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ABSTRACT

The objectivity of this research is to investigate hydroelasticity of different length ratios of floating
plate structures with hinge connections under regular surface waves with assumptions newtonian isotropic, in-
viscid and irrotational flow. Comparisons with experiment results and previous numerical calculations have
been made for validation of method and mathematical formulation with the present structure and fluid model.
Multiple hinge connections at one and both sides of the structure are analyzed to investigate the hinge connec-
tions effectiveness based on the value of maximum moment occurred in the structure. Results shows that higher
stiffness parameter of floating plate structures have higher effectiveness when more hinge connections are ap-
plied.

Keywords: floating plate, hinge connections, MITC4 FEM, static condensation, BEM
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Chapter 1. Introduction

World population has reached seven billion in the year of 2011. United Nations has estimated a popula-
tion of 9.3 billion by 2050, and there is a prediction to be more than 10 billion people on Earth by 2100. The
more people live on the earth, means that available space will become less than before, especially on the land.
If there will be no more available space on the land, people will have no other option to use sea as a place to
live. One of the solutions to overcome this problem is by building very large floating structures (VLFS) which
was proposed by Japanese and American scientists. VLFS are structures that behave elastically under wave
pressure because of its large surface area and really small thickness, this phenomenon usually well known as
term hydroelasticity. In the recent years, VLFS are being developed as a floating oil storage, airport, bridge

and port.

Figure 2.1: VLFS applications. (Left to right: Shirashima oil storage terminal,
Kansai international airport, and SR 520 Washington bridge)

However, most of VLFS were designed as rigid structures on the sea surface. In the severe conditions,
VLFS may be in danger of failure under high wave loads and being unable to adapt to wave contours, causing
high stresses and bending moments to its structure. One solution applied to avoid this from happening is by
adding hinge connections into its structures. Hinge connections are expected to be working under harsh
weather and unable to work while VLFS in operation condition.

Various research and theories have been done to predict the hydroelastic response of floating structures.
Analytical prediction was developed using pressure distribution method based on hydroelastic response of
prototype structure using scale model on tank tests by Yago K. and Endo H [8]. Investigation of three dimen-
sional hydroelasticity of flexible floating interconnected structures modeled as rotational springs that incorpo-
rated with standard FEM procedures with incident wave parallel with structure’s length conducted by Fu, S.
[2]. To investigate optimum connection design of floating structure, Riyansyah, M. [7] used two floating
beams. In modeling hinge connection, many researchers modified value of stiffness matrix or added sub-
structures method into the structures. Hinge connection can be easily modeled into the stiffness matrix by us-

ing static condensation. Moreover, to do general investigation about hydroelastic response of floating struc-



tures with hinge connection, VLFS should be analyzing for multi directional incoming waves.

Two main problems will be studied in this research; first problem is hinge connection at one side and both
sides of floating plate structures. The purpose of this study is to investigate the effectiveness of hinge connec-
tions for different geometries of floating structures based on multi directional incoming waves. The perfor-
mances for different number of hinge connections are based on comparison of maximum value of bending

moment between floating plate structures with and without hinge connections.



Chapter 2. General Theory

This chapter describes mathematical model and formulation of hydroelastic analysis for various problems
on floating plate structures with hinge connections considered in this research. The physical assumptions,
governing equations and boundary conditions of the fluid and structure are presented. Final equations for
floating plate structure, is described in variational form of frequency domain. In generalizing design method,

dimensionless parameters are introduced for various problem analyses.

2.1 Overall description and assumptions
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Figure 2.2: Overall description of floating structures

Very large floating structure is modeled as a floating plate structure. The floating plate structure with a to-
tal length L, breadth B, draft d and thickness t, floating on the water surface over a constant water depth h, in a
fixed Cartesian coordinate system which located at one of its corner and placed in the middle of its thickness.
A small amplitude of incident wave a is coming towards to the plate with wave length 1 and angle 9, relative
to x-axis in the coordinate system and has positive value when it rotates in counter clockwise direction.

The structure is assumed to be homogeneous, isotropic and linear elastic with a small displacement and
strain. The fluid is assumed as homogenous, Newtonian isotropic, incompressible, inviscid, irrotational flow
fluid, and its surface tension is negligible. The incident wave is assumed to coming continuously with angular
frequency w. Being the assumption of the system is linear, the motion of the structure and the fluid are time

harmonic with the same frequency.



2.2 Floating plate structure model
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Figure 2.3: Floating plate structure model
In the equilibrium state of floating plate structure, 'V is the current structure volume and 'S is wet sur-
face. Displacement vector U is defined by initial position ' X and current position * X of floating plate struc-
ture. Then, the general equation for body force applied in floating plate structure with displacement, U ="X -
X, is

9% 4 g —pl, =0 in 'V 2.1)
9 Psty — psU; = mn '
]

and surface force applied on floating plate structure is,
Uij " le = Ti on tS (22)
By multiplying governing equations with virtual displacement §u;, virtual strain §¢;;, integrated by parts and

apply divergence theorem, principle virtual work of floating plate structure could be obtained.
f pSUi5ui d tV + f O'ij56ij d tV = f psFi5ui d tV + f Fi5ui d tS (23)
ty ty ty ts
In matrix form,
j psSuTUd 'V +j S5€"ad 'V = J psSuTFd 'V +J su'Td ‘s (2.4)
ty ty ty ts
In static equilibrium state, initial stress problems for floating plate structure are initial acceleration is

equal to zero, body force applied is gravitational force and surface force applied is pressures acting on the wet

surface of floating plate structure.

W=o0 'F=

0
0
&

, ' T="'P [ﬁzl (2.5)
fiz
By applying initial stress problems to principle virtual work, hydrostatic problem could be solved.

f € lod 'V =— f psg Susd V + f 'Psu"ad 'S (2.6)
ty ty 's



For steady state problem, the solution will become,
f psSulU d tV+f §€"( o +0)d V= —f psg Sus d tV—f (P +P)su"nd 'S
ty ty ty ts
Then, the final solution for steady state problem can be obtained.

f psSuTUd 'V +J- S5€’ad 'V = —f PsuTad 'S
ty ty ts

—

0
Using the assumptions of U = u(x)e'®?, € = e(x)e'“t, P = p(x)e!t, i= —ni = [ 0 ]

Then, the final equation for floating plate structure is,

—f w?psuTud tV+j S5€"ad 'V =f p(x)usd 'S
ty ts

ty

2.7)

(2.8)

(29



2.3 Fluid model

In modeling of the fluid, two conservations were used, conservation of mass and linear momentum. For
an ideal fluid (inviscid, incompressible, irrotational), motion of fluid particle could be described by velocity
potential by solving Laplace equation from the conservation of mass. Bernoulli’s equation can be derived

from conservation of linear momentum with additional assumptions of Newtonian and inviscid fluid.

> 1 P
VP?=0 and —+-V® -V +—+gu; =0 (2.10)
at 2 Pw
2.3.1 Boundary conditions
i R I Zog \
e € SB / g A
: e e S Seo |
b Fluid Domain T
1 )

Figure 2.4: Fluid Domain
Fluid domain around the floating structures is defined by surfaces, Sg (body surface); Sg (Free surface); Sg
(Ground Surface); S., (Surface that shrouds fluid domain), as shown in figure 2.3. Normal velocity of structure

and fluid are same on the interface surface, then body boundary condition on the body surface is,

9
i iwug (2.11)

The kinematic and dynamic boundary conditions at the free surface with a small amplitude (linearized) and

assumption of material derivative is equal zero are,

o9 . J@_@ 2.12
aZ—qu3, iwp = —gus, an az_gd) (2.12)

Since there is no flow normal into or out from sea bed, the kinematic boundary condition at ground surface is,

0

5 =0 (2.13)

Scattered wave from structure and the wave caused by structure movements will be moving in radiation direc-



tion to the infinity. This condition is called Sommerfeld radiation condition.

(b —
lim ﬁ(% + ik(p — qb,)) =0, with r=.x2%—y?2 (2.14)
r—00
It was assumed that the incident potential is a plane wave given by,
in _ gacoshk(z+h) ) . gacoshk(z+ h) i
¢ = > coshkh sm(k(x cos 8 + ysin 9)) +i ' coshkh cos(k(x cos 0 + ysin 6)) (2.15)
For finite depth.
inf _ ga KZ .: . . ga kz .
;= —;e sm(k(x cos @ + ysin 9)) +1i Ze cos(k(x cos 6 + ysin 9)) (2.16)

For infinite depth.

2.3.2 The free surface Green function
Free surface Green function is the basis for hydroelastic analysis in this research. The free surface Green
function is acting like a source potential located at §. Because The free surface Green function is nothing but

velocity potential, thus it has same body boundary conditions like velocity potential.

726 =0 for —h <2z <O0exceptaté
0G w?
—=—G atz=0
dz g
60_0 tz=-h
a_Z_ atz =
d
Igimx/ﬁ(ﬁ+ik>6=0 for —h<z<0 (2.17)

The source potential of strength for general case is equal to -4zr, so The free surface Green function for

infinite depth and finite depth can be obtained as follows,

k+K

1 (o]
Giny = | ——=+PV
d (JR+(Z—E3)2+ fok—K

e Klz+&l | (kR) dk) — i (2K e#+51 Jo (kR)) (2.18)

1 1
Gin=
4 (JR+(Z—§3)2+¢R+(z+2h+¢’3)2

PV f°° 2(k + K)e ** cosh k(&5 + h) cosh k(z + h)
0

J sinh kh — K cosh kh Jo(kR) dk)

K—k
—i (koh(_K—z}f)JrK 21 cosh ko (&3 + h) cosh ky(z + h) ]O(kR)> (2.19)

Where K = “’?2 for infinite depth case and K = k tanh(kh) for infinite depth case. Jo is Bessel functions of



the first kind of order 0, ko is positive real roots of K, and P.V. is Cauchy principal value. Overall, The free
surface Green function can be summarized as follows,

1 1
+
VE=82+ -6+ (-&)? =82+ (= &) + (2 + &)?

Gx; &) =

—2Ke"#+83)in [\/(x —EP2+ -6+ (E+E)P—(z+ «53)] +G (2.20)
with the relation of distance r and r,

r=J(@ =62+ -2+ -8)?% and ' =(x—§)2+ (-5 + (2 + 62 (2.21)

Then, the general Green function in simple form is,

1 1 _ _
G(x;6) = —t+—- 2Ke*E+ D nr' — (z4+ &) +6 =8+ S, +S;+G (2.22)

For plate problem, with properties of z =0 and &; = 0 then the general Green function will become,

1 1
+
VE—62+ 0 -86)?2 JEx—8)2+ (0 - §H)?

G(x;§) = — 2Kin [ = §D7 + v — £2)2| + G (2.23)

With assumption, 2KIn[/(x — &)% + (y — &)?| + G = very small = 0
Then, the general Green function for plate is,

G(x;8) = . __z .z (2.24)
V=82 + G —&)? Tplare T

2.3.3 Boundary integral equation
The starting point was to do body boundary integral derived by Green’s theorem, which consists of two

potentials that satisfy Laplace equation.

=18

Figure 2.4: Fluid surface integration for the Green theorem

Based on figure 2.4, the Green theorem for fluid can be derived as follows,

6o 9@

Js BE) T~ G DG A +5)

= [ 6O V6w O - 60D VIO + V@ V60D - V6(6) V@ av (225)
v



Then, by applying the Green function, which is mentioned in previous chapter, into the Green theorem equa-

tion, fluid surface integration could be obtained.

T RNLG)
f¢(f> i (w5

S+Sg S+Sg

With, the Laplace equation, V2¢ = V2G =0 and V(&) - VG(x; &) = VG (x; &) - V(&) = very small = 0,

20¢
d(S+S,) = fqban )5 d(S +S.) (2.26)

as assumptions, the Green theorem equation became,

2 f¢%(1)—%g—(£d(5+s)—0 2.27)
S+5g

Then, surface integration could be differ one to another by dividing the equation into two parts left hand side

with integration of surface S and right hand side with integration of surface S,.

zfcpi(l)—la—%s——zfqb%(l _199 s, (2.28)
S,

on ron ron
S

The analysis started with right hand side. On this side, the equation was divided into two parts. In order to
solve the equation, assumptions have been made, lime — 0(very small) and ¢= constant. The right hand

side of the Green theorem equation is,

\
—{zfcp%(;)dsg—zf—lg—(pdsgi (2.29)

To solve the right hand side of the Green theorem equation, two assumptions have been made.

(- _9()\_L 1 =1 i - 2
() =-2() == then [, ZdS.= 58+ .. - with S, = 4nr
very smatl=

ap _ a_¢ _
and o ¢ = constant , P 0 (2.30)
By applying assumptions, the right hand side of the Green function will become,

d r1 10 1
—{2 f ¢%(;> ds. — 2 j —;%dsg} = ~20(x) X — X 411> = ~81p(®) 2:31)
Se

Se

In general, the body boundary integral equation can be obtained as shown below,

J. ¢i(1> _ E%d‘g = —4mp(x) (2.32)

on ron
s



Then, the final equation for floating plate problem can be obtained by replacing The free surface Green func-

tion into the general boundary integral equation.

%) 26(®)
f 5O~ 63 Fo ds = —mp(x) 233)

Boundary conditions for floating plate problem, as shown in figure 2.4, are applied to the final boundary inte-

gral equation.

SF1
Vi
SB 7
SFo Sro —
SB
Ses vV, S o
Sc

VAV AV VYAV AV AV AV VAV

Figure 2.5: Fluid boundary description

Fluid domain of volume Vo surrounded by surface is the first thing to be considered.

G (x; §) (%)
<¢(f) e G(x f)a—((f))dS(f)

_ IG(x:8) 99§ 0G(x;8) 9¢()
- | (v e - s o5t ase+ [ (o050 6wn T ) as.o

Wwo __  09® LGOI Y16
an G GR J. (00 e~ 6 G5 aso(®

~amg ) = |

Sp+SF+ScotSg

(2.34)

Boundary conditions were applied for each surface surrounded the volume, at S, ¢ = ¢;, at Sg

2
Z—Z = %G , Z‘: qﬁ and at Sg a_ =0 , —— = 0. Then, the final equation of volume Vo can be obtained

as follows,

) 96(x§) #(® (O 0pi®
g0 = | (qb(f) T~ 6 f)a—@)dsg(m J. (qb,(f) 6059 )dSm(f)

on(§) an(§)
(2.35)
Same procedure was applied for incident wave. The boundary integral for incident wave is,
_ GxE 04§
wp=[ (e G - 60 5 ase (236)

-10 -



Then, the final equation for incoming wave can be obtained as follows,

060 0p(®
I

—4me;(x) :f <¢1(E) )dSoo(f) (2.37)
Seo

Two equations of boundary integral equations for Vo and incident wave were added. The general equation of

boundary integral equation on for floating plate can be obtained,

9G6(x;§) 9¢(§)
e G(x;:8) T(f)) dSg($) (2.38)

—4np(x) + 4, (x) = f ((P(f)
SB

2
Boundary conditions for the Green functions were applied, at ground surface Z—jz%G and at free
face ‘;—f = iwus. Then, the equation transformed into,

—4np(x) + 4nd;(x) = j (¢(f) %G(X; $) —G(x; Hiwug ) dSp($)

SB

= f <¢(f)%— ity ) G(x; §) dSy(®) (2.39)
SB

In order to solve previous equation, Bernoulli equation was used with the assumptions ® = ¢p(x)e'“t and

P = P(x)e'“t | then Bernoulli equation will be as follows,

a<l)+1V<I> V<1>+P+ =0
at 2 Pw Yis =
. 1 P(x) P(x) . )
iwd(x) + EVd)(x) Vo(x) + —+ gu; = —wdx) + i+gu;i=0 (2.40)
w w

assume really small=0
From Bernoulli equation, the relation between velocity potential and pressure can be obtained as follows,
_L(P® 2 pE) =L (&) —i
0() = ("2 4 guz ), and =P =L o) — iwus (241)
Velocity potential and pressure obtained from Bernoulli equation were applied to boundary integral equation.
i (P(x) w
—ar (S guy ) a0 = [ 1S PG £ dSy (@) (242)
W\ Pw Sg w
Then, the final equation for fluid will become,
2

P [ P@c 8 as,® = -iLo (243)
R R 4mg?p,, Js, ' BT lgd)' '

w

Variational formulation for fluid equation is,
T 1 T
6P(x)" u; dSg(x) + — 6P(x)" P(x)dSz(x)
S wJSp

2

w T . __g T
Fimgzn ). 5P ( J BP(f)G(x,f)dsB(f)>dsB(x)— 5| e e as,e an

-11 -



2.4 Coupled equations for frequency analysis
Variational form of floating plate structure and fluid equations are in the time domain. Floating plate

structure equation can be derived as follows,
—J- w?pssuTud 'V +J- S5€’ad 'V = —f p(x)usd 'S (2.45)
ty ty ts
And for the fluid equation can be derived as follows,
T t 1 T t
SP(x)" uz d ‘Sg(x) + ﬁ 6P(x)" P(x)d ‘Sp(x)
tSB

w Jsp

2

Fingzan ) PO || POEOE S 5,00 =i [ 00" 4160 5,00 @40

Sp
The assumption is small displacement, so the variation of changes for wet volume and surface of the
floating structure, fluid, and interface between them, are small in time t. Then, the volume and surface are in
static equilibrium, ‘V =V, 'S =S, 'Sy = S;. Wet surface of the floating structure is the same like in the
body surface of the fluid, S = ‘Sy. Then, the analysis implemented in frequency domain. The final variation-
al equation of floating plate structure is,
—w?p; f suTudv +f SeladV — Sul PdSy; =0 (2.47)
v v Sp
And the variational equation of fluid is,
SP(x)T us dSz(x) +L SP(x)T P(x) dSz(x) + 2 SP(x)T ¢;(x) dSz(x)
Sp w JSp SB
2

5P(x)" f P(E)G(x; &) dSy (&) | dSy(x) = 0 (2.48)
S

B

+ —_
4mg?py Js,

-12 -



2.5 Dimensionless parameter

In generalizing design method of the problems that considered in this study, dimensionless design param-
eters of environmental surrounded the structure and structural properties of VLFS structure were introduced.
Parameters for structure contain specific information about VLFS stiffness and geometry and for fluid contain
specific information about incident wave that coming towards to the structure.

Overall, there are three dimensionless parameters that are being considered. Dimensionless parameter L,
related to geometry is obtained from the relation between structure total length and width, later will be known
as length ratio of structure. Dimensionless parameter a related to incident wave is obtained from the relation
of incident wave length and structure total length. The last dimensionless parameter S, is related to material

properties, structural flexibility, of structure which is related to bending stiffness of overall structure.

2t ad s = M 2.49
a=foand 5= (2.49)

2.6 Problem definition

In this research, VLFS has two different kinds of connections installed into its structure. These two con-
nection will be working at different time depend on the environment surrounded floating structure. In service
condition, which weather rather calm, beam connection is working in the floating structure. Beam connection
will connects each different part of floating structure, enabling floating structure to do its function as a rigid
floating structure on the sea surface. If weather surrounded floating structure becomes severe, hurricane or
tsunami happened, beam connection will be failed and hinge connection will be working. The hinge connec-
tion is a free rotation connection which means that rotational stiffness is equal to zero. This change between
connections will be called as switching structural system. Switching structural system will allow floating

structure to survive in harsh weather.

[ In service condition |
N —] VA
@] -

I

Beam connection Hinge connection

[ In survivalcondition ]

Figure 2.6: Switching Structural System
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Two hydroelastic problems of floating structure with hinge connection are considered. In the first prob-
lem, the hydroelastic analysis of a floating plate structure consists of hinge connections at one side of the
structure is investigated. There are three cases being considered in this first problem:

Case 1 — Floating plate structure consists of one hinge connection (see Fig. 2.6.a)
Case 2 — Floating plate structure consists of two hinge connections (see Fig. 2.6.b)
Case 3 — Floating plate structure consists of three hinge connections (see Fig. 2.6.c)
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Figure 2.7: Floating plate structures with hinge connection at one side of its structure.
(a) First case; (b) second case; (c) third case.

The floating plate structures is subjected to an incident wave that coming from five different angles (0, 30,
45, 60, and 90 degrees) and seven different wave length ratios (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4). In the first
problem, four different length ratios (1, 2.5, 5, and 7.5) are considered. The effects of different length ratios
and structural stiffness parameter of the plates on the hydroelastic response of the floating plate are investigat-
ed.

In the second problem, the hydroelastic response of floating plate structures with hinge connections at its
both sides is investigated. There are three cases being considered in this second problem:
Case 1 — Floating plate structure consists of one hinge connection at both sides (see Figure 2.7.a)
Case 2 — Floating plate structure consists of two hinge connections at both sides (see Figure 2.7.b)

Case 3 — Floating plate structure consists of three hinge connections at both sides (see Figure 2.7.c)
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Figure 2.8: Floating plate structures with hinge connections at both sides of its structure.
(a) First case; (b) second case; (c) third case.
Properties of environment surrounded floating plate structures are the same like in the previous problem.
It subjected to an incident wave that coming from five different angles (0, 30, 45, 60, and 90 degrees) and
seven different wave length ratios (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4). However, this problem only used one
value of length ratio, which equal to one, indicated it has same value of total length and width. All problems

will be subjected as infinite water depth case; even it has water depth h in its calculation.
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Chapter 3. Numerical methods

This chapter describes methods to solve structure and fluid equation. Finite element method (FEM) was
applied to structure domain and boundary element method (BEM) was applied to fluid domain. In modeling
hinge connection to structure domain, static condensation method was used. Method used in solving structure
and fluid equation is by coupled it together with relation to structure displacement and fluid pressure. Method

to solve singularities and bending moment calculation are presented.

3.1 MITCA4 plate element

s Tz
=~ - b o cc?vl
- ~f X1¥) A
z,u, £~ o P node 1 tyz<: |
) \t Txx
r / 1, ol1
P A B T |
’ Midsurface T \]
(x,¥s) C (%r¥a) Yy T
/ ; * xy
; / -1 [0)
node 3 -- X sodcil h
4-node element Stress components

Figure 3.1: Plate element geometry
The plate formulation is a special case of the general shell element formulation and is based on the theory
of plates with transverse shear deformations. This theory, due to E. Reissner [6] and R.D. Mindlin [5], uses
the assumption that particles of the plate originally on a straight line that is normal to the un-deformed middle
surface remain on a straight line during deformation, but this line is not necessarily normal to the deformed

middle surface. With this assumption, the displacement components of point coordinate X, y, and z are,

P
i=1
u, _Zﬁx(x:)’) 4
u=[uzl= —zB,(x,y)| = —zz h; 0% (3.1)
Us u3(xd’) 4i:1
Zhiwi
- i=1

Where u; is the transverse displacement and g, and B, are the rotations normal to un-deformed mid-
dle surface. In the pure displacement discretization, g, and B,, are transformed into 8, and 6, . The
bending strains are varying linearly through plate thickness. Assumption that stress in the direction of thick-

ness is zero, for isotropic material, the state of bending strain and stress are,
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€Eyy|=—z 6_yy , and [ayyl = —Zm v 1—v a_yy (3.2)
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"y laﬂx . %J ” 2 laﬁx N aﬂJ
dy 0x dy 0x

MITC4 elements proposed by Bathe, K.J. [1] is used in the plate formulation. Contravariant base vector
was used in the formulation and its relation with covariant base vector explained through kronecker delta

function.

. (1i=j 2%x
gl =871 S —
g8 =9 {0, =y and g; ar, (3.3)

The essence of MITC4 formulation lies in the separate interpolation of the transverse displacement (sec-
tion rotation) and of the transverse shear strains. As described earlier, the displacement and rotations are inter-
polated as usual, but for the transverse shear strains, the covariant components measured in the natural coordi-

nate system are interpolated. The transverse shear strains will be as follows

— [VXZ] _ [ZErZ(gT ’ ex)(gz ’ ez) + ngz(gs ' ex)(gz ' ez) (3 4)

Yyz 2€rz(gr ' ey)(gz ’ ez) + ngz(gs ’ ey)(gz ' ez)

where,

~ 1 ~A 1 =C 1 h h 1 2 h 1 2
8y =5 (14 ), +5 (1= )8, = 5 (14 9) |5 Wy = w) = 0 = 72) (03 = 01) + 5 Gy = 2)(03 - )]
1 h h 4 N 4 3
+§(1 =) [E(WA} —ws3) — Z(yz} —y3)(0; —6;) + Z(le - x3)(9y - ey)]
1 1 1 h h h
€, = 5(1 +1)e, +5(1 —r)és, = 5(1 +7) [E(Wl —Wy) — Z(}ﬁ -y 0z —67) + Z(X1 —x,)(0} — 9;)]

1 h h h
+§(1 -7) [E (wy —ws) —Z()’z - y3)(65 — 63) +Z(x2 - x3)(9§ - 933;)]

g" =./g""(sinpe, —cospe,) , g°=,/g(—sinae, +cosae,) , g7=,/g%e, (3.5)

3.2 Static condensation

In modeling the hinge connections on the plate structure is modeled by using static condensation method.
Static condensation is employed to reduce number of elements degrees of freedom. For plate structure, rota-
tion in x or y direction will be condense out, depends on the location and axis of hinge connection. To perform
this method, it will be needed to assembling the structure matrices, structure stiffness K and force vectors R.

In order to establish equations used in static condensation, it was assumed that stiffness matrix and corre-
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sponding displacement and force vectors of the element under consideration are partitioned into the form,
ks [u] = [ @)
U, is the vectors displacement to be retained and U, is the vectors displacement to be condensed out, re-
spectively. Using the second equation in the matrix, we can obtain,
U, =K (R, — Ko Uo) (3.7)
This relation is used to the first equation to substitute U, then the condensed equation can be obtain and U,
will be disappear in the stiffness matrix. Later on, the information of K2} and K_, for each element through
condensation will be saved for re-condensation for bending moments calculation.
(Kaq — KacKed Kea)Uy = Ry — Ko KSR, (3.8)
Using the static condensation method explained before, the implementation in the plate structure will be
starting from the rearrangement of stiffness matrix according to the form of condensation matrix. Then, pro-
cess follows with condensation process. The process will be finished by re-assembly the stiffness matrix. For

the plate problem, for each element, static condensation happened twice, because two nodes at the side of el-

ement needed to define hinge connection.

3.3 Boundary elements

S
2 1 1
(%2¥2) A l?,,v,l
4-node element/. % =S g
5
e ,'I ysr c {xisva)
3 . / ® g ®
....... VA =
= €; 1 /
Y
4 \\
Middle surface element

Figure 3.2: Boundary element geometry
Boundary elements method was used for the fluid by dividing the wet surface interface of fluid part with
structure into elements of four nodes element. The fluid wet surface is the same as middle surface of the plate
structure because plate thickness is so small, compared to its length and width. This method will be used in

the coupled equations. Then, interpolate pressure on the middle surface for four nodes boundary elements is

P(r,s) = ) hgP (3.9)
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3.4 Discretize coupled equations

The final coupled equations were transformed into matrices form by applying MITC4 plate ele-
ments and boundary elements to structure and fluid equation. Each volume will be divided into sev-
eral elements. Structural volume divided into N elements and body surface into M elements. MITC4

plate finite element method applied to structure equation, it will become,

—a)zpsf 8uTudV+f SeTa dV — Sul P dSg
v v

SB

= —w?p J- SuTudV + | 6k CokdSg+ | &y' CoydSy — Sul PdSg
v

SB SB SB

= —w?p, Zf ou” udve—ZU 5ul ePdSB] ZU SKTC, g dSE + j 6stedeB]
ve Sg Sg Sg

N 1,1 1 01
= —w?p; tz [ OU" f f H! H,, det()) dr ds eﬁ] - a’ f j h}_h, det()) drds ET’]
—1J-1 ~1J-1

e=1
N 1 .1 1 .1
+Z g ( f f B’ C, B, det(]) drds + j j B! C, B, det(J) dr ds) A
~ -1/1 -1/-1

Boundary element method applied to fluid equation, it will become

=0 (3.10)

1 W
SP(x)T uz dSg(x) +— | SP(x)T P(x) dSz(x) + ig SP(x)" ¢;(x) dSgz(x)

SB wYSp SB

wz
+ > f SP(x)T f
argpy Js, s

M

=ZUS P dSB(x)] Z[ L SPQ)T P() dS§(x)

e=1

e, oreor (Y]]

é=1 B

B

P(§)G(x;$) dSp (f)) dSp(x)

¢P(§) G(x;9) dSE(E)D dSS(x)l

+

nMg

w
[ig fs PG i) dsg(x)]

1

M=

1 01
[eSﬁT f f h] h,, det(J) drds i
—1J-1

+ [ gpwf f hl h, det()) drds eIA’]

i[edA 4mg?p f J. h; <J- f G(r,s;7,$)h, det()) drds) det(]) dr ds P]

é=1

e=1

+

Ms

1l
-

e

M=

o w !
+ [e5PT zgf_lf_lhf, ¢, det()) drds] =0 (3.11)

e=1
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h =[h1 hz h3 h4]

h,=[h hy, h3 hb, 0 0 0 0 0 0 0 0]

il = 1 2 3 4 1 2 3 4
U = [ewl eW2 eWs eWa eex egx eex eex egy egy eey egy]

ePz[ePI ePZ eP3 eP4]

u(r,s)=H, .4, Uz (1,8) =hy, (i, P(r,s) =h, P
ek = By eﬁ' eysz eﬁ
0000 000 0 zh, zh, zhs zh,
H, = 0 0 0O —zhy —zh, —zh; -—zh, 0 0 0 O
hi hy hs; hy 0 0 0 O 0 0 0 O
%]
1 v 0 0x
c Et® |y 1 o0 = 9By _ Etk 1 0]
b7 1201 —v?) 1-v| B dy ’ ST 21+v)lo 1
2 [anJr%J
dy 0x

(3.12)

In general, structure and fluid matrix coupled into one big matrix. As can be seen in the matrix below, the

first line of the general matrix is belongs to structural part and the second line is belongs to fluid part. By solv-

ing this general matrix, solution of displacement and pressure can be obtained.

[_SM +Sx  —Sme ] [ [ ]
Fine Fy + FyllP F,

where
=[w, 6F 6 w, 62 62 .. wy 6Y 6)]

PT=[P, P, .. Py]

N 1 01
SUT Sy, 1l = w?ps tz [ Otu" J J HI H, det(J) drds .u
e=1 -1--1

N 1 1 1 1
a= Z[eSﬁT ( f J BI C, B, det(J) drds + j j BY C, B, det()) dr ds) i
e=1 -1J-1 1)1

[ 6ﬁTf f hl. h, det()) drds elA’]

SﬁT Slnt p =

5P Fppy @ =

ME IIME

1,1
[ 613Tf f h] h,, det(J) drds i
-1/-1

SPT F, P z":':[ gpwf f hl h, det()) drds ef’]
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M M w? 1 1 1 01
57’TFMT’=ZZ[e6T’T _ f f h? < f f G(r,5;7%,$)h,, det(J) dfds’)det(]) dr ds eﬁ]
4ngpw J 1)1 -1/

e=1¢é=1
M

R ow ot

6PTFI=Z OPT i f f h? ¢, det()) dr ds (3.14)
e=1 -17-1

The symbol S is stand for structure and F is stand for fluid. Each structure and fluid part has matrix of
mass m, stiffness k, and interface Int. On the right side of structure part has value is equal to zero and for fluid

plate is equal to vectors of incident wave.

3.5 Treatment of singularity

The Green function in the fluid equation has singular value when distance between spatial point and
source point are really close or equal to zero. A method to solve singularity will be focused on the integration
of the Green function. Singular components for the green function should be separated from its regular com-
ponents. The integration of regular components of the Green function will be solved by Gauss-Legendre quad-
rature. As mentioned before in the previous chapter about free surface Green function, the Green function

could be generally in the form as follows,
1 1 ~ ~
G(x; 8) = - 2Keke D nfr — (z4+ &)+ G =5, +S,+ 53+ G (3.15)

Which S stands for singular component and the rest is regular component. For floating plate problem the

Green function will be in the form as follows,

1 1
+
VE=)2+ 0 -&)? Y=+ (- §)?

G(x; &) =

— 2Kin [ = )7+ O = §)] + G

G(x;8) =S1,+S3+G (3.16)
Singular integral method to solve integration of the Green function was developed by Kim, Ki-Tae [3]. Ele-

ment was divided into four domains depends on the position of spatial point x” located on the element.

S S
d(r-rp) d(r-rp)
1-rp d(S-S,,) -l-rp | 1-rp

1-Sp

B Ip d(S-Sp) B Ip
-1 | -1 —* | r

_—

spatial point

Figure 3.3: Singular integral domains
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Interpolation function will be transformed, so that it will has relation to the distance between spatial and

source point. The equation will be as follows

4
X= Z hex¥ = C™rs + C'r + CSs + C
=1

R=x—-xP= C”(rs — rpsp) + Cr(r - rp) + Cs(s - sp) (3.17)

Two singular integral equations, source and logarithmic type, were evaluated.

1 1 1 1
1
J-fllRll drds and ffln(llRllz)drds (3.18)
2
S10 S0

Assumptions are made for each domain in the element. In the region A the assumptions will be as follows
UST—T UW=S—5, (3.19)

Then, singular integral equations of source and logarithmic type in the region A will be changed into

1-1p 1—sp/1—rp

1
dvd
f f ||C75(uv+vrp+sp)+CT+C517||2 vau

-1y —1-sp/1-1p
1-1p 1—sp/1—rp

f f uln (||C”(uv +vr,+s,)+C"+ Csv||2u) drds (3.20)
—rp —1-Sp/1-1p

The singular integral became regular integral that can be solved by applying Gauss-Legendre quadrature. By
applying same procedure like in the region A, another three regions can be transformed into regular integrals.
For region A and C used assumptions

UST =T UW=5—5, (3.21)
and for region B and D used assumptions

UV =T — Ty,

Y USS—5, (3.22)

3.6 Bending moment calculation

Figure 3.4: Moments in plate element

The bending moments of My,, My, and M,, are stress resultants with dimension of moment per unit length

or force. Each of bending moments of the thin plate can be derive as below,
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-1

The integral relation between bending moments and stresses can be solved by applying numerical calcula-

tion. Displacement results of each element use to obtain bending moments of each element in the plate struc-

ture. The overall result of node on the plate elements are average value of bending moments at one node from

four different elements.

0B~ ]
1 v 0 ox
Mx F[Oxx t ' E v 1 0 aﬁy t
Myy = f O'yy ET‘3 det(l)d?’é = f —Zm 1—v W §T3 det(])dr3
M,, 21 L0xy 21 0 0 2 B, 9B,
+ -
| 0y ox
E Ev
1 [(1-v2) (1-v2)
Mcx t3 Ev E
M = | ——7,2 0 B, .ud 3.24
My |57 T v o2y
xy -1 E
0 0 —
2(1 +v)d

Another way to calculate bending moments of plate structure is by analytical calculation which obtained

from solving the integral equation of previous bending moment equation. There will be no different in bend-

ing moment results between numerical and analytical calculation.

E

Ev
[ o |
YRR (o D
VI I L E 0o |B, . (3.25)
" 2|{ad=v® a-v?
i | E |
| © O sarwl
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Chapter 4. Results and discussion

This chapter describes validation and verification of the formulation and method used in this study. Re-
sults of various problems subjected in this study are presented. Analysis and discussion of the results mainly

focused on maximum bending moment that occurs on the floating plate structure.

4.1 \Verification with an existing experiment

In the early development of floating plate structure codes, verification of numerical formulation and
method applied are the first things needed, to ensure the obtained results are in accordance with the expected.
This verification can be implemented with comparison of results with another experiments or calculations. At
this stage, comparison was carried out to an experiment of hydroelastic response of scale modeled floating
structure on a tank test, performed by Yago K. and Endo H [8]. In the experiment, displacement and bending
moment was measured. The experiment object was a mat-like floating structure under regular waves load. The
test model is described in table 4.1,

Table 4.1: Test model description

Exp. subject Test Model Prototype
Scale ratio 1/30.77 1
Length (L), m 9.75 300
Breadth (B), m 19 60

Thickness (t), m 0.0545 2
Stiffness (EI), kgf.m? 1.788 x 10° 4.87 x 10%°
Water depth 1.9m

ML & period 0.1 ~1.0 (0.8~2.5sec)

Wave height 1cm, 2cm, 6~7cm

Wave direction 0, 30, 60, 90 deg

Experiment results were compared only for cases of wave height equal to 1cm and incident wave direc-
tion equal to zero degree. The experiment results were presented in the value of absolute displacement in the
thickness direction divided by wave amplitude, or well known as term of response of motion (RAO) dis-
placement in z-direction, and absolute bending moments were divided by wave amplitude. Numerical and
experiment results of floating plate structures were compared each other. Comparison of absolute displace-

ment at the middle of the floating plate structure for different wave length ratios are shown in figure 4.1.
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Figure 4.1: Absolute displacement comparison of Yago’s experiment
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Figure 4.2: Absolute bending moment comparison of Yago’s experiment
Another comparison was performed. Absolute bending moment is calculated and compared to the exper-
iment result, as explained in figure 4.2. In the absolute displacement comparisons, it showed that numerical
calculations met with the experiment result. Absolute bending moment calculations were in agreement with
experiment results. Overall, the calculated results showed satisfactory agreement with experiment results of
absolute displacements and bending moments of floating plate structure. It was appropriate to assume that

overall formulation and method applied in numerical calculation were suitable for hydroelastic analysis of

floating plate structures.
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4.2 Validation with an existing numerical result

In the numerical calculation, static condensation method was used to model hinge connections in the
floating plate structures. It is necessary to validate the formulation and method that is implemented in the cal-
culation with another experiment or numerical results. At this stage, comparison with another numerical calcu-
lation performed by Fu, S. [2] was selected. The model for numerical calculation had same properties like in
the experiment as described before. Hinge connection was located in the middle of the floating plate structure
under five different wave length ratios. Absolute displacements in the thickness direction for both numerical
calculations were compared to each other as shown in figure 4.3 and absolute bending moment could be cal-

culated as shown in figure 4.4.
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Figure 4.3: Absolute displacement comparison of S. Fu’s numerical calculation
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Figure 4.4: Absolute bending moment at middle line for S. Fu’s numerical calculation
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The absolute displacement comparison showed that the current calculations were in the satisfactory
agreement with another numerical calculation. Absolute bending moment calculations indicated that in the
middle of floating structure, which hinge connection was located, had value approaching nearly to zero value.

This stated that the formulation and method applied for modeling hinge connections was successfully done.

4.3 Floating plate structures with hinge connections at one side

As described before in the previous chapter, in this study, there were two mainly problems being consid-
ered. For all problems and cases, 60 square elements are used for floating plate model in length direction.
Properties for all cases are described in table 4.2.

Table 4.2: Numerical model description

units case 1 case 2 case 3 case 4
Length (L) m 9.75 9.75 9.75 9.75
Breadth (B) m 9.75 39 1.95 1.3
Thickness (t) m 0.0545
Draft (d) m 0.0166
Stiffness (EI) N.m? 2.698 x 10? ~ 2.698 x 10°
Water Depth (h) m 1.9
Wave height (a) m 0.01
Wave frequency (®) Hz 0.3~0.9
Wave length (L) m 1.95 ~13.65
Wave direction degree 0, 30, 45, 60, and 90
Symbol case 1 case 2 case 3 case 4
Length Ratio L, 1 2.5 5 7.5
ML a 02~14
Structure Stiffness S, 1x10%~1x10?

The first problem is hinge connection located at one side of floating plate structure. This means that hinge
connections have only one axis rotation, whether in x or y direction. Later on, in this chapter, each problem is
discussed according to length ratio floating plate structures; four in total, to ease analyze and relates one to
another. For the first case is length ratio equal to one which floating plate structures have same value in total
length and width. Generally, the results of floating plate structure are absolute displacements or bending mo-

ments. Figure 4.5 is shown one of absolute displacement results for various number of hinge connections.
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Figure 4.5: Absolute displacement for case of L,=1, S¢=10* 0=0.6, and 6=45deg

As can be seen from figure 4.5, hinge connections were affected absolute displacements of the floating
plate structure. It can be configured easily that incident wave is coming from 45 degrees angle, from the dif-
ferences of absolute displacement along the floating plate structures. Absolute displacement for every case of
floating plate structures could be calculated easily. However, the analysis will be uneasy to conduct because of
the number of results. Maximum absolute displacement is carried out for every case of floating plate structure
for different angles of incident wave. Figure 4.6 shows the maximum absolute displacement for the same case
of different wave length ratio of incident wave coming towards to the floating plate structures.
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Figure 4.6: Maximum absolute displacement for case of L,=1, Ss=10", and 6=45deg
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The maximum absolute displacement had no big difference between floating plate structure with or with-
out hinge connections. The increase number of hinge connections did not affect the value of maximum abso-

lute displacements, especially for higher value of incident wave length ratio. However, the result of one case

of the problem could not described general result of the maximum absolute displacement.
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Figure 4.7: Ratios of absolute maximum displacements for L,=1.
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Figure 4.7: Ratios of absolute maximum displacements for L,=1. (continue)

All results of absolute maximum displacements were carried out. Ratio between the absolute maximum
displacement of floating plate structures with and without hinge connections were calculated, as shown in
figure 4.7. Generally, the ratios became higher as stiffness parameter became higher and more hinge connec-
tions were applied to the floating plate structures. The ratios reached its peak for smaller value of wave length
ratio. This means that hinge connections allowed the floating plate structure to freely displace according to

wave length. Absolute bending moment calculations were carried out to analyze deeply about the floating

plate structures.
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Figure 4.8: Absolute bending moment distribution at middle line for case of L,=1, Ss=10, and 6=45deg
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Absolute bending moments were obtained from the absolute displacements of floating plate structures.
Figure 4.8 shows distribution of absolute bending moment along middle section of floating plate structure of
the specific previous cases. For these cases, absolute bending moment distributions were dominated by low
value of wave length ratios (0.4 and 0.6) and hinge connections were reducing the bending moment distribu-
tion, according to absolute bending moment distribution at the middle part of the structure with hinge connec-
tions. However, the maximum bending moment did not always occurred in the middle part of the structure. It
can be placed in any part of the structure, depends on the incident wave lengths and angles. In analyzing the
effectiveness of hinge connections for the structure, it is useful to develop ratio that relates one problem to
another problem, because the analysis is based on maximum bending moments, it is logic to build ratio that
correlated to maximum bending moments that occurred in the structure with and without hinge connections

that belonged to the same structural and wave properties.
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Figure 4.9: Ratios of absolute maximum bending moments for L,=1
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Figure 4.9: Ratios of absolute maximum bending moments for L,=1.(continue)

As can be seen from figure 4.9, lower value of stiffness parameter of floating plate structures, 10°~107,
had no effect for any number of hinge connections for any different value of wave lengths and incident wave
angles. For the middle value of stiffness parameter, 10*, had no effect on one hinge connection. It had an
effect on two and three hinge connections in different incident wave lengths and angles. However, the
effectiveness of using more hinge connnections was not showing indication for improvement. For medium
high value of stiffness parameter, 103, generally had constant efectiveness using hinge connections in
different incident wave lengths and angles. It had small effect on using higher number of hinge connections.
Higher value of stiffness paramter 10, was really efective in using hinge connections. It had a better
effectiveness when using more hinge connections. However, its effectiveness using hinge connections for
lower value of incident wave length ratio droped significantly as wave angle more than 45 degrees. This
phenomenon might be caused by wave coming in width direction causing minimum value of bending moment
in x direction, so hinge connections which placed at plate length may be not effective.

The second case is for length ratio equal to 2.5. This means that the total width of the structure was
reduced about sixty percent from previous case. Structure properties changed from previous case, because of
the decrease value of total width that affected the value of Young’s modulus. However, the wave properties
such as incident wave lengths and angles were fixed like in the previous case. Figure 4.10 is shown one of

absolute displacement results for various number of hinge connections.
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Figure 4.10: Absolute displacement for case of L,=2.5, S=10* 4=0.6, and 0=45deg
Absolute displacement in this case shows that the displacement in thickness direction is quite similar like
in the previous case, length ratio equal to one. This might be caused by the floating plate structure still has
moderate total width that allows deformation as elastic structure in the width direction. Absolute displacement
for every case of floating plate structures could be calculated easily. However, the analysis will be uneasy to
conduct because of the number of results. Maximum absolute displacement is carried out for every case of

floating plate structure for different angles of incident wave.
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Figure 4.11: Maximum absolute displacement for case of L,=2.5, Ss=10", and 6=45deg.
As can be seen, figure 4.11 shows the maximum absolute displacement for the previous case with

different incident wave lengths ratio. The figure showed that the maximum absolute displacement had no big
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differences between the floating plate structures with or without hinge connections. The maximum absolute
displacements results showed a small difference value for smaller value of wave length ratio. The increase
number of hinge connections generally did not affect the value of maximum absolute displacements,
especially for higher values of incident wave length ratio. Ratio between the absolute maximum displacement

of floating plate structures with and without hinge connections were calculated, as shown in figure 4.12.
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Figure 4.12: Ratios of absolute maximum displacements for L,=2.5.
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Figure 4.12; Ratios of absolute maximum displacements for L,=2.5. (continue)

The ratios of absolute maximum displacements became higher as stiffness parameter became higher and

more hinge connections were applied to the floating plate structures. The ratios reached its peak for smaller

value of wave length ratio. This means that hinge connections allowed the floating plate structure to freely

displace according to wave length. Absolute bending moment calculations were carried out to analyze deeply

about the floating plate structures. Distribution of absolute bending moment at the middle line of the structure

can be calculated as shown in figure 4.13.

60

a
o

N
o

M, J/a (N.m/cm)

10

24

20

16

12

M, J/a (N.m/cm)

i\

0.6
08 L RN

) oanat

o=1.4

/
TN

M, J/a (N.m/cm)

0.25 0.5 0.75

x/L

MNobod

M, [/a (N.m/cm)

0.25 0.5 0.75

x/L

LIk
JI/A\/S
722\

Figure 4.13: Absolute bending moment distribution at middle line

for case of L,=2.5, Ss=10, and 6=45deg.
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Absolute bending moment distribution for these cases are dominated by low values of incident wave
length ratio (0.4 and 0.6) and hinge connections were mostly reducing bending moment distribution based on
figure 4.11. According to the figure, average of bending moments reduced more than half if more hinge con-
nections used in floating plate structure. However, same like in the previous case, maximum bending moment
had not always occurred in the middle part of the floating plate structures. Figure 4.14 shows the results of

absolute maximum bending ratios.

2 2 2

L,=25 —e— §,=10°¢ L =25 —e— §,=10% L,=25 —e— §,=10°
18 L6 =0deg —— §.=10° 18 L6 =0deg —— §.=10° 18 L6 =0deg —— §.=10°
1 hinge connectian —=a—— Sg=10* 2 hinge connections —a— S=10"* 3 hinge i Ss=10*
16 e 5=10% 16 ——— §.=10° 16 ——— §.=10°
— 8 S¢=102 —a— Sg=107? —a— Sg=10?
— 14 — 14 14
. : N
o124 -— o128 c12
= g = < \L
=~ 1 5 5 & <1 & g a = L & & &
3 3 N g
Eo0s N ——— Eos Eos
% o % N g —
= 06 ~ = 06 — = 06
04 %7¥| — 04 — 5\5\ 0.4 A
4 g —_ : i
ey — —
02 — 02 02 —
[ E— i:il E
0 0 0
02 04 06 08 1 12 14 02 04 06 08 1 12 14 02 04 06 08 1 12 14
AL AL AL
2 2 2
L,=25 —— 5,=10°¢ L,=25 —— 5,=10°¢ L,=25 —— 5,=10¢
18 +-0.=30deg ——— 5.=10% 18 1-0.=30deg —— §.=10° 18 18=30deg —— 5.=10°
1 hinge connectign —a— Sg=10* 2 hinge ign: Ss=10* 3 hinge connectian Sg=10*
16 —— 5.=10° 16 —— 5.=10° 16 —— 5=10°
— s §.=10? — s 5.=10? — s §5.=10?
14 — 14 — 14
] F] F]
£ 13 13
< 12 < 12 < 12
= 18 ~= Y i =, L
= —= -
Eos8 i E08 ¢ B LIYES
% % \ RN
= 06 N = 06 = 06 N
I\ — |
04 04 04 ¢ \ —
02 — 02 — 02 I\\I’\
0 0 0
02 04 06 08 1 12 14 02 04 06 08 1 12 14 02 04 06 08 1 12 14
AL AL AL
2 2 2
L,=25 —— §,=10°¢ L,=25 —— §,=10°¢ L,=25 —— §,=10°
1.8 +-0-=45deg —— 55=10° 18 -0 =45deg —— §5=10° 18 +0-=450eg —— S5=10°
1 hinge connectign —=#— Ss=10* 2 hinge ign: Sg=10* 3 hinge i Ss=10*
16 ——— 5=103 16 —— S¢=103 16 —— S53=10°
—ea— S4=102 — 8 S¢=102 —a— S5=10?
14 14 14
3 E] E]
£ 1 £
o 12§ S12 S12
NN = =
< 1 8 < 10— g = = 1 ] £
= 1] = =
F] F] F]
€08 i Eos 08
% % % \ —
= 06 = 06 = 06 N
B—a_
04 I 04 ~J 04 ¢
— A I\
02 02 = 02
0 0 0
02 04 06 08 1 12 14 02 04 06 08 1 12 14 02 04 06 08 1 12 14
AL AL AL

Figure 4.14: Ratios of absolute maximum bending moments of L,=2.5
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Figure 4.14: Ratios of absolute maximum bending moments of L,=2.5.(continue)

Exactly the same like results in previous case, lowest value of stiffness parameter of floating plate struc-
tures, 10°°, had no effect for hinge connection for different value of incident wave ratios and angles. For medi-
um lower value of stiffness parameter, 10, was showing small improvement in using more hinge connec-
tions. On the other hand, for the middle value of stiffness parameter, 10, had slightly effectiveness for one
hinge connection. It had an effect in using two and three hinge connections in different incident wave lengths
and angles. For medium high value of stiffness parameter, 107, generally had a constant effectiveness using
hinge connections in different incident wave lengths and angles, except for higher incident wave length ratios
of incident wave angle equal to 90 degree. The highest value of stiffness parameter, 10, became more effec-
tive if using more hinge connections. Compare to previous problem, its effectiveness using hinge connections
improved for wave angle equal to 60 degree. The effectiveness of using hinge connections were still dropping
significantly as wave angle is equal to 90 degrees, especially for higher incident wave lengths ratio.

The third case of the first problem is length ratio equal to five. The total width of the floating plate struc-
ture was reduced about eighty percent from total length and reduced about fifty percent from the previous
case. Figure 4.15 is shown one of absolute displacement results for one case of floating plate structures. The
absolute displacement of the floating plate structure started to behave moderately like a rigid structure. This
might be caused by the changed of floating plate structures geometry. It had a moderate minimum value of

total width that allowed deformation as elastic structure in its width direction.
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Figure 4.16: Maximum absolute displacement for case of L,=5, Ss=10, and 6=45deg

Figure 4.16 is shown the maximum absolute displacement for various number of hinge connections. The
maximum absolute displacement for this case showed that there were always be different value between float-
ing plate structure with or without hinge connections. The increase number of hinge connections affected the
value of maximum absolute displacements. The maximum value of absolute displacement increased rapidly as
the decreasing value of incident wave length ratio. On the other hand, the value of maximum absolute dis-
placement decreased slightly for higher value of incident wave length ratio. Ratio between the absolute maxi-
mum displacement of floating plate structures with and without hinge connections were calculated, as shown

in figure 4.17.
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Figure 4.17: Ratios of absolute maximum displacements for L,=5
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The ratios of absolute maximum displacements became higher as stiffness parameter became higher and
more hinge connections were applied to the floating plate structures. The ratios reached its peak for smaller
value of wave length ratio. This means that hinge connections allowed the floating plate structure to freely
displace according to wave length. Absolute bending moment calculations were carried out to analyze deeply
about the floating plate structures. Distribution of absolute bending moment at the middle line of the structure

can be calculated as shown in figure 4.18.
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Figure 4.18: Absolute bending moment distribution at middle line for case of L,=5, Ss=10, and 6=45deg
Similar like previous cases, distribution of absolute bending moments along the middle part of floating
plate structures are dominated by lower wave length ratio. Hinge connections were mostly reducing bending
moment distribution, especially in higher incident wave length ratio. As can be seen from the figure, bending
moment distributions decreased more than half for floating plate with hinge connections. The results of abso-

lute maximum bending ratios are shown in 4.19.
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Figure 4.19: Ratios of absolute maximum bending moments of L,=5




In this case, the highest and medium higher value of stiffness parameter, 10°~1073, were mostly effective
in using hinge connections, as shown in the figure. Different from previous results cases, the changing value
of incident wave angles had no effect on the effectiveness in using hinge connections for the highest and me-
dium higher value of stiffness parameter. The lowest value of stiffness parameter, 10, was still not effective
for hinge connection and medium higher value, 10, had little effect in using more hinge connections. The
moderate value of stiffness parameter, 10, showed that it was really effective for more hinge connections for
higher value of incident wave length ratio, except for incident wave angle equal to 90 degrees.

The last case of first problem is length ratio equal to 7.5. This means that the total width of the structure is
reduced about ninety percent from its total length. Similar like previous cases, structure properties have
changed from before because of the decrease value of the total width which affected the value of Young’s
modulus. However, the wave properties such as incident wave lengths and angles were fixed like in the previ-

ous case. The displacement of one case of floating plate structures are shown in figure 4.20.

U3J/a

U3l
U3J/a

-

Figure 4.20: Absolute displacement for case of L,=7.5, Ss=10", 0=0.6, and 6= 45deg
The absolute displacement was similar like rigid structures or it can be assumed that this case was similar
like a beam problem. As can be seen from figure 4.20, the absolute displacement at both length sides of float-
ing plate structure had a small difference. This phenomenon occurred probably due to the system still had a
really small value of total width that not allowed deformation along the width direction as an elastic structure.

The maximum absolute displacement for this case is shown in figure 4.21.

-42 -



RSN

el A/
[/

oo L/
wd [

luslfa

—+&— no hinge connection

0.4 —2— 1 hinge connection
0.2 —o— 2 hinge connections |
0 —©6— 3 hinge connections
0.2 0.4 0.6 0.8 1 1.2 14

ML

Figure 4.21: Maximum absolute displacement for case of L,=7.5, Ss=10", and 6=45deg
Similar like in the previous case before, the increase number of hinge connections affected the value of
maximum absolute displacements. The maximum value of absolute displacement increased rapidly as the de-
creasing value of incident wave length ratio. On the other hand, the value of maximum absolute displacement
decreased slightly for higher value of incident wave lengths. Ratio between the absolute maximum displace-

ment of floating plate structures with and without hinge connections were calculated, as shown in figure 4.22.
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Figure 4.22: Ratios of absolute maximum displacements for L,=7.5.
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Figure 4.22: Ratios of absolute maximum displacements for L,=7.5. (continue)

The ratios became higher as stiffness parameter became higher and more hinge connections were applied

to the floating plate structures. The ratios reached its peak for smaller value of wave length ratio. Figure 4.23

shows the distribution of absolute bending moment at the middle line of the structure.
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Figure 4.23: Absolute bending moment distribution at middle line for case of L,=7.5, S¢=10, and 0=45deg

The distribution of absolute bending moments was dominated by lower value of incident wave length ra-
tio along the middle part of floating plate structures. Hinge connections were mostly reducing bending mo-
ment distribution according to figure 4.19. Same like in the previous case, it is useful to analyze the effective-
ness of hinge connection through the value of ratios between maximum bending moments that occurred in the
floating structure relatively to maximum bending of floating structure without hinge connection. Results of
ratio values are plotted in graphs that divided according to incident wave angle. With this way, it is easier to
analyze problem and compare to previous case. The results of absolute maximum ratios of bending moments

are shown in figure 4.24.
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Figure 4.24: Ratios of absolute maximum bending moments of L,=7.5
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Figure 4.24: Ratios of absolute maximum bending moments of L,=7.5. (continue)

In this last case of the first problem, the highest higher value of stiffness parameter, 102~10"3, were most-
ly effective in using more hinge connections. The changing value of incident wave angles had no effect on the
effectiveness in using hinge connections for highest and higher value of stiffness parameter. The lowest of
stiffness parameter, 10, was still not effective for using hinge connections. Medium higher value of stiffness
parameter, 10°®, had small effect in using more hinge connections. The medium value of stiffness parameter,
10, showed that it always effective for higher incident wave length ratio in using hinge connections. For this
value of stiffness parameter, using more hinge connections had a big effect in reducing maximum bending
moment.

Average value for ratios of absolute maximum bending moments in of floating plate structure with hinge

connection at one side for each length ratio can be calculated. Then, the average value for the first problem
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can be obtained, without the consideration of length ratio, as can be seen in figure 4.25. Number of hinge con-
nections had different effects for any different value of structure stiffness parameter. In general, hinge connec-
tions had a really small effectiveness for the lowest value of structure stiffness parameter. This means that
floating plate structure belongs in this stiffness parameter will not be effective whether using or not using
hinge connections. Increasing number of hinge connections had effect for the lower, higher and highest value
of structure stiffness parameter. This means that floating plate structures belong to this value of stiffness pa-
rameter will be effective for using more hinge connections. The ratios of absolute bending moments had sig-
nificant decrease for medium value of structure stiffness parameter. Each hinge connection had a big impact in
decreasing the ratios of maximum bending moments. According to figure 4.25, floating plate structures which

had medium value of stiffness parameter will be really effective in using more hinge connections.
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Figure 4.25: Ratios of absolute maximum bending moments for the first problem
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4.4 Floating plate structures with hinge connections at both sides

As described before in the previous chapter, the second problem is hinge connections located at both side
of floating plate structure. This means that hinge connections have two different axis rotation, in x and y di-
rection which perpendicular with width and length direction of floating plate structure. In this problem, the
floating plate structure used only one length ratio, which is equal to one because of the lack of space to locate
hinge connections along width direction in using lower value of length ratio. With the structure and wave
properties as described as previous, the absolute displacement results for one case of floating plate structure

with hinge connection at both sides can be calculated as shown in figure 4.26.

Figure 4.26: Absolute displacement for case of L,=1, Ss=10", 0=0.6, and 6= 45deg of multiple hinges

As can be seen from figure 4.26, it can be easily configured from the deflection of absolute displacement
that incident wave is coming from 45 degrees. The absolute displacement of floating plate structure is reduced
rapidly along with the increased number of hinge connections at both sides. This might be caused by hinge
connections that allow floating plate structure to deform accordance with incident wave contours. Absolute
displacement for every case of floating plate structures could be calculated easily. However, the analysis will
be uneasy to conduct because of the number of results. Maximum absolute displacement is carried out for
every case of floating plate structure for different angle of incident wave. Figure 4.27 shows the maximum

absolute displacement of different incident wave length ratio.
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Figure 4.27: Maximum absolute displacement for case of L,=1, Ss=10", and 6=45deg of multiple hinges
The maximum absolute value of displacement had no big difference between floating plate structure with
or without hinge connections for higher value of incident wave lengths. On the other hand, the increase num-
ber of hinge connections affected the value of maximum absolute displacements for lower value of incident
wave lengths. Figure 4.28 shows the ratio between the absolute maximum displacement of floating plate

structures with and without hinge connections.
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Figure 4.28: Ratios of absolute maximum displacements of multiple hinges
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Figure 4.28: Ratios of absolute maximum displacements of multiple hinges. (continue)

The ratios became higher as stiffness parameter became higher and more hinge connections were applied
to the floating plate structures. The ratios reached its peak for smaller value of wave length ratio. The results
for incident wave angle of 60 degrees will be the same like results of 30 degrees and 90 degrees will be the
same like results of zero degree, because the floating structures have symmetrical geometries. To analyze the
effectiveness of using hinge connections, value of bending moments is necessary to be calculated. Distribution
of absolute bending moments for each part divided by length of the floating plate structure of two hinge con-

nections at both sides are shown in figure 4.29.
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Figure 4.29: Absolute bending moment distribution at middle line of one multiple hinges for case of Ss=10"
and 6=45deg. Section near to starboard (left) and port side(right)

As can be seen from figure 4.29, there was a significant different of value for each sections of floating
plate structures. The bending moment near to starboard was half of the sections near to port side. This might
be caused by incident wave was coming towards to port side of the floating plate structures. It was showing
that hinge connections might be reduced the value bending moment of another part of floating plate structure
which located after hinge connections. This phenomenon repeated again for floating plate structure with two

and three hinge connections at both sides. Distribution of bending moment of section at near to starboard and
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middle line were half of the section near to port side. Distribution of absolute bending moments for each part

of floating plate structure of two hinge connections at both sides are shown figure 4.30.
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Figure 4.30: Absolute bending moment distributions at middle line of two multiple hinges for case of Ss=10"
and 6=45deg. Section near to starboard (left), middle section (right), and near to port side (bottom).

Distribution of absolute bending moments floating plate structure of three hinge connections at both sides
are shown in figure 4.26. Compared to the value of absolute bending moment distribution at the middle line
for one and two multiple hinges, floating plate for three multiple hinge connections had a significant small
value. This means that using more hinge connections at the both sides of floating plate structure will be effec-
tive in reducing bending moment. Different from two cases before, bending moment distribution for floating
plate with three hinge connections are distributed evenly for each section of floating plate structures. Accord-
ing to figure 4.31, The maximum value for each section of floating plating plate structures with three hinge

connections had similar maximum value.
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Figure 4.31: Absolute bending moment distribution at middle line of three multiple hinges for case of
Ss=10" and 6=45deg. Section near to starboard (top-left) and port side(bottom-right)
The same like in the previous problem, effectiveness of hinge connection analysis were based on ratio of
maximum bending occurred with maximum bending of structure without hinge connection. The results of

absolute maximum bending moment ratios are shown in figure 4.32.
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Figure 4.32: Ratios of absolute maximum bending moments of multiple hinges
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Figure 4.32: Ratios of absolute maximum bending moments of multiple hinges. (continue)

In this last problem, the lowest value of stiffness parameter, 10°, was not effective for using different

number of hinge connections. For medium higher value of stiffness parameter, 10°, had an effect for using

more hinge connections. It ratios values were decreasing as increased number of hinge connections. Similar
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like medium higher value, medium value of stiffness parameter had an effect for using more hinge connec-
tions. Its value of maximum bending moment ratio was decreased along with more number of hinge connec-
tions. The highest and higher values of stiffness parameter, 102~10, were mostly effective in using more
hinge connections. Average value for ratios of absolute maximum bending moments in of floating plate struc-
ture with hinge connection at both sides for each stiffness ratio can be calculated, as can be seen in figure

4.33.
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Figure 4.33: Ratios of absolute maximum bending moments for the second problem

Number of hinge connections had a different effect for any different value of structure stiffness parame-
ter. In general, hinge connections had a really small effectiveness for the lower and lowest value of structure
stiffness parameter. This means that floating plate structures belong in these stiffness parameter will not be
effective whether using or not using hinge connections. Increasing number of hinge connections had effect for
the highest value of structure stiffness parameter. This means that floating plate structure belongs to this value
of stiffness parameter will be effective for using more hinge connections. The ratios of absolute bending mo-
ments have significant decrease for the medium and higher value of structure stiffness parameter. Each hinge
connection had a big impact in decreasing the ratios of maximum bending moments. This mean that floating
plate structures which have medium and higher value of stiffness parameter will be really effective in using
more hinge connections. The average value of absolute maximum bending moment ratios of floating plate
structure without consideration of number of hinge connections for the first and second problem are shown in

figure 4.34.
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Figure 4.34: Overall ratios of absolute maximum bending moments.
The first problem (top) and second problem (bottom).

Generally, hinge connections applied to floating plate structure would decrease value of absolute maxi-
mum bending moments. As can be seen from figure 4.29, the trend of absolute maximum bending moment for
each problem showed smaller value for higher value of stiffness parameter. This means that floating plate
structure with a high stiffness would be effective to use hinge connections to save its structure. In comparison
of problems presented in this research, the result showed that hinge connections at one side of floating plate
structures decreased ratios of absolute maximum bending moments more than hinge connections at both sides

of floating plate structures.
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Chapter 5. Conclusion

This research investigates the hydroelastic response of floating structure with hinge connections located at
one and both sides. For the hydroelastic analysis, a numerical method based on frequency domain was devel-
oped. The fluid is modeled as an ideal fluid and its flow is rotational so that the fluid motion can be derived by
velocity potential that is governed by Laplace equation. The structure is modeled as Reissner-Mindlin plate
model. Boundary element method (BEM), MITC4 finite element method (FEM), and static condensation
method are applied to solve governing equations for fluid and structure domain. In solving fluid structure in-
teraction problem, structure and fluid domain was coupled together in the manner of displacements and pres-
sures.

The verification and validation for method and numerical formulation were assessed by comparing nu-
merical calculation with another numerical calculation and experiment results. Two main problems were in-
vestigated. The first problem is floating plate structure with hinge connection at one side. It was found that
hinge connection mostly has no effect for floating plate structure with the lowest value of stiffness parameter
(10 for different value of length ratio, wave angle and length ratio. Higher and medium value of stiffness
parameter (10°~10) were effective when more hinge connections were applied; it became effective as length
ratio and wave length ratio increased, for any wave angle. Floating plate structure with higher value of stiff-
ness parameter (10°~102) were really effective when more hinge connections were applied, especially for
lower value of length ratio, wave angle and length ratio.

The second problem is floating plate structure with hinge connection at both sides. It was found that hinge
connection had no effect for floating plate structure with the lowest stiffness (10°) for different value of
length ratio, wave angle and length. Floating plate structure with higher value of stiffness parameter (10°) had
a small effect in using more hinge connections. Medium value of structure stiffness parameter was effective in
using more hinge connections. Floating plate structure with hinge connections of higher structure stiffness
values (10°~102) were really effective if more hinge connections were applied.

It is suggested to use more elements on the structure especially at the hinge connection to improve results
of numerical calculation, and applying matrix manipulation method, such as sparse method, to accelerate

speed for numerical calculation.
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Hydroelastic Analysis of Floating Plate Structures
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