffi
17rru:i3 

- - -'Klrru:i3 
..... 5rT1xe 
_.-. 

'~" . 
5 'Kl 15 2l 2) 3) 35 4) 45 SJ 55 ED ffi iU is ID 85 9:> 95 In oa:m-\---,---r--..----,---..,..-~--..,--,·c-···~· .. -... ~ ... ~ ... -oo._r ... -... r" ... :..:.;.oo."'-.... :;.:.oo.=oo.;.:.:.: ... ::.roo,=oo''T'-'oo'=1ooll 

-1.CE03-'------------------------------- 05'Kl15212)3)354)45SJ55EDffiiUiSID859:>95 

AIq(b) 

Figure 16 Theoretical and numerical comparisons offorced-damped (dmp.r.=O.Ol) nodal responses at 
node 5 (F at node 11), using 5,10 and 17 modes in the harmonic mode superposition method- Both the 

am Ii u and zo med in I t h res ectivel 
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Node IkIarrPng(F at node 12) Node~ng(Fat node 12) 

5.!EOO rrr--- 1.!E-07 

4.!EOO 8.!Ere 

1.!EOO 2.!Ere 

M8OOt-~~~~~~~~'~'F-~'="'T"="'T"="~"'="~"'=""'='"~ .. ~.~.~~~ 
5 W • ~ ~ ~ ~ ~ ~ ro ~ 00 ffi m M 00 ffi ro 00 • 5 W ffi ~ ~ ~ ~ ® ~ ro ~ 00 ffi m m 00 ffi ro 00 f 

-1.!EOO .-.~-.-.---.--.--~--.--~----~---.--~----j 
Reel (hz) Reel (hz) 

Figure 17 Theoretical and numerical comparisons offorced-damped (dmp.r.=0.01) nodal responses at 
node 5 (F at node 12), using 5,10 and 17 modes in the harmonic mode superposition method-Both the 

amplitude and zoomed in plots shown respectively 

Node 5 (ANSYS)(F atnode 12) 

2.0E-07 
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---no damp. 
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2.0E-08 

O.OE+OO 
1 0 1 5 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 1 00 

F rll q. (h z) 

Figure 18 Comparison of amplitudes obtained from harmonic excitation-ANSYS (F at node 12) with 
and without dam in dm .r.=0.01 

Node 6 (analytlcal)(F at node 12) 

I~~; mod e dam p . 

I mod e no dam p 

~ 
3.0E-07 

~ i\ 
A ~ - '-

5 1 0 1 5 2 a 25 3 a 35 4 a 45 50 55 6 a 65 70 75 8 a 85 9 a .5 1 

F r til q . (h z ) 

Figure 19 Comparison of amplitudes obtained from harmonic excitation-analytical (F at node 12) with 
and without dam in dm .r.=0.01 
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ANSYS results with dllrerent Damping ratlos(Node 7.f' at node 11) ANSYS results with different damping ratlos(Node 7.f' at node 11) 

1.0&05 

9.0&06 

6.0&06 1

- --Damping .. 110=0.01 1 
••••• Damping ratio=O.1 
- . - . Damping ratio=O.S 
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1 •• <> •. Damping raUo--Q.1 

\ - -tr-. Damping raoo--o.5 
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7.0&06 7.0E-08 

6.0£-06 6.0&08 

g E 
~ 5.0E-06 d: 5.0E-08 

~ .. 
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E 

Figure 20 Comparison of amplitudes (at node 7) obtained from ANSYS (F at node 11) using different 
damping ratios-Both the amplitude and zoomed in plots shown respectively 

Analytical results with different damping ratios(Node 7.f' at node 11) 
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Figure 21 Comparison of amplitudes (at node 7) obtained from 17 mode harmonic superposition (F at 
node 11) using different damping ratios-Both the amplitude and zoomed in plots shown respectively 

3.6 Discussion 

At the beginning of Chapter 3, theoretical and numerical-ANSYS modal analyses are 

applied to a uniform beam with two different boundary conditions, free-free and 

pinned-pinned, as the basis of following harmonic and transient mode superposition 

analyses. Good agreements are obtained after comparing both theoretical and 

numerical methods. 

Generalized components in the generalized equation of motion are determined 

depending on the normalization of mode shapes according to mass matrix and unity. 
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Expected generalized mass values are obtained and confirmed after mode shape 

normalization to mass matrix. 

After obtaining the principal modes, natural frequencies and the generalized 

components, a harmonic mode superposition method is used to calculate the 

amplitudes of the total deflections in different nodes for a frequency range of 0-100 

Hz. 

In the mode superposition method 5,10 and 17 principal modes are used to see the 

difference when different numbers of modes are superposed. 

When the figures showing amplitudes versus frequencies are examined in both 

undamped and damped harmonic responses, it's seen that there are significant peaks 

in the amplitudes. These peaks occur at different frequencies with different 

magnitudes for each node location due to resonance. However the natural frequencies 

of the pinned-pinned beam in Figure 12 do not coincide with all the frequencies where 

peaks in the amplitudes occur. Because, Pr(t) in Eq. (43) is equal to zero for 

particular modes as a result of zero value generalized force which is equal to the 

product of the amplitude of the harmonic force with the modal displacement at the 

point where the force is applied. In other words, there are peaks at 2.318Hz, 

20.209Hz, 52.997Hz and 96.359Hz, except 9.159Hz, 35.005Hz and 73.624Hz in 

Figure 15. By simply looking at Figure 12, it is easy to notice that at node 11, where 

force is applied, the modal deflections for natural frequencies 9.159Hz (mode2), 

35.005Hz (mode4) and 73.624Hz (mode6) are all zero. To make this point clearer, 

Figure 17, representing forced-damped (damp.r. =0.01) nodal responses at node 5 

when harmonic force is applied at node 12, is also a good example. There are six 

peaks in this graph and all coincide with the natural frequencies of the pinned-pinned 

beam in Figure 12 except 52.997Hz. Because in this case, modal deflection required 

at the force application node 12 for generalized force calculation is not zero at 

52.997Hz(mode5-Figure 12), but the modal deflection at node 5 itself is zero. This 

results with a zero value contribution of mode 5, which has a natural frequency of 

81 



52.997Hz, in the mode superposition method and erases the resonance effect from 

Figure 17 for this particular natural frequency. 

Another conclusion that must be given here is the effect of using 5, 10 and 17 number 

of modes in harmonic mode superposition. As the forcing frequency increases, 

convergence of 5 modes is not sufficient. On the other hand, using 10 and 17 modes 

brings the contribution of higher modes to the overall response and makes the mode 

superposition converge successfully (Figure 16). The ANSYS results agree with the 

analytical mode superposition method results using 10 and 17 modes as seen in Figure 

16. 

Same analysis is repeated for damped condition and results are compared analytically 

and numerically. As expected, the amplitudes decreased with the existence of 

damping which can be seen in Figure 18 and Figure 19. To see the effect of different 

damping ratios in ANSYS and theory, and to be sure about modelling the damping 

correctly in two methods, harmonic responses of pinned-pinned beam with damping, 

at node 7 is presented in Figure 20 and Figure 21 respectively. In these figures it is 

evident that as the damping ratio increases from 0.01 to 0.1 and 0.5, the amplitudes 

decreases accordingly. 

Both ANSYS and analytical calculations gIve the same responses. Thus, the 

modelling of harmonic response with damping also verifies each other in these 

methods. 
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4 DRY ANALYSIS of a SWATH 

Dry analysis of a multi-hulled vessel is presented in this chapter. Multi-hulled vessels 

have a great importance in naval architecture because of their advantages. A SWATH­

like uniform ship is taken as an example. The concept of the Small Waterplane Area 

Twin Hull ship (SWATH) evolved through many years and is still quite attractive. 

Since the early 70s, a lot of research has been carried out concerning the structural 

design of these vessels. A SWATH ship's key advantages are: 

• Ability to sustain a high proportion of its normal cruising speed in rough seas, in 

other words it has overall seakeeping quality, 

• Steadiness and ride quality ending up with the decrease in the possibility of 

becoming seasick, 

• Its broad loading deck compared to a single hull ship of equivalent displacement. 

The dry analysis of an idealised SWATH ship is carried out, as a preamble to a future 

deck analysis. 

4.1 Modelling ofa Uniform Idealised SWATH Ship by ANSYS 

The dynamic characteristics of the SWATH ship in vacuo are determined using the 

FEA program ANSYS (modal analysis) after modelling it with the same dimensions 

used by Wu (1984). 

To create the FE model of the ship, Beam44 (3-D tapered unsymmetrical beam) and 

Shell 63 type of elements are used in ANSYS. Beam44 in Figure 22, is a two-node 

uniaxial element with tension, compression, torsion, and bending capabilities. The 

element has six degrees of freedom at each node: translations in the nodal x, y, and z 

directions and rotations about the nodal x, y, and z axes. This element allows a 

different unsymmetrical geometry at each end and permits the end nodes to be offset 

from the centroidal axis of the beam axes (ANSYS Elements reference). Beam 44 can 

also be used with any cross section type such as rectangular, I, L, T, Z, including any 

user defined cross section. 
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The geometry, node locations, and coordinate system for this element are shown in 

Figure 22. The element is located by a reference coordinate system (x', y', z') and 

offsets. The reference system is defined by nodes I, J. The principal axes of the beam 

are in the element coordinate system (x, y, z) with along the cross-section centroid 

(C.G.). 

DX, DY and DZ are offset constants and they define the centroid location of the 

section relative to the node location. TKZTl and TKYTI are top thicknesses at end 1 

where TKZBl and TKYBI are bottom thicknesses (ANSYS Elements reference). 

z' 
DYI 

I 

z 

--------------, 

C.G. 

I 
I 
I 

I I 
~- - -------------------- ______ I 

y 

Shear 
Center 

Y 

z z' 

r---------------~ 
X 

Figure 22 BEAM44 3-D Tapered unsymmetric beam (ANSYS Elements reference) 

Element She1l63 in Figure 23 has both bending and membrane capabilities. Both in­

plane and normal loads are permitted. The element has six degrees of freedom at each 

node: translations in the nodal x, y, and z directions and rotations about the nodal x, y, 

and z axes (ANSYS Elements reference). 

The geometry, node locations, and coordinate system for this four-node element are as 

shown in Figure 23 . 
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Figure 23 SHELL63 Elastic shell (ANSYS Elements reference) 

Beam44 elements are used to model lower hulls and She1l63 elements are used to 

model struts and the deck as given in Figure 26. 

The reason of using offset beam elements can be explained by referring to Figure 24. 

Before merging the 

nodes of the strut 

Strut 
(Shell 

element) 

(Beam 
element) 

After mergmg the 

nodes without using 

offset beam 

.. -
c.q. __ - -

After merging the 

nodes of Beam44 

offset element with 

the nooe..:: of Shell£)1 

Figure 24 Comparison of offset and non-offset element application, based on the real constant 
descriptions 

While modelling the SWATH-like ship, the main dimensions are taken same as the 

main dimensions of the model SWATH in Wu's thesis (1984). In the following 

section, modal analysis results will be compared with each other. The only difference 

from Wu's model is, mass and stiffness distributions used in his model are taken as 

uniform in this current model. 
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Figure 25 Visualization of elements in the model, based on the real constant descriptions 

Beam44 element with offset 

Figure 26 Finite element idealization of the SWATH model 

~ = 2788ton, (10.66 ton less than the model ofWu) 

Dimension of lower hulls with square cross section = 4.541 x 4.541m (Beam 44 

element thickness for lower hulls is also 4.541m) 

Width of struts with rectangular cross section = 2.189m (Shell 63 element thickness 

for struts) 

Height of bridging structure =4.225m (Shell 63 element thickness for bridge) 

Young' s modulus, E for the lower hulls, E" =1411074110 N / m 2 

for the struts and the bridge, Es = Eb = 0.6E" = 846644466 N / m2 
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4.1.1 Modal Analysis of the Idealised SWATH Ship by ANSYS 

The following natural frequencies and mode shapes were obtained: 

Mode 7, Natural Freq.=1.433 Hz 

Mode 8, Natural Freq.=1.439 Hz 

-
I I 
I ,I 

Mode 9, Natural Freq.=1.813 Hz 

~. 
~~--~------~~~~~~ 

[LII ] J.fII 
Mode 11, Natural Freq.=2.909 Hz 

Mode 12, Natural Freq.=2.980 Hz 

[ 1111111] 
Mode 13, Natural Freq.=3 .161 Hz 
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Mode 14, Natural Freq.=5.355 Hz 
~~~~ 

Mode 15, Natural Freq.=5.511 Hz 
~~~......,........ 

Mode 16, Natural Freq.=5 .591 Hz 

~~~~ 

Mode 17, Natural Freq.=5.738 Hz 

n === .. 
1:0 

" 

:II'~= II: ':. 

I I I I I I I I I 
Mode 19, Natural Freq.=8.736 Hz 

Mode 20, Natural Freq.=9.004 Hz 
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4.2 Comparison of FE A results with an Existing Study on the Similar Model 

SWATH and Discussion 

The preliminary results obtained from current modal analysis are compared with the 

model created by Wu (1984). The following Table 9 represents the comparison of 

natural frequencies of non-rigid body modes in both analyses. 

Mode index 7 8 9 10 11 12 13 14 15 
Natural Freq. (Hz)(ANSYS) 1.433 1.439 1.813 2.297 2.909 2.980 3.161 5.355 5.511 

Natural Freq. (Hz)(Wu's modell 1.515 1.539 1.954 2.661 3.126 3.143 3.413 5.612 
Table 9 Comparison of natural frequencIes obtamed from ANSYS m thIS current document and the 

modal analysis done by Wu (1984). 

5.738 

When the natural frequencies are compared numerically, there are differences in the 

values, mainly because of the difference in the mass and stiffness distribution. 

However, when the natural frequencies are compared graphically in Figure 27, it is 

seen that they both have similar characteristics. On the other hand, if this model 

SWATH ship was going to be build, an intense attention has to be paid on the 

connections of struts with hulls as a result of the local modal deflections especially in 

higher frequencies (sec. 4.1.1). 

/--S-MOdelbYANSYS I 
--o---ModelbyWu 

Com parlson of Natural Freq. Between Two models 

10 11 12 13 14 

M ode Index 

15 16 

Figure 27 Comparison ofthe natural frequencies of the SWATH-like vessel modeled by Wu and the 
similar one modeled in this document 

The results above show that the 3D-dry analysis of the SWATH in this document is 

done successfully. At the same time an advanced modelling in comparison to beam is 

performed and especially useful knowledge is gained regarding offset node 

application. These all can form the basis of a more complicated dry analysis. 
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5 THEORETICAL and NUMERICAL MODELLING of TRANSIENT 

ANALYSIS 

If a structure is excited by a suddenly applied non-periodic excitation, the response is 

transient since steady state oscillations are not produced. When the forces are applied 

for a short interval of time, the term 'transient' should be applied to the situation. 

Subsequent motion of the structure is free vibration, which will decay due to the 

damping present. 

If the forces are applied for a short time, the maximum response will occur during the 

first oscillations. If the damping is small, its effect on the maximum response will be 

small (Thomson, 1981). 

5.1 Impulse Excitation 

The simplest form of a transient force is the impulsive force. An impulsive force is 

one that has a large magnitude F and acts for a very short period of time ill. By 

" 
designating the magnitude of the impulse Fill by F, it can be written that (Rao, 

1995), 

(49) 

" 
When F is equal to unity, such force is called the unit impulse and defined as; 

t+!'.t 

J= lim J Fdt = Fdt =1 
!'.t~o 

(50) 

5.1.1 Response to an Impulse 

Considering the response of a single degree of freedom system to an impulse 

excitation as an example is important in studying the response under more general 

excitations. 

If a viscously damped spring-mass system is subjected to a unit impulse at t = 0, as 

shown in Figure 28, the equation of motion of this underdamped system and its 

solution is given by; 
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m.x+c.x+kx=O 

F(t) 

FM=l 

--)-1 I~ tit 

x(t) = get) 

, ... "" I , . 

<' )! 
21t I 

(51) 

----

Figure 28 Unit impulse (Rao, 1995) 
Figure 29 Im~fse response function (Rao, 1995) 

where damping ratio, 

frequency of damped vibration, 

natural frequency of the system. 

If the mass is at rest before the unit impulse is applied (x = i = 0 for t < 0), from the 

impulse-momentum relation (Rao, 1995); 

Impulse = J = 1 = mi(t = 0) - mi(t < 0) = mio 

Thus the initial conditions are given by; 

x(t = 0) = Xo = 0 

i(t=O)=io =~ 
m 

In view ofEqs.(53), Eq.(51) reduces to 

e-SOJnt 

x(t) = get) = -- sin OJdt 
mOJd 

(52) 

(53) 

(54) 

Equation (54) is the response of a single degree of freedom underdamped system to a 

unit impulse, which is also known as the impulse response function, denoted by get) 

in Figure 29. 
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If the magnitude of the impulse is F instead of unity, the initial velocity Xo is F / m 

and the response of the system becomes 

e-t;(J)nl 

x(t) = F--sinOJi = Fg(t) (55) 
mOJd 

If the impulse F is applied at an arbitrary time t = T as shown in Figure 31 ( a), it will 

change the velocity at t = T by an amount F / m. Assuming that x = 0 until the 

impulse is applied, the displacement x at any subsequent time t, caused by a change 

in the velocity at time T, is given by Eq.(55) with t replaced by the time elapsed after 

the application of the impulse, that is, t - T ; 

x(t) = Fg(t - T), 

F(t) 

o 
t 

Figure 30 Arbitrary forcing function (Rao, 1995) 
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shown in Figure 31 (b) (56) 

(a) F(t) 
11\ 

F ------- r-

o r-----~------------7' t , 

t 

I~(----~)I ~ L\ T 

x(t) 
(b) 

o 

Fg(t-T) 

Figure 31 Impulse at arbitrary time (Rao,1995) 
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5.1.2 Response to a General Forcing Condition-Arbitrary Excitation 

An arbitrary external force F(t), shown in Figure 30, may be assumed to be made up 

of a series of impulses of varying magnitude. Assuming that at time r, the force F( r) 

acts on the system for a short period of time ~ r , the impulse acting at t = r is given 

by F(r)~r and its contribution to the response at time t is dependent upon the 

elapsed time (t - r). So the response of the system at t due to this impulse alone is 

given by Eq.(56) with F = F(r)~rg(t -r); 

tix(t) = F(r)~rg(t-r) (57) 

The total response at time t can be found by summing all the responses due to the 

elementary impulses acting at all times r (Rao, 1995); 

x(t) == IF(r)g(t-r)dr (58) 

If ~ r ~ 0 and summation is replaced by integration; 

x(t) = S: F( r )g(t - r )dr (59) 

The integral in Eq.(59) is called the Convolution Integral (Rao,1995). By substituting 

the impulse response function g(t) in Eq.(54) into Eq.(59), 

x(t) = _1_1' F(r)e-SOJnU-r) sincoit -r)dr (60) 
mco

d 
0 

which represents the response of an under-damped single degree of freedom system to 

the arbitrary excitation F(t), is obtained (Rao,1995). 

F or the undamped case of single degree of freedom system to the arbitrary excitation, 

(= 0 and (61) 

5.2 Transient Response of the Beams 

Transient analysis is the basis for modelling the excitation and the response induced 

by slamming. Because of the nature of the slamming forces, transient excitations will 

be studied in the following parts. 

Any arbitrary excitation can be regarded as a superposition of impulses of varying 

amplitude and time of application as explained earlier. 
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To be able to build the basic idea of modelling the excitation and the response for any 

arbitrary excitation, triangular and sinusoidal impulses are applied to a pinned-pinned 

and free-free beam as examples. The responses to these impulses are obtained by 

using numerical evaluation (convolution sum) of convolution integral. The results are 

then compared with ANSYS (transient analysis using both mode superposition and 

full methods). The method for numerical evaluation of convolution integral used in 

the extraction of principal coordinates is also compared with the analytical solution of 

convolution integral. 

The symmetric responses (i.e. vertical displacement w(x,t), bending moment 

M(x,t), and shear force V(x,t» at any point along the structure can be expressed by 

summations in the form~ 

00 

w(x,t) = ~Pr(t)wr(x) (62) 
r;O 

00 

M(x,t) = ~Pr(t)Mr(x) (63) 
r 

00 

V(x,t) = ~Pr(t)~(x) (64) 
r 

where Pr(t) is the rth principal coordinate. 

Together with the orthogonality, system can be regarded as consisting of n single 

degree of freedom uncoupled equations of motion. After solving each uncoupled 

equation for Pr(t) using generalized components, different number of mode shapes 

from FE analysis are used together in the total deflection equations similar to the 

method in section 3.4. 

The response of an underdamped single degree of freedom system given by Eq.(60) 

can be taken as the principal coordinate of rth mode~ 

(65) 
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5.2.1 Methodology 

For the forcing functions that can not be easily modelled analytically, a discrete time 

method may be used to obtain the solution of convolution integral. According to this 

method excitation and response are going to be treated as discrete functions of time. 

The continuous forcing function F(t) will be defined for discrete values of time t k 

(k = 0,1,2, ... ) as seen in Figure 32. The discrete time values are taken ordinarily at 

equal time interval, so that t k = kT, where T is the sampling period. As an 

illustration, assuming that the continuous-time function F(t) shown in Figure 32 is 

sampled every T seconds beginning at t = ° , the discrete-time function 

F(kT) = F(k) consists of the sequence F(0),F(l),F(2), ... , where for simplicity the 

sampling period T is omitted from the argument (Meirovitch, 1986). 

F(t) F(tk ) 

/, 

o ~ ______________ ?' t 
-' 

Figure 32 Conversion of a continuous function into a discrete one 

Under this methodology the response of the system can be denoted as the discrete­

time response by p(n): 

ro n 

p(n) = LF(k)g(n-k) = LF(k)g(n-k), tn =nT:::=>n (66) 
k;Q k;Q 

Equation (66) is the response of a linear discrete-time system in the form of a 

convolution sum and it represents the discrete-time counterpart of the convolution 

integral given by Eq.(59) where p is the principal coordinate representing the 

response, F is the generalized force and g is the impulse response as issued in 

section 5.1.1. 
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While using this method it is important that the sampling interval T is small enough 

that the angular frequency OJ 0 exceeds the highest natural frequency of the system 

being analyzed. If it does not, higher frequency components present in x(n) or Pr(n) 

will lead to errors. OJ 0 is called the Nyquist frequency and given by OJo = 7r / T 

(Newland,1989). 

5.2.2 Pinned-Pinned Uniform Beam 

The same pinned-pinned uniform beam, which is studied in chapter 3 with the same 

properties, shown in Figure 33 is under transient excitation. 

Mode 1 2 

50m 

F(t) 

...... 
.... 

100 m 

Node 11 .. 

Figure 33 Pinned-Pinned uniform beam 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 
N.Freq. 

2.3 9.2 20.2 35.0 53 .0 73.6 96.4 120.7 146.4 173 .0 200.4 228.5 257.0 286.0 315.4 345.3 
(Hz) 

Table 10 Natural Frequencies of the pInned-pInned beam (Hz) 

Rectangular and triangular pulses illustrated in Figure 34 are applied to the pinned­

pinned beam. ANSYS results are compared with the results in which principal 

coordinates are evaluated from the numerical solution of the convolution integral by 

using the method explained in section 5.2.1 . 

/~ F(t) 

30000N 

o 
/ 

177 
Rectangular Pulse 

30000N 

t(sec. ) 

4' 

F(t) F(t) 

30000N 

Triangular Pulse Sinusoidal Pulse 

Figure 34 Rectangular, triangular and sinusoidal pulses used in the transient analysis 
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The rectangular and triangular pulses in Figure 34 are applied to the pinned-pinned 

beam. Here only the responses to the triangular impulse are given in Figure 35. 

Rectangular impulse responses show the same characteristics with a different overall 

response as shown in Figure 89 in Appendix. To compare the accuracy in evaluating 

the principal coordinates by convolution sum, two different discrete time intervals are 

used, T = 0.01 sand T = 0.002 s. 

(c) 

(a) 
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- 3 --------------------j-----------------.-----------j-----------------------------r -----l---------------------------r----------------- ~ ~ ~;:~ e . 0,= 0 _002 --

2 _3 2 _4 2 .5 2 . 6 2 _7 2 _8 
T im . (s ) 

Figure 35 Comparison of ANSYS results against convolution sum results using two different time 
intervals such as dt=O _Ols. and dt=O_002s. for the transient response of the pinned-pinned beam as 

dis lacements uz at node 11 to a trian lar im ulse as shown in section 5.2.2 
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When the damped transient response in Figure 35a is examined, two phases are 

significant. The first phase which takes place during the pulse between 0-lsec. and the 

second phase which is after the end of the pulse between 1-4sec decaying due to the 

damping ratio 0.01 . 

Figure 35b shows the zoom-in view of the first phase and here the Nyquist frequency 

effect is present for the discrete time interval O.Ols .. 17 mode transient superposition 

using time intervals of O. 002s. in the numerical evaluation of the principal coordinates 

in the transient response of the pinned-pinned beam, coincides with the transient 

response obtained from ANSYS. Decreasing the time interval to 0.002s. brings the 

response obtained using convolution sum closer to ANSYS result. However, in the 

second phase after the end of the pulse in Figure 35c, using O.Ols. and 0.002s. time 

intervals gives the same response. 

p.p B,am,Tri"'!lul"P1Jse. Nod. II 
(lJrnp.r-llOl), It-jJ.1ll2 

+ 17 mode 
... IOnwd. 
-I/ - 5mode 

3.5~ .... ··· ........ ,:-. .... · ........ ,· ........ · ........ ·; .. · ................ ·: ................ .. , .. ........ ...... .. , .... ...... .. · .. ·1* 4 mod. 
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0.5 ·1 .... · .. .. ·: .. · .. · .. 11 .... ; .......... · ........ ,· ........ ···· · .. · .. : .... · .......... · ... , ..... .. ............ : ....... ... .......... : .. ... . ..... , 
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W 00 
Figure 36 Convergence analysis of different number of modes in the transient response of pinned-

pinned beam as displacements (uz) at node 11 under triangular impulse, using mode superposition with 
dmp.r.=O.OI and discrete time interval dt=O.002s. 

Another issue, which is illustrated in Figure 36, is the convergence of the modes in the 

mode superposition method used in the transient analysis. Convergence occurs after 

superposing 5 modes as seen in Figure 36b. In other words, the superposition of first 4 

modes does not converge. 
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The sinusoidal pulse shown in Figure 34 is also applied to the pinned-pinned beam 

and displacements and bending moments in the middle of the beam are calculated for 

two different discrete time intervals same as before. Results are then compared with 

using analytical solution of the convolution integral in the extraction of principal 

coordinates. The procedure followed in this stage is as follows; 

F(t)- {
30000sinJrt O:S;; t:S;; 1 } 

o t< 0 and t > 1 
(67) 

The response during the pulse is given by: 

1 r' -(co (/-r) . Pr(t)=--JI F,.(r)e n, sm(i)d(t-r)d, 
arr(i)d 0 

(68) 

and the response any time subsequent to the termination of pulse is given the same as 

Eq.(60) with only difference in the upper limit of the integral, 

Pr(t) = 1 f Fr( ,)e - (COn, (H) sin(i) d(t - ,)d, (69) 
arr(i)d 0 

The responses obtained using the numerical solution to the above integral are referred 

to as Analytical results in the following charts. 

3·· 

P-P Beam.SiIIIsoiibli'IJse,Iil1I.11 
OJm~F01l1 J 

: - 17rro:!::<t-o(101 
: +~ i -;>- 17rro:!::<t-o(l0]2 

~l .. , .. .... ·..., .... ·· .... 1 .... : ...... · .. · .... · .... , .. · ........ .. .. · .. : .... · ...... · .... ··, .................. , .............. ; .............. -1 c. 
E 
« ~ 

I · [ ··c .. · II ' · · ···· ·,········:·········· ·:·· ·········· ·, · .......... , . ...... .. , 

0<5 

(a) 

, , . , 
••• • ••••••• •• • •• ~ •••••••• • • 4 • ••••••••••••• , . , , · . . , , . , , , , , , · . . , , . , , , , , , , , , , · . . . , . , , 

0<6 05 oeo 06 QED 07 075 
line(sl 

(b) 

Figure 37 Comparison of analytical results against convolution sum results using two different time 
intervals such as dt=O.Ols. and dt=O.002s. for the transient response of the pinned-pinned beam as 

dis lacements uz at node 11 to a sinusoidal im ulse as shown in section 5.2.2 
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In Figure 37, the response belonging to convolution sum method with O.Ols. time 

interval differs from the other two. Convolution sum method with 0.002s. time 

interval gives the same response as analytical solution method. 

p.p B"m,Sin l/Soid~ Poise, Hod< 11 
(Dmp.RW1), iII'O.1lll 

+ 17 mod • 
.... 10mode 

.. 2 .. 

~ 

I ·1 ...... ·····,· ........ · 1 .. ; .. · .... .. .. ··· ...... , .. · 

.1 '-----'-----'----'----'----'---'-----'-----' 
o 0.5 15 2 2.5 3.5 

Tme(s) 

(a) (b) 
Figure 38 Convergence analysis of different number of modes in the transient response of pinned­

pinned beam as displacements (uz) at node 11 under sinusoidal impulse, using mode superposition with 
dmp.r.=O.OI and discrete time interval dt=0.002s. 

Modes also convergence in Figure 38 showing the displacements over time under 

sinusoidal excitation. 

After the following two figures Figure 39 and Figure 40, illustrating the bending 

moments of the pinned-pinned beam at mid-element 11 with two different time 

intervals, are studied, it can be said that the Nyquist frequency also effects the 

convergence of the modes. On the other hand if the convergence in the displacement 

results is compared with the one in the bending moment results for the same discrete 

time interval 0.002 as in Figure 38 and Figure 40 respectively, it is noticed that the 

number of modes used has more effects on bending moments than the displacements. 

This can be explained by the similar logic given in the discussion 3.6 related with 

modal bending and modal-uz deflections. 
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Referring to the mode shapes and modal bending moments of pinned-pinned beam in 

Appendix is necessary at this stage. In the modal bending illustrations at mid-element 

11 in Figure 91, the values of bending moments different from zero continue to 

increase as the number of modes increase resulting with the convergence pushed into 

higher modes. 

However, in the mode shapes illustration in Figure 90 in Appendix, at node 11 where 

the impulse is applied, the values of modal deflections different from zero do not 

continue to increase, relatively to the case above, as the number of modes increase. 

Hence a better convergence is obtained using the same range of modes in the transient 

mode superposition method. 
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Figure 39 Convergence analysis of different number of modes in the bending moment response of 

pinned-pinned beam at element 11 under sinusoidal impulse, using mode superposition with 
dmp.r. =O.OI and discrete time interval dt=O.Ols. 
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Figure 40 Convergence analysis of different number of modes in the bending moment of pinned­
pinned beam at element 11 under sinusoidal impulse, using mode superposition with dmp.r.=O.OI and 

discrete time interval dt=0.002s. 

5.2.3 Free-Free Uniform Beam 

The unifonn free-free beam in Figure 7 in chapter 3 with the same properties is also 

used as a sample for the transient excitation. The natural frequencies for its higher 

modes are given in Table 11 : 

Mode 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

N .Freq. 
5.2 13.9 26.5 42.4 60.9 8l.7 104.3 128.3 153.4 179.5 206.2 233.6 26l.6 290.0 319.0 

(Hz) 
Table 11 Natural FrequencIes of free-free beam (Hz) 

This time the same sinusoidal impulse is applied on the free-free beam at node 21. 

Following figures illustrate the bending moments at element 11 with two different 

discrete time intervals used as before. 
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Figure 41 Convergence analysis of different number of modes in the bending moment response of the 
free-free beam at element 11 under sinusoidal impulse, using mode superposition with dmp.r.=O.OI and 

discrete time interval dt=O.Ols. 

Figure 41 shows a very poor convergence. Superposition of 10 and 15 modes goes 

apart from the rest, which form a cluster. As the time interval is decreased to 0.002s, 

the same illustration turns into Figure 42, in which now a relatively better 

convergence is observed. This suggests that if a smaller time interval than O. 002s is 

used the ex ected convergence is going to be the best of all. 
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F igure 42 Convergence analysis of different number of modes in the bending moment response of the 
free-free beam at element 11 under sinusoidal impulse, using mode superposition with dmp.r.=O.Ol and 

discrete time interval dt=0.002s. 
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Additionally, the position of the pulse and the position where displacements, bending 

moments etc. is evaluated also effects the convergence issue as explained in the 

previous section. It is a matter of zero value presence of the modal responses at the 

positions mentioned above. 

5.2.4 Conclusive Remarks 

The aim of this part of the document was obtaining transient response for simple 

beams. To do the comparisons easily three different types of impulses, which are 

rectangular, triangular and sinusoidal, are used. In the previous sections, results 

regarding triangular and sinusoidal impulses are presented. 

In the transient analysis methodology, using T = 0.002 s. discrete time interval, which 

is small enough, particularly for pinned-pinned beam gives closer results to ANSYS 

and analytical calculations. Apart from being required by the nature of discrete 

systems, smaller time intervals are needed because of the high natural frequencies of 

the beams which can be seen in Table 10 and Table 11. The beams taken as examples 

have rigid characteristics and especially free-free beam has quite high natural 

frequencies. Hence, a smaller time interval than 0.002s. in the transient analysis of 

free-free beam must be used. 

During the analysis, convergence is also appeared to be another significant issue. It is 

seen that the number of modes used in superposition has more effect on the bending 

moment results than the displacement results. This is explained by establishing a 

relation between the values of modal responses such as mode shapes, modal bending 

moments and the locations of impulse application and the evaluated response. 

As a conclusion, using discrete-time method in convolution sum is a satisfactory 

method for principal coordinate evaluation, when used with small enough time 

increments. Any type of excitation can be analyzed by using this method. 

104 



5.3 Transient Response of the Flat U nstiffened and Stiffened Plates 

The aim of this section is to analyze the transient response of a local structure on a 

vessel, consisting of stiffened (in various directions) flat plates. This report is a part of 

modelling of the excitation and response induced by impact slamming on more 

realistically visualized structural parts which can potentially be studied as a part ofa 

further study. 

The following work begins with a brief theory on plates and continues with the 

transient response formulation of the plates. Various stiffened plates are modelled 

next and these are compared with other stiffened plates studied in the literature. In the 

subsequent section, a modal analysis is applied on four main models of plates by 

using ANSYS-FEA software. These are unstiffened, longitudinally, transversely and 

orthogonal stiffened plates. Later on, modal characteristics of these models are used in 

the transient mode superposition to get transient response and then compared with the 

ANSYS results (both mode superposition and full methods are used). The penultimate 

section is all about carrying the experience gained in the previous section to an 

analysis of a realistic plate taken from a tanker bottom forward end. Discussions can 

be found throughout the sections. This part of document ends up with the general 

conclusive remarks given in section 5.3.6. Complementary figures regarding the 

discussions are presented in the Appendix (Figure 104 - Figure 127). 

5.3.1 Theory of Plates 

It is important to have a brief idea about the theory beyond the plates before starting 

to model their behaviour under excitation. 

The governing equation for a rectangular plate subjected to lateral loads is given by 

(Vinson, 1974); 

V4W = a4w +2 a
4w + a

4w = f(x,y) 
ax4 ax2 ay2 ay4 D 

(70) 

Eh3 

D=---::-
12(1- v2

) 
(71) 

W(x,y) is the lateral deflection, f(x,y) is the lateral load per unit area,v is the 

Poisson's ratio and D represents the bending of flexural rigidity of the plate. 
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After solving the homogenous part of the equation (70) by using particular boundary 

conditions for the corresponding type of plate, and natural frequencies can be 

obtained. For the case of a simply supported flat plate (all edges) natural frequencies 

are (Szilard, 1974): 

m,n = 1,2,3 ... (72) 

and corresponding natural modes are (Meirovitch, 1967) 

( ) 
L1 • m1iX . n1iY 

Wmn X,Y =.L'mn sm--sm--
a b 

m,n = 1,2,3 ... (73) 

where p and tp are the density and thickness of the plate respectively, a and b are the 

length and the width of the plate respectively and 4m is the vibration amplitude for 

each value of m and n. 

5.3.2 Transient Response 

To be able to examine the response of a flat plate to an arbitrary excitation, a 

triangular impulse is applied to a fixed ended (all edges) flat plate with 3 different 

types of stiffening. These include longitudinal, transverse and orthogonal stiffening. 

The responses to these impulses are obtained by using numerical evaluation 

(convolution sum) of convolution integral. The results are then compared with 

ANSYS. 

;/(~a7": 

Using the same theorem given in the part "transient response of the beams", the 

displacement of a uniform rectangular plate defined over the domain 0 < x < a and 

0< Y < b as in Figure 43 is (Meirovitch, 1967); 

00 00 

w(x,y,t) = LLw"m(x,Y)Pmn(t) m,n == 1,2,3... (74) 
m=! n=! 
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where the normal modes Wmn(x,y)depend on the boundary conditions and Pmn(t) are 

the corresponding principal coordinates which are solved from the equation of motion 

for each mode and substituted in the equation above to obtain the total deflections for 

the desired location. Principal coordinates can be calculated from the following 

equation for the undamped case (Meirovitch, 1967); 

(75) 

for an under damped case; 

Pmn(t) = 1 f F mn(r)e-SOJmn(t-r) sinOJdmn(t - r)dr , 
arraJdmn 0 

(76) 

The generalized force Fmn(t), corresponding to Pmn(t) is (Meirovitch, 1967); 

(77) 

All the variables in the formulations above are the same as the ones in previous 

section. The same methodology used in the transient response of beams is also applied 

on the plates. The mode shapes for clamped stiffened and unstiffened plates are 

obtained from ANS YS, and these modal responses are then used in the subsequent 

numerical transient analysis as well as transient analysis in ANSYS using mode 

superposition method. 

5.3.3 Verification of Modal Analysis 

The position, physical properties and orientation of stiffeners create considerable 

variations in the modal properties as compared with the bare plates of similar 

construction. This makes each of the stiffened plate identification problem rather 

unique (Mukhopadhyay, 2000). 

As the unique behaviour of modelling and analyzing of stiffened plates mentioned 

above, before moving on to particular interest of stiffened plates, herein a verification 

on modelling and modal analysis issues is presented using plates with different 

stiffening conditions taken as examples from literature. 

The single stiffened rectangular plate in Figure 44 is studied and used for comparisons 

in literature by many researchers (Olson-1977, Koko-1992, Mukhopadhyay-2000 and 
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Rikards-2001). Hence the same stiffened plate with the same parameters as follows is 

modelled and analyzed by ANSYS in two different ways. Both models consist of flat 

plates created by Shell-63 finite elements, however the first model has Beam-44 

stiffeners (designated as beam model) and the second model has Shell-63 stiffeners 

(designated as shell model) as the plate itself. 

~ 

lIE ",I 

a 

b 

~ 

a = b = 203 mm, h = 1.37 mm 
ts = 6J5 mm, hs = 12.7 mm 

E = 68.7GPa, v = OJ 

p = 2820 kg / m3 

Figure 44 Uniaxially stiffened clamped (fixed end) plate with single stiffener(Rikards, 2001) 

Here a and b are the side lengths of the plate, h the plate thickness, t s the stiffener 

thickness, hs the stiffener depth from the base of the plate, E the Young's modulus, 

v the Poisson's ratio and p is the density. 

The natural frequencies of the plate above, obtained currently from ANSYS for beam 

and shell models, are compared with the studies in literature in the following Table 

12: 

Olson, 1977 ANSYS (Rikards, 2001) ANSYS-Present 
Mode 

Theo!)': Experiment Shell model Beam model Shell model 

1 718.1 689 712.6 726.3 726.6 

2 751.4 725 742.9 737.8 735.3 

3 997.4 961 983.8 988.8 988.7 

4 1007.1 986 993.6 994.7 993.8 

5 1419.8 1376 1398.5 1402.0 1401.9 

6 1424.3 1413 1402.5 1403.2 1402.5 

7 1631.5 1512 1599.5 1529.5 1503.8 

8 1853.9 1770 1831 1876.3 1879 

9 2022.8 1995 1983.6 1986.7 1986.5 

10 2025.0 2069 1985.8 1987.7 1987.3 

11 2224.9 2158 2175.6 2181.7 2174.2 

12 2234.9 2200 2185 2192.6 2192.6 

Table 12 Expenmental and numencal frequencIes of smgle stIffened clamped plate 
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Mode shapes found after the modal analysis using ANSYS in this study match the 

mode shapes presented in the literature (Rikards-2001 and Mukhopadhyay-2000). 12 

mode shapes are illustrated in Figure 92 and Figure 93 in Appendix for both beam and 

shell models. Mode shapes for beam and shell models match as well. Additionally, for 

most of the modes in both figures, the plate motions dominate the stiffener motions. 

When the natural frequencies are compared in Table 12, natural frequencies obtained 

from experiment are obviously different from the others, basically because of their 

complex nature due to the presence of damping which is difficult to reflect, besides 

the boundary conditions are never perfectly achieved. There may also be 

manufacturing variances between parts of the structure in the experiment. 

On the other hand, when present ANSYS results (natural frequencies) with shell 

model is compared with the corresponding ANSYS results in literature, it is seen that 

they are reasonably close to each other. The main reason for the differences in these 

two is because of not being modelled with exactly the same type of finite elements. 

In the present analysis, both beam and shell models gIVe very close natural 

frequencies as seen in the last two columns of Table 12. 

Selected vibration mode shapes of the present analysis are presented in Figure 45. 

Mode 1 is an overall (global) vibration mode, modes 12 and 24 are local plate-only 

vibration modes and mode 20 is a coupled vibration mode with stiffener-plate 

interaction. 

Mode 12 

Mode 1 

Mode 20 Mode 24 

Figure 45 Selected vibration modes of shell stiffened plate 
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The biggest differences in the natural frequencies are at mode 7 and mode 11. 

Coupled vibration modes with stiffener plate interactions are more significant at these 

modes in Figure 92 and Figure 93 in Appendix. In other words, stiffener involved 

modes have different natural frequencies, because stiffener type is the only difference 

between two models. 

Beam model 

Mode 20 

Present analysis 

Shell model 

Mode 20 

Present analysis 

Figure 46 Comparison of vibration mode 20 for beam and shell models (Stiffened clamped plate) 

In the present study another difference between two models is, as seen in Figure 46, 

shell model has a coupled vibration mode with stiffener-plate interaction at mode 20, 

where for the same mode, beam model doesn't have a coupled vibration mode due to 

its stiffener's high rigidity. 

5.3.4 Analysis of Plates (6m x 12m) 

A rectangular plate as shown in Figure 47, 12m length, 6m width with 0.03m 

thickness is taken as an example and modelled to analyze with fixed end boundary 

conditions at all sides. 

The choice of right finite element to use in stiffener modelling is important. Stiffeners 

can be modelled either using beam or shell elements. If a stiffener is assembled using 

inappropriate finite element, then the physical representation of the system and all 

following analyses (modal, transient, etc) will not carry the characteristics of real 

system. Results of using different type of finite elements in the stiffener modelling are 

partially discussed in the previous section incorporating with literature. In connection 

with the question "whether to use beam or shell model in stiffened plate modelling?" 

this plate is also modelled and analyzed with stiffeners depending on the stiffening 

direction, in three different ways, longitudinally, transversely and orthogonal, as in 

Figure 48. In each way of stiffening, Beam44 and Shell99 elements are used 
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separately to model stiffeners. While modelling the plates, Shell-99, 8 nodded 

quadrilateral elements are used in ANSYS, which enable changing the locations of 

nodes in order to be able to connect with stiffeners. For the beam type stiffeners, 

because of the same reason explained, Beam-44 elements with offset nodes are used. 

For stiffeners modeled as plates, Shell-99 finite elements are used. Both elements 

have six degrees of freedom at each node: translations in the nodal x, y, and z and 

rotations about the nodal x, y, and z-axes. 

~ 

' 0 node 507 I 
...... 

':6. 

I 
, node 391 } .... ...... II a 

~ I ill 
\0 

" 
" 

./ 
I ~ 

node 559 I 
~ 

J node 219 ... 
" 

( 
12 m 

) 

Figure 47 Geometry of the unstiffened flat plate used in the analysis 

The material properties of the stiffeners and the plates are as follows: 

Young's modulus, E = 207e9 N / m2
, Poisson's ratio, v = OJ , Mass = 16977.6 kg 

Mass density for: Longitudinally stiffened plate, p = 7218J 7 kg / m3 

Transversely stiffened plate, p = 7525.53 kg / m3 

Orthogonal stiffened plate, p = 6935.29 kg / m3 

All stiffeners used have rectangular cross-sections with the dimensions as: 

Longitudinal stiffeners, length 12m, depth O.2m and thickness 0.02m 

Transverse stiffeners, length 6m, depth O.2m and thickness O. 02m 

111 



( 

In order to ease the comparison, all models have the same mass, but different mass 

densities as given above. 

x 

12m 

Longitudinally stiffened, fixed-end flat plate (Shell-99) 

" 
.<lJ 

I Ii1 

X 
. " 

... 

Transversely stiffened, fixed-end flat plate (Shell-99) 

X iii< 

Orthogonal stiffened, fixed-end flat plate (Shell-99) 

Figure 48 Stiffened plate models in three directions 

6 x 0.2 x 0.02 m 

When the modal analysis is done for each model, it is noted that stiffeners with 

Shell99 elements buckle by twisting about their line of attachment to the plating due 

to their low torsional rigidity. This is known as tripping (Hughes, 1983). In reality 

this phenomenon is overcome by using tripping brackets. However in this study it 

would just increase the modelling time and its complexity. Instead, to prevent 

tripping, the rotations about x and y-axes at the free ends of the shell stiffeners are 

constrained. 
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Boundary Condition: Fixed elld 
Flat plate-no stiffeners Shell stiffened(no trl in~) Beam stiffened Shell stiffened 

mode 
Frequency (Hz) Nodelines 

mode Frequency 
Node lines 

Frequency 
Nod. lines 

Frequency 
Node lines m n m n 

(Hz) 
m n 

(Hz) 
m n 

(Hz) no no 

1 1 1 5.059 1 1 1 8.865 I I 1 1 7.384 c::::J 1 1 7.153 I I 
2 2 1 6.553 I 2 2 1 15.935 I I I 1 2 14.362 t=:3 1 2 14.034 I I 
3 3 1 9.220 I I 3 1 2 17.104 I I 2 1 15.751 CD 2 1 15.003 I I I 
4 4 1 13.045 I I I 4 2 2 22.367 EH 2 2 21.059 EH 2 2 19.950 I I I 
5 1 2 13.164 I I , 3 1 27.501 I I I I 1 3 25.852 E3 1 3 25.545 I I 5 

I I I I I ITO I I I I 6 2 2 14.628 6 1 3 28.546 3 1 28.665 3 1 26.879 

I I I I I I I I I ~ I I I 7 3 2 17.152 7 3 2 32.548 2 3 31.189 2 3 30.015 
'6b 

8 5 1 17.975 11111I ! 8 2 3 32.868 I I I 3 2 32.958 EEE 3 2 30.596 I I I I 
9 4 2 20.785 I I I I I 9 1 4 41.705 t54 1 4 40.736 ~ 3 3 38.937 I I I I 

10 6 1 23.972 1111111 10 3 3 41.834 I I I I 3 3 41.698 EEE3 1 4 40.615 I I 
11 1 3 25.343 I I 11 4 1 41.924 I I I I I 4 1 44.873 DID 4 1 41.370 I I I I 
12 5 2 25.542 111111 12 2 4 45.888 I I I 2 4 45.335 ~ 4 2 44.251 I I I I 

1 1 1 13.836 I I 1 1 14.302 I I 1 1 13.608 I 
2 2 1 14.827 CD 2 1 14.815 CD 2 1 13.979 I I 
3 3 1 16.743 I I I I 3 1 15.990 [OJ 3 1 14.928 I I I 
4 4 1 20.139 I I I I I 4 1 19.847 /I /I I 4 1 19.061 I I I I I 

OIl 111111 111111 111111 
J 

5 5 1 22.387 5 1 20.537 5 1 19.646 

6 5 2 27.671 111111 5 2 27.613 111111 5 2 24.861 IIIIII 
f I H H I 1111111 mH1 j 7 5 2 28.097 6 1 28.286 5 2 26.304 

8 3 2 28.477 1/ 1/ 5 2 28.503 FflFH 6 1 27.367 1111111 
9 6 1 28.945 1111111 3 2 29.432 II II 3 2 27.869 II II 

10 2 2 31.578 CJj 3 2 32.138 B B 2 2 30.789 I H 
11 2 2 31.724 H I 3 2 32.142 H H 2 2 31.021 H I 
12 7 1 35.367 1'111111 7 1 34.428 11111111 7 1 33.536 11111111 
1 1 1 18.080 c=:J 1 1 16.012 I I 1 1 15.185 I I 
2 2 1 22.774 I I I 2 1 21.326 CD 2 1 20.168 I I I 
3 3 1 32.390 I I I I 3 1 32.300 I I I I 3 1 30.261 I I I I 
4 1 2 38.870 t=:3 1 2 38.636 I I 1 2 35.032 I I 

I I I I EEj I I 5 2 2 41.451 2 2 41.528 2 2 37.607 

DID DID I I I 6 4 1 45.979 4 1 48.122 3 2 44.041 

I I I I I I I I I I I I 7 3 2 47.769 3 2 48.667 4 1 44.372 

/I /I I I I I I I -
8 4 2 60.240 4 2 63.239 1 3 56.808 -

9 5 1 61.008 DJlli 3 3 64.668 I~I 5 2 56.851 III I I 
10 3 3 61.035 II II 5 3 64.792 rnJIJ 5 3 57.226 10 g 
11 5 3 61.760 ~ 5 3 65.475 @:]] 5 1 58.782 11111 
12 3 3 63.981 I I I I 5 3 67.745 EHEEl 5 3 58.880 I~I 

Table 13 Table of the natural frequencies and the node hnes for all the plate models 
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The mode shapes of the unstiffened and stiffened plates whose natural frequencies 

given in Table 13 can be found in the Appendix for further interest. In most of these 

mode shapes, because of the dimensions given to the stiffeners, flat plate's vibration 

modes are dominant over the vibration modes of stiffeners. 

When the natural frequencies of various stiffened models in Table 13 are compared 

with the unstiffened model, the increase in the natural frequencies due to stiffening is 

the fIrst signifIcant observation as expected. Between the stiffened plates, shell 

stiffened model with tripping effects has the lowest frequencies for all stiffening 

directions. 

In the cases of shell model without tripping and beam model, it is not possible to 

clarify the trend of natural frequencies. For these models, each natural frequency and 

mode shape for a particular mode number must be compared individually depending 

on the stiffening direction. At the same time, there are shifts in some of the mode 

shapes/node lines, which can be noted while comparisons are being made between 

stiffened models. 

The fIrst eight mode shapes and their node lines match one to one for longitudinal 

beam stiffened and shell stiffened plates as seen in Table 13. In transversely 

stiffening, fIrst fIve modes match one to one for all three types of models where this 

matching number is six between shell (no tripping) and beam models. On the other 

hand fIrst fIve modes match for all three types and eight modes match for shell (no 

tripping) and beam models in orthogonal stiffening. Using these statements, it can be 

said that the beam model and its corresponding shell model are closer to each other in 

modal responses. 

The effect of tripping on the plates is illustrated at mode 6 and 12 in Figure 49 for 

transversely shell stiffened plates with and without constraints to prevent tripping. 

Orthogonal shell stiffened plates without rotational constraints have considerably less 

amount of tripping because of having the support affect on the connections of 

perpendicular stiffeners which can be seen in Figure 103 in the Appendix. 
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z z 

Transversely stiffened (She1l99-no tripping), fixed end flat plate 

z z 

Transversely stiffened (She1l99), fixed end flat plate 

Figure 49 Plates with and without tripping 

After obtaining the modal characteristics for the plates, herein the transient response 

of the plates is presented. The triangular pulse in Figure 34 is applied to the stiffened 

variations of the clamped flat plate in Figure 48, on their 219-numbered node as 

shown in Figure 47. The responses regarding the translations in z-direction 

(perpendicular to undeflected plate surface) are obtained from ANSYS for three nodal 

points, which are node 391, 507 and 559 shown in Figure 47, and then compared with 

the results using the mode superposition method in which principal coordinates are 

evaluated from convolution integral using Eq.(65) together with discrete time method. 
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~ 

Displacements in z-direction (designated as "uz" in the main text) at node 391 for all 

the types and variations of stiffening covered earlier are illustrated in Figure 50. 

1.5E-03 
: 

1.3&13 
I 

··········· · ··· · ··;············· · ·······, ·· · ··· ·:h·f ·.::,~ .. 

8.5E04 

I ~ Loog Sldl StU: no trip. 
... .:-. ................. .. , ................•.. -; ......... ······,···;···1 

I - Loog BeanStif 

·············.1·············.·.···-:--······ .... · Loog SbeIl StU: 

j 1 

·· ··············t············ .. ·····-:··················'1 
: : : 

. .. _.\ .. .; ......... _ ......... L. .... _-_ .. __ ..... .L ..... __ ......... _.1.. 
! : : : 

': \ ! I I 

--Trarm'. BeanStif 

u·,'···~!;1'i·;,Trarm'. Sbcl1 Stif 

Q..6.5E04 +·············_·--;-·····':.:1'·········.;...01".··········"'·+ ._._ . .. ~u __ •••••• ____ ._ •• _.~._._._. __ • ___ •• _ ••• ~._. __ • __ ••• _ _ • __ •• 

, i ] 8 
-< 

1 
4.5E04 ··········T·················T··············· 

2.5E04 · ·· ·····;l'r····I,············ ,,·······;·············· ··· · .··'···· ·····'."...,d·;I~· · · · "·- ··r· ·· ····· 

5.QE.05 

.1.5E-Ol 

'Iin:E (s) 

Figure 50 uz-displacements at node 391 for all fixed ended plate variations covered in the text 
(ANSYS) 

From Figure 50 it's seen that at node 391, which is in the middle of the plate, 

unstiffened flat plate has the biggest amplitude of all, as expected. Then the sequence 

continues with longitudinal, orthogonal and transverse stiffened plates. Transversely 

stiffened plates have smaller amplitudes at node 391 than the orthogonal stiffened 

ones, because orthogonal stiffened plate has the lowest material density. 

It also can be noticed that in Figure 50, beam and shell stiffened plates have closer 

responses than the shell stiffened plates with no tripping. Figure 104 in Appendix, 

which shows the responses separately according to the stiffening direction, can be 

referred for further interest. 
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Figure 51 Nodal responses (uz-displacements) for longitudinally stiffened beam under triangular 
impulse with damping ratio 0,01 and 0.5, discrete time interval dt= 0.005 

The effect of different damping ratios is presented in Figure 51 by using ratios 0.01 

and 0.5. However both ratios stand for the underdamped vibration case, it can be seen 

that ratio 0.5 gives a very limited view on the response and dies out as soon as the 

excitation is over. On the other hand damping ratio 0.01 increases the chance of 

having beating effect. Because for this ratio the difference between damping 

frequency and the natural frequency of the system becomes very small. As a result for 

both reasons mentioned above damping ratio 0.08 is used in all analyses regarding 

these plates. 
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The number of modes to be used in the mode superposition is also an important issue 

in the transient mode superposition analysis of the plates. In this sense the 

convergence of modes is presented in Figure 52, Figure 53 and Figure 54 related to 

the sample plate with longitudinal, transverse and orthogonal beam stiffening 

respectively. 

Convergence ananlysis of displacements at t=O.Ssec. for fixed ended-longitudinally beant stiffened plate 
x 10.3 UZ at node 39l,dt=O.OOS.dInp.r.=O.08 
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Figure 52 Convergence of modes for clamped longitudinal beam-stiffened plate (Disp. UZ) 

Convergence ananlysis of displacements at t=O.5sec. for fixed ended-transversely bemn stiffened plate 
x 10-4 UZ at node 391,dt=O.OOS,dInp.r.=O.08 
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Figure 53 Convergence of modes for clamped transverse beam-stiffened plate (Disp. UZ) 
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Convergence arumlyBis of displacements at t=O.5sec for fixed ended-orthogonal beam stiffened plate 
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All the convergence figures given above are evaluated for the amplitudes at time 

t=0.5sec. When Figure 52 for the longitudinally beam stiffened model is examined it 

is seen that there are groups of convergence. In the first mode shape of longitudinal 

beam stiffened plate, there is a non-zero modal uz-deflection at the node 391, which is 

the mid-point of the plate, as can be seen in Figure 98 in Appendix, illustrating the 

mode shapes of this stiffened plate. The following 3 modes until mode 5 don't 

contribute to the displacement at node 391 for this reason. Modal uz-deflection in 

mode 5 lowers the amplitude and the decrease in the amplitude continues with mode 6 

as well and the total amplitude in mode 6 goes on constant until mode 9, because of 

the same reason explained for modes 1 to 4. Contribution of mode 10 brings the total 

amplitude into a new value and a convergence can be said to be achieved after mode 

10. 

For the transversely beam stiffened model however the convergence is not stable until 

mode 19 as seen in Figure 53, superposition of 12 modes can be assumed as the start 

of convergence, since after 12 modes the difference in the amplitudes is not big and 

superposing modes after 12 costs more computing time. On the other hand orthogonal 

beam stiffened model shows a good convergence after 12 modes (Figure 54). 
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Figure 105, Figure 106 and Figure 107 in Appendix illustrating the amplitudes on the 

time domain for the longitudinally, transversely and orthogonal beam stiffened 

models respectively, show that the convergence after the end of triangular impulse, 

occur in the lower modes than the period of excitation. 
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Figure 55 Comparison of responses between ANSYS and the numeric method using dt=O.Ols. at node 
507 of the orthogonal beam stiffened model 

In the following analyses 12 mode shapes are used in the transient mode superposition 

and results compared with ANSYS. All the major differences in the responses 

between the method used in this document and the ANSYS are mainly because of the 

size of time interval (Nyquist frequency effect). This conclusion can be noticed when 

the orthogonal beam stiffened plates are analyzed with both dt=0.005s. and dt=O.OOls. 

here in the figures below as well as the rest in Appendix. To have an idea of the affect 

of discrete time interval, illustrations in Figure 55, Figure 56 and Figure 57 represent 

the amplitudes calculated by using discrete time interval dt=O.Ols, dt=0.005s. and 

dt=O.OOls. at node 507. The reason for choosing particularly this node is, between the 

3 nodes of the orthogonal beam stiffened model being examined, node 507 has the 

biggest differences in the amplitudes between three intervals which makes it easy to 

present. 
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During the analyses it is noticed that the responses from ANSYS and the numeric 

method do not match well especially during the impulse phase when dt=O.Ols. is used 

(Figure 55). Hence dt=O.005s. is used in the rest of the analysis. However dt=O.OOl is 

also used for the orthogonal beam stiffened beam to show how closer responses get 

when the time interval is decreased, it is not practical to use throughout the study as it 

causes long computing time. 
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Figure 56 Comparison of responses between ANSYS and the numeric method using dt=0.005s. at nod 
507 of the orthogonal beam stiffened model 
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Figure 57 Comparison of responses between ANSYS and the numeric method using dt=0.005s. and 
dt=O.OOls. respectively at node 507 of the orthogonal beam stiffened model 
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Triangular impulse responses (displacement-uz and stress-sx illustrations) for all the 

models in Table 13 at node 559 are attached to the Appendix for further details. Here 

Figure 58, Figure 59 and Figure 60 represent the convergence of modes in the stress 

values at node391 for longitudinally, transversely and orthogonal beam stiffened 

models. 

Convergence ananlysis of stresses Itt t=O.5sec. for fixed ended-longitudinally beSlll sti:f.fened plltte 
x 10' SX Itt node 391,dt=O.005,dntp.r.=O.08 
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Figure 58 Convergence of modes for clamped longitudinal beam-stiffened plate (Strs. SX) 

Convergence ananlysis ofe:tresses at t=Q.5sec. for fixed ended-transversely bewn stiffened plate 
x 10° SX at node 391.dt=O.005.dntp.r.=O.08 
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Figure 59 Convergence of modes for clamped transverse beam-stiffened plate (Strs. SX) 
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Convergence ananlysis of stresses at t=0.5sec. for fixed ended-orthogonal beam sti1Tened plate 
4 x 10· SX at node 391.dt=O.005.d:mp.r.=O.08 

3 

2 

Nrunber of superposed :modes 

Figure 60 Convergence of modes for clamped orthogonal beam-stiffened plate (Strs. SX) 

When the convergence illustrations in Figure 58 to Figure 60 for the sx-direct stresses 

are compared with the convergence illustrations in Figure 52 to Figure 54 for uz­

displacements, it's clear that two groups of figures have the same nature in terms of 

the trends of the plots. Modal sx-stress values are much bigger than the modal uz­

translation values, which can be seen in Figure 119 in Appendix. These value groups 

both contribute to the total responses; hence the differences after superposing 12 

modes are bigger in stress convergence illustrations than the corresponding 

illustrations of displacement convergence. 

As a result it can be said that 12-mode superposition IS satisfactory for the 

convergence of stress responses regarding especially orthogonal and longitudinal 

beam stiffened plate. However for the transverse stiffening case, contribution of 

higher modes is required for a better convergence. 
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5.3.5 Analysis of a Realistic Plate (Tanker bottom forward end) 

Hitherto only flat plates of 6m width 12m length and 0.03m thickness with details 

given in Figure 47 are used to model the stiffened plates with rectangular cross­

sectioned stiffeners as in Figure 48. In this part, stiffened plating between bulkheads 

(station 82 and fore perpendicular) of a single bottomed 36,000 DWT oil tanker is 

taken as the example. It is clear from the node lines and natural frequencies of 

different type of stiffened plates with different finite elements in Table 13 that, there 

is not a direct agreement in the characteristics between the variations of stiffened 

plates. The modal characteristics are all unique. Thus the question of whether to 

model the system with shell element stiffeners or beam element stiffeners still exists. 

Up to this point various stiffened plates are created using shell and beam finite 

elements and their characteristics studied. At this stage, there is a stiffened forward 

bottom plate of a tanker with the dimensions and details given in Figure 61a. This 

stiffened plate can be modelled and analyzed in different ways in FEA mainly using 

different finite elements to model the stiffeners. Stiffeners can be modelled either 

using beam or shell elements. 

In this document, the stiffeners are modelled using Beam-44 finite elements and 

Shell-63 elements separately. Modal analysis is applied on both models and results are 

presented. Transient response of stiffened plate model having stiffeners constructed 

with Beam44 elements is also investigated. 

The plate shown in Figure 61 is modelled with fixed end boundary conditions. The 

flat plate with dimensions of 12.2m x 7.85m is modelled using Shell-63, 4 nodded 

finite elements. The stiffeners are modelled using offset Beam-44 (and Shell-63 for 

the following model) finite elements. Both elements have six degree of freedom at 

each node: translations in the nodal x, y, and z and rotations about the nodal x, y, and 

z axes. 

Centre girder and transverse stiffeners both have T -cross sections. On the other hand 

bottom longitudinals have L-cross sections. Figure 61 also represents the FE model of 

the plate. 
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Young's modulus, E = 207e9 N / m2 

Mass density, p = 7860kg / m3 

Poisson's ratio = OJ 
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Figure 61 Model of tanker bottom forward end studied in ANSYS 

A modal analysis is performed for the plate illustrated above and 12 modes are 

extracted form ANSYS and the first six of these modes are given in Figure 62. The 

rest of the mode shapes are attached to the Appendix (Figure 120-Figure 122). 
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Figure 62 First six mode shapes of the stiffened (Beam-44) tanker plate 

J\N 

When all the mode shapes are examined it is significant that there are coupled 

vibration modes in which stiffeners and the flat plate interact within 12 mode shapes. 

Vibration of the flat plate is dominant over the stiffeners. Local deflections are 

noticeable for the flat plate. The coupled vibration modes of this model simply show 
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the same mode shape characteristics of similar stiffened flat plates studied earlier (see 

section 5.3.4). 

Alternatively, the stiffeners of this realistic plate are modelled and subsequently 

modally analyzed using Shell-63 finite elements. From the modelling point of view, 

someone must consider the intersection nodes where longitudinal stiffeners coincide 

with transverse stiffeners (Figure 63). Due to the nature of beam elements, this 

connectivity issue does not occur in Beam-44 stiffened model. Additionally based on 

the same reason, when fixed end boundary conditions are applied to Beam-44 

stiffened model, only the nodes on the edges of main flat plate are constrained. 

In order to compare the modal responses of Beam-44 and Shell-63 stiffened plates 

with each other on an equivalent basis; herein three sub-models (all Shell-63 stiffened 

models) are created depending on the number of vertical element division. A fourth 

model (1:1)* is also established and used particularly to match the boundary 

conditions in both Beam-44 and Shell-63 models. 

Transverse 
_.1.!U __ _ _ 

} 

Number of 

element divisio Number of { 

lement division 
~ Longitudinal 

_L!U_. _ _ _ 

Figure 63 Example of two merged Shell-63 stiffeners (e.g. model (2:4)) 

In the following paragraphs Shell-63 stiffened models are called as (4:8), (4:7), (1: 1) 

and (1:1)* models, depending on their number of vertical element division. 

When the preliminary modal analysis is applied on the models above, it is noticed that 

due to the low stiffness of Shell-63 stiffeners in comparison to Beam-44 stiffeners, 

there are no coupled vibration and flat plate deflected modes in the first 12 modes 

until higher modes are reached (e.g. for model (4:8), mode 87-72.172hz; for model 

(4:7), mode 111-70.682hz; for model (1:1), mode 59-68.141; for model (1:1)*, mode 
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63-50.238, are the first modes where significant plate deflections can be seen). For 

this very reason around 200 modes are extracted in the analyses for each model, and it 

is not possible to present all these modes in this document. Here follows some of the 

mode shapes of the mentioned models: 
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128 



1 
I)IS1rJJll1liT 

m'aL 
5lllI-U7 
mQ-13.m 
D!r( .. . omm 

rtPLAT!) 

DISPlJ.t7JI!JIT 

m l .L 
m·l4$ 
mO·76.6S6 
m a .04.l402 

nPL1TZl 

1 
DlnUDlDl' 

SllB·l73 
Fl!!:Q a82.734 
D!X ... D6ZS26 

npUl!) 

:r::"'~ 
<f.: R 

.-
""'" 

Mode 127 
N.Freq=73 .156Hz 

Mode 145 
N.Freq=76.656Hz 

~ 
H- a 

Mode 173 
N .Freq=82.734Hz 

J\N 

DIS'acnor 

m,·t 
!llB-lZ1 
mo-nU6 
D!X -.02:0933 

nPL1T!3 

m,_! 
'It!lI - 14S 
mtQ~16.6S6 

DE( .. . 00402 

1I9L1Tll 

1 
DI!'lJ.aJI:Jn' 

S1!P .. 1 
sua-173 
JIEl).82.734. 
D!X •• 1J6l5Z6 

Mode 127 
N.Freq=73.156Hz 

Mode 145 
N.Freq=76.656Hz 

J\N 

til 14 III I III I 11111111 

TIPLATI3 

Mode 173 
N.Freq=82.734Hz 

Figure 65 Some of the coupled vibration mode shapes and natural frequencies of model (4:7) 
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After examining corresponding mode shapes and natural frequencies of each Shell-63 

model, it is seen that they are all in clusters. The coupled vibration modes occur at the 

mode shapes, which have close natural frequencies of those in Beam-44 stiffened 

model, except in model (1:I)*. However, it is difficult to distinguish the modes and to 

say that they have a similar trend. 

Model (1: I) which has the least clustering in its natural frequencies and also has a 

similarity in terms of FE modelling can be regarded as the counterpart of Beam-44 

stiffened model. 

Since the equivalence in the models is questionable, a static analysis is performed on 

Beam-44 stiffened model and (1: 1), (1:1)* models. A 30kN static force is applied at 

the same node of each model. The contour plot of the responses (UZ translations) and 

the table of deflections at particular nodes can be seen below. 

H 

Fi ure 68 Contour lots of static UZ translation eam-44 stiffened model 

NODE A B C D E F G H 

UZ(m) O.77e-5 O.12e-5 O.15e-4 O.17e-4 O.lOe-4 O.14e-4 O.1ge-4 O.22e-4 

Table 14 UZ-translations at 8 different nodes (Beam-44 stiffened model) 
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Figure 69 Contour plots of static UZ translation (model (1 : 1)) 

NODE A B C D E F G H 

UZ(m) O.57e-5 O.lle-4 O.I2e-4 O.25e-4 O.85e-5 O.I5e-4 O.I4e-4 O.33e-4 

Table 15 UZ-translations at 8 different nodes (model (1:1)) 

Figure 70 Contour plots of static UZ translation (model (1: 1)' ) 

NODE A B C D E F G H 

UZ(m) O.17e-4 O.27e-4 O.2ge-4 O.44e-4 O.22e-4 O.31e-4 O.32e-4 O.50e-4 

Table 16 UZ-translations at 8 different nodes (model (1:1)' ) 
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When the uz translations are statically examined, it can be seen that all three 

responses have similar nature. As a result it can be concluded that Beam-44 stiffened 

plate model behaves similar to SheIl-63 stiffened model statically. However 

difficulties exist in the dynamic responses. 

In terms of FE modelling and analyzing stiffened plates with alternative elements, one 

must also consider the case where a double bottom panel is to be analyzed. Beam 

elements representing stiffeners have a certain limitation in this matter. Since they are 

two node elements, it is not possible to connect an upper bottom plate and a bottom 

plate to the same beam element at the same time. On these occasions Shell-63 element 

is the only alternative to be used for the FE modelling of stiffeners. 

A double bottom stiffened panel taken from a tanker (between bulkheads at station 

110 and 130) is also modelled and modally analyzed. The details of the panel are 

given in Figure 71. 

1< 

< 2800 > 

Bulb flats ------- ':---"" ~ 
180xl0 ~ 13x1200 

Bulb flats 220x1 0 

(upper & lower 

1400 

CL 

All dimensions in mm 

14000 

Figure 71 Double bottom tanker panel 
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Figure 72 Mode characteristics of double bottom panel 

After the modal responses of the double bottom panel are studied, it is seen that there 

are local deflections on the upper and lower plates due to the horizontal bending of the 

stiffeners. There are no global vibration modes. Basically the deflections on the 

stiffeners are dominant. Additionally the same model is constructed using the same 

elements as a single bottom plate. In this case no plate deflection is observed and all 

deflections occurred on the stiffeners. Expectedly natural frequencies significantly 

decreased. 
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Using the modal characteristics obtained earlier, transient response of Beam-44 

stiffened plate is also studied. The triangular impulse excitation in Figure 34 is 

applied on its 198-numbered node as seen in Figure 61. Responses including uz­

displacements and sx-direct stresses calculated from ANSYS and the numerical 

method at node 92 are presented here. 

Fixed ended,. orthogonal bea.rrt(T&L cross sect.)-stiffened realistic plate. TP 
x 10-9 F at node 198. UZ at node 92. Drnp.r=O.08 
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Figure 73 Comparison ofuz-displacements obtained from numerical method and ANSYS at node 92 
for stiffened tanker plate 

Responses at nodes at 146 and 112 are given in the Appendix (Figure 123-Figure 

125). Numerical calculations are done using 12-mode superposition. Initially discrete 
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time interval is taken as 0.005s. for both ANSYS and numerical method in the uz­

displacement calculations. When the responses are plotted for both methods in Figure 

73, it's seen that the differences are big. Since the natural frequencies of this stiffened 

plate are high, the discrete time intervals are required to be smaller than 0.005s. 

(Nyquist frequency effect). Hence smaller time intervals such as dt=O.OOls. in 

numerical method and dt=0.0025s. in ANSYS are used additionally. Time interval 

dt=O.OOls. is not applied in ANSYS for the computational simplicity. New time 

intervals gave closer agreements than the previous time intervals and in the following 

sx-direct stress calculations, only latter intervals are used as seen in Figure 74. 
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Figure 74 Comparison ofsx-direct stresses obtained from numerical method and ANSYS at node 92 
for stiffened tanker plate 

The graphs in Figure 73 prove that 0.005s. time interval is not small enough to get the 

right deflections especially for the numeric method. At the same time it can be 
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clarified from the same figure that the transient mode superposition method that 

ANSYS uses is also dependent on the so-called time integration steps. Because 

significantly in the second phase of the response, there is a considerable amount of 

amplitude difference between two ANSYS responses obtained using dt=0.005s. and 

dt=0.0025s. which can also be seen in Figure 73c. 

Subsequent stress results from ANSYS and numerical method are reasonably close 

when dt=0.0025s. and dt=O.OOIs. are used respectively. When two solution methods 

using these time intervals are compared between displacements and stresses, their 

agreement is parallel to each other. In other words using intervals dt=O. 00 I s. and 

dt=0.0025s. for each corresponding method results in the same closeness for both 

displacement and stress calculations. 

Additionally comparison of She1l63 (x:x)-shell stiffened- models to Beam44(i.e. 

Beam stiffened) models in transient response using mode superposition method is 

carried out at some corresponding nodes of each model (Figure 75). 
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Figure 75 Transient response comparison of She1l63(x:x) to Beam 44 models 

The preliminary results showed that each She1l63 (x:x) model has a different response 

to transient excitation. It is difficult to determine the most suitable She1l63 (x:x) 

model to represent this particular tanker panel. On the other hand, when examining 

the Beam44 model and its response, it does not show an early convergence when 
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using the mode superposition method; however modelling dilemmas, like those 

occurring in She1l63 model, do not occur. 

In order to assess whether the use of different mode extraction methods changes the 

modal deflections, Block Lanczos and Subspace mode extraction methods are also 

used in ANSYS. It is found that both methods give the same results. This also can be 

seen in Figure 76, where "Beam44-12mUZ92" legend represents the transient mode 

superposition response using Subspace mode extraction method (12 modes, UZ at 

node 92) and "Beam44-12mUZ92LM" legend represents the transient mode 

superposition response using Block Lanczos mode extraction method. 

Full method, which uses the full system matrices to calculate the transient response 

(no matrix reduction), is used as an alternative FE transient response solution method 

to the mode superposition method in ANSYS. Due to its nature, full method does not 

require the mode shapes or number of modes to be superimposed to be specified in 

order to obtain the transient response. 

In Figure 76, transient response of the Beam44 model derived using full method 

("Beam44-FuMUZ92") can be seen together with corresponding transient responses 

derived using mode superposition method, which is directly depended on the number 

of modes that are superposed. 

In order to attain convergence in the transient response of Beam44 models, more 

modes are included in the transient mode superposition, which is presented in Figure 

76. In this figure 12m, 24m etc denotes usage of 12 modes, 24 modes etc. and it can 

be seen that the response obtained using 100 modes is the closest to the response 

obtained using the full method. 

The convergence analyses of transient response ofBeam44 model obtained both using 

ANSYS and numerical method (Convolution) can also be seen in the following 

figures (Figure 77). For simplicity, constant damping ratio is used in the numerical 

method, which is equivalent to the stiffness damping ratio (B), used in ANSYS. In 

this figure the transient force is applied at the node 198 and the vertical displacements 

calculated at the point of application and three other nodes, shown in Figure 61. 
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Figure 77 Convergence plots of displacements obtained by ANSYS & Numerical Method 
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When Figure 77 is studied for each individual node, in the overall it can be said that 

the nature of the convergence, between ANSYS and convolution methods, is similar. 

However, convergence is achieved earlier in the numerical method especially, for the 

displacement of, node 198, where the force is applied; however, it should be noted 

that the converged value is not necessarily the correct one when the numerical 

convolution method is used. 

As discussed in the previous sections, the time intervals play an important role in the 

numerical method. Therefore smaller time intervals are applied to the same nodes and 

the difference in the convergence results are presented in Figure 78 & Figure 79. 

Although the convergence is still reached at high numbers of superposed modes, using 

smaller time intervals is giving closer results to ANSYS. From these figures it can 

also be concluded that Beam44 model converges when higher modes are included in 

the transient mode superposition method. 

Convergence analysis of displacements(Tri. pulse) at t=O.5sec. F at node 198, UZ at node 198 

2.8E-05 ... 

2.5E-05 ... ... ":,' ....... "!,' ._ ....• ~,~ ........ ~.:,-_. -.• 0 _+, _____ '_':"', _ ... -. ' _'{,' _. _ .. _ '~,' _ ' ._'_'_~,"_" . __ ~___ _ ... _. _~ ... __ .. _ ~ .. _. __ . _ ~ ___ ___ .. ~. __ .. --1-------:..----.. _ . ~_._ . ___ :. ___ ~_. 
! : : ; ~ : j ! 

2.3E-05 
r 1 1 l i 1 ~ : : : : : : : ; : .m····r .. · .... r ..... -r· .. ·T··· .. T .... ··· ...... · ..... : ........ + ........ ' ........ ' ........ ; ..... ~ ...... ~ ....... ~ ....... ~ ....... ~· .. · .. ~· .. · .. i· .... .. 

2.0E-05 
iii i : . , , , : i ! : : ; i : · .... ···l· ...... ·r .. ··'··r·· .... -t ...... ·, .... 1 .. .. .. ·!· .... ··r··· .. T ...... r· .. T .... ·--r ...... r·· .. ·T .. · .. ··r ...... r .... r .... ·r .. · .. ·r ...... 1 .. · .. · .. 

1.8E-05 

1.5E-05 

1.3E-05 

: :; ::; : :::::::::::: 

:::::::r::: .. [ .. :::~ .. .. · .. I::::I:::::r.:::::[:::I::::T .... :I:::::r::::::[ .. :r:: .. 1.:::::r::::.1 .. :.J .. : .. 1=:::r· .. ·::c:::: 
........ I ...... j ........ r .... + ...... f· ...... ·f· .... ·+, ...... L ...... l .... · .. ·j ........ L .... .l.. ...... ! .. · .. .. ·/· ...... ·1 .... · .. ·1... .... 1... .... J ...... ) .. · .... ·I ........ 

1.0E-05 
, iii iii : ! ~198ANSYS-5tiffnessdamping 6=0.008 

.... . · l··----··l·- - · · - · ·~-·- · -·- - "'·-·- ~ ·-··:·--·-·-·-l--·······.- ---··· - i--·· · ·--i······· · 

: : : : ; : : : : 
7.5E-06 

: : : : : : : : : 

·· ····--i--- -·-·~-·-··---~-···-·--~··-···- · ·~-··-·- · -~--.-- .. -~ ..... --.~-----.--J---.-.-. 
Full Method-5tiffness damping 6=0,008 

5.0E-06 

2.5E-06 

O.OE+OO 

! ! i i ! : ! ! : .-t.- 198Num.Melh.(Conv.-<ft=O.OO1)-Constant damping ratio=O.08 
. - --.---~- .... . --~--.~ .... ~ ..•..• ---l.-.-.•... f'.- •.. - - .~-·-···-t---··-·l·-·-····i-··--·-

: : : i : i : : : -o-198ANSYS-Constant damping ratio=O,08 .. · .. ··r ...... j .. · .... ·j-...... ·.l. .... ·_ .. r ...... + .. · .... ' .. · .... T ....... L....... ........ 198Num.Melh,(COnv,-<ft=O,OOOS)-Constant damping ratio--Q.08 

o 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 

Number of superposed modes 

Figure 78 Convergence comparison when time interval is decreased in Numerical method, F at node 
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Convergence analysis of displacements(Tri. pulse) at t=O .5sec. F at node 146, UZ at node 146 
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Convergence analysis of displacements(Tri. pulse) at t=O.5sec. F at node 146, UZ at node 137 
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Figure 79 Convergence comparison when time interval is decreased in Numerical method. F at node 
146, UZ at node 146 & 137 
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To verify whether the Beam44 model would respond to harmonic excitation with a 

better rate of convergence than the transient excitation, harmonic response 

Convergence analysis of displacements (harmonic rasp) at 260Hz. F at node 146. UZ at node 198, 
stlffne.s damping B~.008 

o 25 50 75 100 125 150 175 200 225 250 275 300 325 350 376 400 425 450 475 500 525 

NU't'Iber of superposed modes 

Convergence analysis of d lsplacements{harmonlc resp) at 250Hz. F at node 146, UZ at node 112, 
stiffness damping 8=0.008 

O~~H~_~m~m~mm~~=~_~_~~ 

Nl.n'riler of superposed modes 

re 80. 
Convergence analysis of dlsplacements{harmonic resp) at 250Hz. F at node 146, UZ at node 146, 

stiffness damping B:=O.ooa 
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convergence analysis of dlsplacements(hannonlc resp) at 250Hz. F at node 146, UZ at node 92, 
stiffn ess damping 8=0.008 

As can be seen, the convergence of Beam44 model in harmonic response IS quite 

similar to the transient response of the same model, showing that the requirement of 

higher modes is due to the nature of the model. 

5.3.6 Equivalent Flat Plate 

Since a better convergence IS achieved on the stiffened plates in section 5.3.4 

(Analysis of Plates, 6x12m), the question of whether the dimensions of stiffeners on 

realistic plate or their modelling is causing the difficulty in convergence, has arisen. 

Therefore for further investigations on the equivalent plate concept the clamped 
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horizontally beam stiffened plate model in section 5.3.4 is taken and an equivalent flat 

plate representing the corresponding stiffened plate is modelled. 

The stiffeners are smeared to the thickness of the equivalent plate and using the 

comparison of static responses of both the original stiffened plate (FEHbeamstifplate) 

and its equivalent, a new equivalent flat plate thickness of O.04013m is obtained. The 

static responses of both models obtained from ANSYS (force is applied at the centre) 

can be seen in Figure 81: 

NODAL SOLtrrrON 
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UZ (AVG) 
RSYS-O 
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. '1'09£-03 _OOt~9 .003$48 . 00495. 

FEHbeamStifPLate, Static response, FZ~30000N at node 39l(centre) 

1 
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Figure 81 Static response results obtained both for original (first 2 graphs) and equivalent (last 2 
graphs) plate from ANSYS 
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When both static responses are compared the contour plots have very similar nature 

and maximum deflections, which are in the centre of the plates, have the same value 

of O.00637m. 
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Fi ure 82 Node references 

The node references are shown in Figure 82. When the force IS applied at node 

219(off-centre) and node 391(centre of plate), the static nodal response distribution 

for each node is shown in Figure 83 . As can be seen, reasonably good agreement is 

achieved in the displacements obtained; nevertheless, off-centre application of the 

force and off-centre responses lead to larger differences between the original and the 

equivalent plates. 
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eo"""rtson ~ S1atIc Nodal Responses, F=3DKN at node 391, (Orig. Plate vs Equiv. Plate) CorrjJarison d Static Nodal Responses, F=3DKN at node 219, (Orig. Plate vs~. Plate) 

Figure 83 Static responses-F at 391 and Fat 219 vs. various nodal responses 
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For the dynamic case the natural frequencies of the original and equivalent plate, 

shown in Table 17 and Figure 84, show a reasonably good agreement, especially for 

the lowest mode shapes. It has also been ascertained that the mode shapes of the 

equivalent plate are similar to those of the original one, shown in Table 13. 

g 
t .;:: 
f 
.a 
0: 
Z 

g 
c-
.!: 
] 
0: 
Z 

Mode index 1 2 3 4 5 6 7 8 9 10 11 

FEHBeamStifPlate 7.4 14.4 15.8 21 .1 25.9 28.7 31.3 33.0 41.0 41 .9 44.9 

Equivalent 

FEHBeamStifPlate 
7.8 10.1 14.3 20.2 20.4 22.6 26.5 27.8 32.2 37.1 39.3 

Mode index 13 14 15 16 17 18 19 20 21 22 23 24 

FEHBeamStifPlate 48.7 55.9 56.6 63.1 65.0 66.3 68.9 71 .2 72.6 75.5 81 .5 83.0 

Equivalent 

FEHBeamStifPlate 
41 .6 45.5 48.1 48.7 51 .0 58.4 59.6 60.8 64.7 67.1 67.6 71 .0 

Table 17 Natural frequencies 

Fixed End Horizontally Beam Stiffened Plate 
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Figure 84 Comparison of modal responses for FEHBeam stiffened and equivalent plates 
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Transient response comparisons of both original and equivalent plate are carried out 

using transient mode superposition and full methods, in ANSYS_ Applying triangular 

pulse on two different nodes, namely at centre (node 391) and off-centre (node219), 

the transient displacement responses obtained are shown in Figure 85 & Figure 86 

when using mode superposition analysis and Figure 126 & Figure 127(Appendix-B). 
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As can be seen from Figure 85 and Figure 86, the closest response agreement between 

the two models is found on "F at N391-UZ at N391", namely force and response at 

centre of plate. The same agreement can not be seen on "F at N219-UZ at N219" due 

to the applied off-centre excitation force. For the cases where locations of excitation 

force and response are more off-centre, the response disagreement of original and 

equivalent models is increasing (especially for "F at N219 cases"). 

When the above analysis is applied on to the original and equivalent plate models 

using transient full method, the comparisons are similar to what has been observed 

when using the mode superposition method. Thus it can be concluded that the 

differences between the transient responses of both plates are not due to the number of 

modes included in the mode superposition method (Refer to the Appendix-B, Figure 

126 & Figure 127). 
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In order to verify this, tentative, conclusion both models are analysed under harmonic 

excitation of 30000N in amplitude with 0-100Hz frequency range and using both 

mode superposition and full methods. The harmonic displacement responses of both 

original and equivalent model can be seen in Figure 87 & Figure 88 and Figure 128 & 

Figure 129 of Appendix-B. The excitation and response positions are as in the 

transient case. 

As can be seen from these figures the best agreement between the original and 

equivalent plates is obtained when the force is applied at centre; with the response at 

centre having the best overall agreement. When the force is applied off-centre, there 

are larger differences between the two models. The situation is the same whether the 

full or mode superposition is used. This confirms that the differences between the 

responses of the two models are due to the concept used for equivalence, rather than 

the method used for calculating the response. 

149 



5.3.7 Conclusive Remarks 

In section 5.3, the transient response of unstiffened and stiffened plates is 

investigated. Initially stiffened plates from literature are used to verify the modelling 

and subsequent modal analysis of different models created by beam and shell element 

stiffeners. Mode shapes in the literature for these models agree with the ones 

presented in this document using ANSYS. Plate vibrations dominate the stiffener 

vibrations in most of the modes as can be seen in Figure 92 and Figure 93 in 

Appendix-B. 

Natural frequencies obtained from beam and shell stiffened models in the present 

study are very close. Significant differences in natural frequencies occur when 

stiffener vibrations get involved in the whole response, which only can be seen in the 

shell model. Because shell stiffeners have low torsional rigidity in comparison to 

beam stiffeners. In other words it can be concluded that for torsionally rigid stiffeners 

the beam model can be employed. 

In the modal analysis of plates with dimensions of 6m x 12m, coupled global 

deflections of stiffeners and the flat plates can be seen for each variation of stiffening 

presented in Figure 95-Figure 103 in Appendix-B. When the various stiffened models 

in Table 13 are examined, it can be said that the beam model and its corresponding 

shell model give closer modal characteristics. Shell model with no tripping has 

distinct modal characteristics, which in general can be assumed to be close to beam 

model rather than the shell model with tripping due to its increased rigidity by 

constraining the stiffeners at their free edges. 

Transient responses of these stiffened plates are investigated using ANSYS and the 

numerical method. For a particular location (node 391) their uz-displacements are 

compared (Figure 50). It is noticed that for each directional stiffening, beam and shell 

models give similar responses. Since it is known from previous chapters as an 

important issue, different discrete time intervals are used in the evaluation of the 

responses. Different damping ratios such as 0.01, 0.08 and 0.5 are considered in the 

stiffened plates. Responses are obtained for these ratios in Figure 51 and as a matter 

of illustrating the response phases in the main text properly, damping ratio 0.08 is 

used in all calculations. In this section numerical method is found to be sensitive to 
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the time intervals as well. The closest results to ANSYS are achieved using dt=O.005s. 

for the stiffened plates. 

On the other hand convergence analyses done for the displacement and stress 

responses show that there is a need of at least 12 modes or more for the convergence 

of the transient mode superposition. 

In the realistic plate analysis, beam and shell element stiffeners are used to model the 

stiffened single bottomed tanker plate. Certain amount of agreement achieved in the 

modal responses of both models. As a result there are coupled vibration modes in the 

model characteristics of the both type of stiffened tanker plate. 

In the transient response analysis of the tanker plate, smaller time intervals are 

required to use due to higher natural frequencies. Hence dt=O.OOls. and dt=O.0025s. 

work out well for the numerical method and ANSYS respectively in terms of 

agreement in the displacements and stresses. 

Additionally, transient and harmonic response analyses are carried out on Shell(x:x) 

and Beam 44 models using both ANSYS and numerical methods. Different methods 

and discrete time intervals are compared and convergence results are studied. It has 

been shown that inclusion of a large number of modes is required to achieve 

convergence. Furthermore the convolution integral method developed in this thesis 

requires a small time interval in order to converge to the correct value. 

Finally, an equivalent flat plate is created for dynamic response comparisons to the 

stiffened plate similar to the one in section 5.3.4. Static, transient and harmonic results 

are presented using different methods in ANSYS and numerical method described in 

this document. It can be concluded that the concept of static equivalence used may 

lead to some discrepancies in responses, depending on the position of applied force 

and calculated response. 
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6 CONCLUSIONS 

The following conclusions can be: 

• Theoretical and numerical modal analysis of uniform beams. 

Natural frequencies obtained from two methods are reasonably close for 

both free-free and pinned-pinned boundary conditions. As the number of 

modes increases, the differences between the analytical and the numerical 

results also increase with the involvement of higher modes. This effect is 

more dominant in the Free-Free beam as it has higher natural frequencies 

than the Pinned-Pinned beam. As a conclusion the natural characteristics 

found through the modal analysis by FEA-ANSYS are satisfactory to use 

in the following mode superposition harmonic and transient analysis. 

• Comparison of numerically and theoretically derived harmonic responses in 

the frequency domain. 

There are peaks occurnng at different frequencies with different 

magnitudes for each node location due to resonance, as illustrated for the 

displacements. 

As the forcing frequency increases, convergence of 5 modes is not 

sufficient. On the other hand using 10 and 17 modes brings the 

contribution of higher modes to the overall response and makes the mode 

superposition method converges successfully. 

Same analysis is repeated for damped condition and results are compared 

analytically and numerically. The amplitudes decrease with increasing of 

damping, as expected. 

ANSYS results agree with the analytical mode superposition method 

results using 10 and 17 modes and as a conclusion it can be said that both 

ANSYS and analytical calculations give the same responses. Thus, the 

modelling of harmonic response with damping also verifies each other in 

these methods. 

• Dry analysis of a SWATH 

The preliminary results obtained from current modal analysis are 

compared with the model created by Wu (1984). When the present modal 

characteristics are compared numerically with Wu's results, there are 
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differences in the values, mainly because of the difference in the mass and 

stiffness distribution. However, when the natural frequencies are compared 

graphically it is seen that they both have similar characteristics. Thus it can 

be seen that a more complex dry analysis was conducted successfully, 

which can be used in a future load analysis involving wet deck slamming. 

• Transient response of the beams. 

Modelling of transient excitation and response for beams is achieved 

satisfactorily. Attention is withdrawn to the size of time intervals. In the 

transient analysis methodology, using dt = 0.002 s. discrete time interval, 

which is small enough, particularly for pinned-pinned beam gives closer 

results to ANSYS and analytical calculations. Smaller time intervals are 

needed because of the high natural frequencies of the beam. 

It is seen that the number of modes used in superposition has more effect 

on the bending moment results than the displacement results. This is 

explained by establishing a relation between the values of modal responses 

such as mode shapes, modal bending moments and the locations of 

impulse application and the evaluated response. 

As a conclusion, using discrete-time method in convolution sum IS a 

satisfactory method for principal coordinate evaluation, when used with 

small enough time increments. 

• Transient response of the flat unstiffened and stiffened plates. 

Stiffened plates from literature are used to verify the modelling and 

subsequent modal analysis of different models created by beam and shell 

element stiffeners. Mode shapes in the literature for these models agree in 

general with the ones presented in this document using ANSYS. Plate 

vibrations dominate the stiffener vibrations in most of the modes. 

Natural frequencies obtained from beam and shell stiffened models in the 

present study are very close. Significant differences in natural frequencies 

occur when stiffener vibrations get involved in the whole response, which 

only can be seen in the shell model. It can be concluded that for torsionally 

rigid stiffeners the beam model can be employed. 
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In the modal analysis of plates with dimensions of 6m x 12m, coupled 

global deflections of stiffeners and the flat plates can be seen for each 

variation of stiffening. 

Shell model with no tripping has distinct modal characteristics, which in 

general can be assumed to be close to beam model rather than the shell 

model with tripping due to its increased rigidity by constraining the 

stiffeners at their free edges. 

Transient responses of these stiffened plates are investigated using ANSYS 

and the numerical method. It is noted that for both unidirectional and 

orthogonal stiffening, beam and shell models give similar responses. 

Convergence analyses done for the displacement and stress responses 

show that there is a need of at least 12 modes or more for the convergence 

of the transient mode superposition. 

It is shown that similar modal responses can be obtained by using beam 

and shell stiffened models. However it is difficult to establish which mode 

shapes to use in a subsequent transient analysis. Furthermore beam 

stiffeners bring limitations in modelling double bottom structures. 

• In the transient response analysis of the tanker plate, smaller time intervals are 

required due to high natural frequencies, as a conclusion dt=O.OOls. and 

dt=O.0025s. worked out well for the numerical method and ANSYS 

respectively in terms of agreement in the displacements and stresses. 

Beam and shell stiffened models are analysed further for transient and 

harmonic responses. Although drawing firm conclusions is proved to be 

difficult. Beam stiffened model proved to be more well-behaved. 

Numerical method and ANSYS results compared well with each other in 

terms of convergence. Discrete time interval again played an important 

role in mode superposition method. 

• The basic analysis of the stiffened plate and its equivalent (unstiffened) both 

statically and dynamically, showed that more thought is required in this 

respect than just using static equivalence. Overall nodal responses can not be 

said to agree well, especially when the excitation and/or the response are off­

centre. 
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7 RECOMMENDATIONS FOR FURTHER WORK 

The points mentioned in the conclusions are the foundations of modelling a wedge­

like bow of a mono or multi- hulled vessel and conducting transient response analysis 

as a result of impact slamming. The findings presented in this document can be used 

as the basis for the next stages of a further study. 

Before moving into next step, more refinement is needed in modelling of plates. First 

of all the type of finite element to be used in stiffener modelling must be chosen 

carefully since it has been found that this plays a key role in the analysis. Transient 

analysis of stiffened plates taken from a real vessel (e.g. a tanker panel) can be studied 

in further detail using different finite elements for the stiffeners. When these points 

are addressed the issue of modelling a flat unstiffened plate successfully as an 

equivalent of a stiffened plate in terms of dynamic characteristics can be tackled. This 

would decrease the modelling and computing time of any stiffened plate which 

already proved to be an issue during this study. Similar simplification can be extended 

to modelling of double bottom structures with or without the use of solid elements. 

When the modified flat plate is created then a wedge can be modelled using two 

modified plates with various deadrise angles. Moreover modal and transient analyses 

can be applied on this wedge. 

Finally, the analysis can be concluded by examining these aspects in a real ship's 

forward section and incorporating it within complete fluid-structure interaction 

problem. 
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APPENDIX - A - Complementary figures relating to beam analysis 

Transient Response of the Beams 
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Figure 89 Comparison of ANSYS results against convolution sum results using two different time 
intervals such as dt=O.Ols and dt=O.002s for the transient response of the pinned-pinned beam at node 

11 to a rectangular impulse as shown in section 5.2.2. 
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Figure 90 Mode shapes of the pinned-pinned beam 
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APPENDIX - B - Complementary figures relating to plate analysis 
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Figure 94 Mode shapes and natural frequencies of the unstiffened flat fixed ended (clamped) plate 
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Figure 95 Mode shapes and natural frequencies of the longitudinally stiffened (SheIl99-no tripping), 
fixed end flat plate (SheII99) 
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Figure 96 Mode shapes and natural frequencies of the transversely stiffened (She1l99-no tripping), 
fixed end flat plate (She\l99) 
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Figure 97 Mode shapes and natural frequencies of the orthogonal stiffened (She1l99-no tripping), fixed 
end flat plate (SheIl99) 
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Figure 98 Mode shapes and natural frequencies of the longitudinal stiffened (Beam44), fixed end flat 
plate (She1l99) 
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Figure 99 Mode shapes and natural frequencies of the transversely stiffened (Beam44), fixed end flat 
late She1l99 
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Figure 100 Mode shapes and natural frequencies of the orthogonal stiffened (Beam44), fixed end flat 
plate (She1l99) 
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Figure 101 Mode shapes and natural frequencies of the longitudinal stiffened (SheI199), fixed end flat 
plate (She1I99) 
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Figure 102 Mode shapes and natural frequencies ofthe transversely stiffened (She1l99), fixed end flat 
plate (She1l99) 
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Figure 103 Mode shapes and natural frequencies of the orthogonal stiffened (She1l99), fixed end flat 
plate (She1l99) 
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F~ended longitudinally beam stiffened plate, UZ-displacement at node 391, dt=O.005, dmp.r.=O.08 
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Figure 105 UZ-displacements at node 391 for clamped long. stiffened plate using 1-25 transient mode 
superposition, dmp.r.=O.08, dt=O.005s. 
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iiMd ended transversely beam stiffened plate. UZ-displacement at node 391. dt=O.005, dmp.r.=O.OS 
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Figure 106 UZ-displacements at node 391 for clamped transv. stiffened plate using 1-25 transient 
mode superposition, dmp.r.=O.08, dt=O.005s. 
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,f~ ended orthogonal beam stiffened plate, UZ-displacement at node 391, dt=O.005, dmp.r.=0.08 
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Figure 107 UZ-displacements at node 391 for clamped orth. stiffened plate using 1-25 transient mode 
superposition, dmp.r.=O.08, dt=O.005s. 
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Figure 108 Unstiffened clamped plate uz- amplitudes and sx-stresses for nodes 391,559,507 
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Figure 109 Fixed ended (FE) long. stiffened plate, uz-amplitudes at node 559 for three types of 
stiffening elements, numerical method dt=O.005s. 
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