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In this study, we propose a numerical procedure to analyze floating
plate structures with multiple hinge connections in regular waves
and investigate the maximum bending moment and deflection in
the plate structures. The directly coupled equations of motion for
the hydroelastic analysis are discretized by the boundary element
method for fluid and thefinite elementmethod for plates. The hinge
connection is modeled by releasing the rotational degrees of
freedom of the plate finite elements, in which a complete conden-
sation procedure is used considering structural mass and stiffness
and fluid-structure interaction terms. Wave tank experiments have
been performed to verify the numerical results. The modeling
capability of the proposed numerical procedure is demonstrated
through floating plate problems with 1- and 2-directional multiple
hinge connections. The numerical analyses show the effect of the
number of hinge connections used on the maximum bending
moment and deflection of the floating plate structures according to
the aspect ratio, bending stiffness and incident wavelength.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The concept of Very Large Floating Structures (VLFSs) could provide many potential ocean engi-
neering applications, such as floating islands, airports, bridges and container terminals. When we
design a VLFS, the consideration of hydroelastic effects is very important, that is, hydroelastic analyses
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should be performed to accurately predict the bending moment and deflection in the VLFS [1–16]. In
large-scale bending structures with long spans like bridges, hinge connections have been very effec-
tively used to reduce the bendingmoment of cross-sections.We can use the same principle for VLFSs to
obtain economically more effective structural designs.

VLFSs have been frequently simplified as floating beam or plate structures. The hydroelastic analysis
of floating structures with hinge connections or interconnected floating structures with hinges or
rotational springs have been studied [8–18]. Previous studies usually focused on both numerical
procedures to model the hinge connections and the hydroelastic responses of the floating structures
with hinge connections. In hydroelastic analysis of floating structures using the modal expansion
method, hinge deflection modes have been used to model hinge connections [8–14,17,18]. The hinge
deflection modes can be obtained analytically for simple problems [8–12] and numerically for
complicated problems [13,14,17,18]. The conditions for hinge connections can be enforced by adopting
the penalty technique [15]. However, the numerical procedures have not been verified by experimental
studies.

It is well known that the use of hinge connections can reduce the hydroelastic responses of floating
structures [10–15]. That is, bending moment, deflection and strain energy stored in floating plates due
towaves can be reduced depending on structural and wave parameters [11–14]. However, although the
maximum responses are very important in the design of VLFSs, the effect of the number of hinge
connections used on the maximum responses has not been studied well [11]. It has also not been well
known that the hydroelastic responses could increase due to the use of hinge connections. This fact is
investigated in this study.

In this study, we use the direct coupling method for hydroelastic analysis of floating plates [4–7,10].
The finite element method (FEM) and boundary element method (BEM) are employed to discretize
floating plates and surrounding fluid, respectively. In order to model the hinge connections of floating
plates, we derive a complete condensation method to release the rotational degrees of freedom (DOFs)
along hinge connections [19]. Hinge deflection modes are not used explicitly. The proposed formula-
tion is mathematically complete because structural mass and stiffness matrices and fluid-structure
interaction matrix are consistently condensed. To assess the validity of the proposed numerical pro-
cedure, we have carried out experiments in a wave tank, and the numerical calculations are compared
with the experimental results.

The most important feature of the proposed hinge model is its modeling capability, which is shown
in numerical examples: floating plate problems with 1- and 2-directional multiple hinge connections.
We then are able to easily deal with the hydroelastic responses of floating plates with arbitrarily
positioned multiple hinge connections. Through the numerical analyses, we also investigate the effect
of multiple hinge connections on the maximum bending moment and deflection in floating plates
depending on various structural andwave parameters with changing the number of hinge connections.
2. Mathematical formulations

In this section, we briefly present the mathematical formulations for the hydroelastic analysis of
floating plates interacting with incident gravity waves. Fig. 1 shows the problem description of a
floating plate with hinge connections.

The plate (L � B � H) is floating on the free surface of calm water with draft d. A fixed Cartesian
coordinate system (x1, x2, x3) is placed on the free surface and the flat bottom seabed is at x3 ¼ �h. The
volume and length of the plate are denoted by V and L, respectively.

The fluid domain consists of the free surface SF, the wet surface of the floating plate SB, the surface
SN which is a circular cylinder with a sufficiently large radius R, and the seabed surface SG. An incident
gravity wave with small amplitude a and angular frequency u comes continuously from the positive x1
axis with an angle q.

We assume themotions of the floating plate and the amplitudes of incident waves are small enough
to use the linear theory. In addition, the plate has homogeneous, isotropic and linear elastic material,
and the fluid flow is incompressible, inviscid, and irrotational. For simplicity, we set the atmospheric
pressure to be zero.



Fig. 1. A floating plate with hinge connections: (a) floating plate, (b) fluid domain.
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2.1. Equations of motion for the floating plate

The equilibrium equations of the floating plate at time t are

vtsij

vtxj
� trsgdi3 � trs

t€ui ¼ 0 in tV ; (1a)

tsij
tnj ¼ � tptni on tSB; (1b)

where tsij is the Cauchy stress tensor at time t, trs is the structural density at time t, g is the acceleration
of gravity, dij is the Kronecker delta, and tui is the displacement vector at time t. Further, tni denotes the
unit normal vector outward from the plate to the fluid at time t and tp denotes the total water pressure
at time t. Note that tp ¼ �rwgx3 þ tpd, in which rw is the fluid density and pd is the hydrodynamic
pressure. The subscripts i and j which vary from 1 to 3 are used to express the components of vectors
and tensors, and the Einstein summation convention is adopted.

The principle of virtual work for the floating plate at time t is
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Z
tV

trs
t€uiduidV þ

Z
tV

tsijdeijdV ¼ �
Z
tV

trsgdu3dV þ
Z
tSB

rwg
tx3

tniduidS�
Z
tSB

tpd
tniduidS; (2)

in which dui and deij refer to the virtual displacement vector and linear strain tensor, respectively.
Linearizing Eq. (2) at the static equilibrium state of the floating plate, we obtain the steady state

equation [4]

�u2
Z
0V

0rsuiduidV þ
Z
0V

CijklekldeijdV �
Z
0SB

rwgu3
0niduidS ¼ �

Z
0SB

pd
0niduidS; (3)

where Cijkl is the stress–strain relation tensor (k and l vary 1–3), and

tui ¼ txi� 0xi ¼ Re
n
uie

jut
o
; teij ¼ Re

n
eije

jut
o
; tpd ¼ Re

n
pde

jut
o
;

in which the superscript j ¼
ffiffiffiffiffiffiffi
�1

p
.

2.2. Equations of motion for the fluid

In the steady state, the velocity potential tf is governed by

tf ¼ Re
n
fe jut

o
; (4a)

Vf2 ¼ 0 in the fluid domain; (4b)
Fig. 2. Nodal DOFs of a 4-node plate element: (a) floating plate with three hinge connections, (b) retained nodal DOF ðbuaÞ and
condensed nodal DOF ðbucÞ.
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vf

vx3
¼ u2

g
f for x3 ¼ 0 on SF ; (4c)

vf

vx3
¼ 0 on SG; (4d)

ffiffiffi
R

p �
v

vR
þ jk

�
ðf� fIÞ ¼ 0 on SNðR/NÞ; (4e)

vf

vn
¼ �juu3 on 0SB; (4f)

where V is the Laplace operator, k is the wave number, and fI is the velocity potential for the incident
wave defined by [20,21]

fI ¼ j
ga
u

cosh kðx3 þ hÞ
cosh kh

ejkðx1 cos qþx2 sin qÞ: (5)

From Eqs. (4) and (5), the boundary integral equation for the floating plate can be given by

4pf� 4pfI ¼
Z
0SB

�
� f

u2

g
G� G

vf

vn

�
dSx; (6)

inwhich G(xi, xi) is the free surface Green’s function [20]. The subscript xmeans that the integral should
be conducted with respect to x. Note that, in the boundary integral equation, the draft of floating plates
is not considered.

From the linearized Bernoulli equation, the velocity potential f is obtained

f ¼ j
u

�
1
rw

pþ gu3

�
on 0SB; (7)

where tp ¼ Ref pe jutg. Using Eq. (7) and Eq. (4f) in Eq. (6), we have

p
rwg

þ u3 þ
u2

4prwg2

Z
0SB

pGdSx ¼ �j
u

g
fI on 0SB: (8)

We weight a test function dp to Eq. (8), and integrate over the wet surface 0SB. Then, the boundary
element equation becomes

1
rwg

Z
0SB

pdpdSþ
Z
0SB

u3dpdSþ
u2

4prwg2

Z
0SB

Z
0SB

pGdSxdpdSx ¼ �j
u

g

Z
0SB

fIdpdS: (9)
3. Numerical procedure

In this section, we present the matrix formulation for the hydroelastic problem of floating plates
with hinge connections. The plate and fluid are discretized by FEM and BEM, respectively, and the
hinge connections are modeled by a complete condensation procedure.



Fig. 3. Experiment of a floating plate structure with hinge connections in the wave tank of 15 m � 10 m.

Table 1
Details of the floating plate model for hydroelastic experiments.

Length (L) 3 m
Width (B) 0.6 m
Thickness (H) 0.04 m
Draft (d) 0.011 m
Bending stiffness (EI) 30.385 N m2

Dimensionless bending stiffness (S) 1.244 � 10�5

Fig. 4. Floating plate model used for the experiment: (a) Cross-section, (b) Hinge connection.

J.-S. Yoon et al. / Marine Structures 36 (2014) 65–8770



Fig. 5. A schematic of the experimental setup: (a) Top view, (b) Front view, (c) Mooring lines.
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3.1. Finite and boundary element discretizations

The coupled equations in Eqs. (3) and (9) are descretized by the finite and boundary element
methods [4] and result in the following matrix form

��u2 SM þ SK �Cup
�CTup �FM � FG

�� bubp
�
¼

�
0bR I

�
; (10)



Fig. 6. Positions of the IR reflective markers on floating structures: (a) no hinge, (b) 1 hinge, and (c) 2 hinges.
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in which bu and bp are the unknown displacement and pressure vectors, respectively, and the sub-
matrices and subvectors are defined as follows

u2
Z
0V

0rsuiduidV ¼ dbuT
u2SM bu; (11a)

Z
0

CijklekldeijdV ¼ dbuTSK bu; (11b)
VZ
pdu3dS ¼ dbuT

3Cupbp; (11c)
0SB

1
rwg

Z
pdpdS ¼ dbpTFMbp; (11d)
0SB

u2

2

Z Z
pGdSxdpdSx ¼ dbpTFGbp; (11e)
4prwg
0SB

0SB



Fig. 7. RAOs of deflection of the floating plates with multiple hinge connections with a ¼ 0.6 for two wave angles (q ¼ 0� and 30�):
(a) no hinge, (b) 1 hinge, and (c) 2 hinges.
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Fig. 8. RAOs of deflection of the floating plates with multiple hinge connections with a ¼ 0.6 for two wave angles (q ¼ 60� and 90�):
(a) no hinge, (b) 1 hinge, and (c) 2 hinges.
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Fig. 9. Hydroelastic responses along the longitudinal centerline: (a) Problem description, (b) RAOs of deflection for l/L ¼ 0.4, (c)
RAOs of dimensionless bending moment for l/L ¼ 0.48.
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j
g

fIdpdS ¼ dbp bR I; (11f)

u

Z
0SB

T

in which SM and SK are the matrices for structural mass and stiffness, Cup is the fluid-structure inter-
action matrix, in which the fluid pressure ðbpÞ and structural displacement ðbu3Þ are directly coupled,
and FM and FG are the matrices that relate to the fluid [5].

For the finite element model of Mindlin type plate structures, we here use the 4-node MITC plate
finite element (MITC4), in which the MITC (Mixed Interpolation of Tensorial Components) method is
applied to alleviate undesired shear locking phenomenon [22–28]. For the boundary element model of
fluid, we use a 4-node quadrilateral boundary element, in which the isoparametric procedure is
adopted for the geometry and pressure interpolations on boundary surface [5].
3.2. Modeling of hinge connections

In static analysis, a stiffness matrix is condensed to release specific DOFs [19]. This technique is
named as “static condensation”. In order to release DOFs in dynamic analysis, however, the mass
matrix also need to be condensed through the mass condensation technique [29]. The hinge con-
nections of structures can be modeled by releasing the rotational DOFs that correspond to the hinge
connections. Similar to the static and mass condensation procedures, we present a way to release the
rotational DOFs by condensing structural mass and stiffness matrices, and fluid-structure interaction
matrix in Eq. (10).

In order to condense the rotational DOFs, the matrix in Eq. (10) is partitioned

2
4�u2SaaM þ SaaK �u2SacM þ SacK �Capup
�u2ScaM þ ScaK �u2SccM þ SccK �Ccpup

�CapT

up �Ccp
T

up �FM � FG

3
5
2
4 buabucbp

3
5 ¼

2
4 0

0bR I

3
5; (12)

and the matrix in Eq. (12) is rearranged as follows



Fig. 10. Floating plate problems with (a) 1- and (b) 2-directional multiple hinge connections under a regular wave ( S ¼ 3.04 � 10�5).
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2
4�u2SaaM þ SaaK �Cap

up �u2SacM þ SacK
�CapT

up �FM � FG �CcpT

up

�u2ScaM þ ScaK �Ccp
up �u2SccM þ SccK

3
5
2
4 buabpbuc

3
5 ¼

2
4 0bR I

0

3
5; (13)

where bua and buc are the displacement vectors to be retained and condensed, respectively. Therefore,buc is the vector of the rotational DOFs corresponding to the hinge connections as shown in Fig. 2.
From the third row in Eq. (13), we can obtain�

� u2ScaM þ ScaK
�bua � Ccpupbp þ

�
� u2SccM þ SccK

�buc ¼ 0; (14)

and

buc ¼ �
�
� u2SccM þ SccK

��1�� u2ScaM þ ScaK
�bua þ

�
� u2SccM þ SccK

��1
Ccpupbp: (15)

Let us transform Eq. (15) into a matrix form as follows



Fig. 11. RAOs of deflection of the floating plates with 1-directional multiple hinge connections in a head sea with a ¼ 0.6: (a) no
hinge, (b) 1 hinge, (c) 2 hinges, and (d) 3 hinges.
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2
4 buabpbuc

3
5 ¼ ½T�

� buabp
�

(16)

with

½T� ¼
2
4 Ia 0

0 Ip
�	� u2SccM þ SccK


�1	� u2ScaM þ ScaK

 	� u2SccM þ SccK


�1
Ccp
up

3
5; (17)

in which Ia and Ip are the identity matrices corresponding to bua and bp, respectively.
Fig. 12. Hydroelastic responses along the longitudinal centerline (x2/B ¼ 0.5) of the floating plates with 1-directional multiple hinge
connections in a head sea for a ¼ 0.6: (a) RAOs of dimensionless bending moment, (b) RAOs of deflection.



Fig. 13. RAOs of deflection of the floating plates with 2-directional multiple hinge connections under an oblique wave (q ¼ 45�) with
l/L ¼ 0.6: (a) no hinge, (b) 1 � 1 hinges, (c) 2 � 2 hinges, and (d) 3 � 3 hinges.
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By substituting Eq. (16) into Eq. (13) and premultiplying [T]T

½T�T
2
4�u2SaaM þ SaaK �Capup �u2SacM þ SacK

�Cap
T

up �FM � FG �Ccp
T

up

�u2ScaM þ ScaK �Ccpup �u2SccM þ SccK

3
5½T�� buabp

�
¼ ½T�T

2
4 0bR I

0

3
5; (18)

we finally obtain the condensed matrix form�
Saa Cap

CapT
Fpp

�� buabp
�
¼

�
0bR I

�
(19)

with

Saa ¼ �u2SaaM þ SaaK �
�
� u2SacM þ SacK

��
� u2SccM þ SccK

��1�� u2ScaM þ ScaK
�
; (20a)

Cap ¼ �Cap
up þ

�
� u2SacM þ SacK

��
� u2SccM þ SccK

��1
Ccp
up; (20b)

Fpp ¼ �FM � FG � CcpT

up

�
� u2SccM þ SccK

��1
Ccpup: (20c)

Solving Eq. (19), we can directly calculate the hydroelastic response of floating plates with hinge
connections in regular wave.



Fig. 14. RAOs of dimensionless bending moment and deflection of the floating plates with 2-directional multiple hinge connections
under an oblique wave (q ¼ 45�) for a ¼ 0.6 along the longitudinal (a) starboard side, (b) centerline, and (c) port side.
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4. Verification and modeling capability

The proposed numerical procedure can be easily applied to calculate the hydroelastic response of
floating plates with arbitrarily positioned multiple hinge connections. To verify the proposed nu-
merical procedure, we compare the numerical results with the experimental and previous numerical
results. Then, we present the analysis of floating plates with 1- and 2-directional multiple hinge
connections to demonstrate the modeling capability of the proposed numerical procedure. In all the
numerical analyses considered in this section, the water depth is assumed to be infinite.

We consider three dimensionless parameters: aspect ratio Lr (the ratio of the structural length to the
width), dimensionless wavelength a (the ratio of the incident wavelength l to the structural length)
and dimensionless bending stiffness S (the ratio of the longitudinal bending stiffness to the hydrostatic
restoring force) [4,8,9]



Fig. 15. Floating plate problems with 1-directional multiple hinge connections: (a) no hinge, (b) 1 hinge, (c) 2 hinges, (d) 3 hinges.
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Lr ¼ L
B
; a ¼ l

L
; and S ¼ EI

rwgL5
; (21)

in which E and I denote Young’s modulus and the second moment of area on the x2-axis (I ¼ BH3/12).
In addition, we estimate two response amplitude operators (RAOs) of the dimensionless bending

moment Mx2x2 and deflection u3

Mx2x2 ¼ jMx2x2 j=rwgL2 and u3 ¼ ju3j=a; (22)

where Mx2x2 is the RAO of the bending moment per unit width.

4.1. Comparison with experimental results

In order to verify the proposed numerical procedure, we conducted hydroelastic experiments of
floating plates in thewave tank as shown in Fig. 3. The stiffness parameters of the experimental models
are designed to be in the range of hydroelasticity [8]. Table 1 presents the details of the floating plates
used for the hydroelastic experiments. The plates were made of two different layers: polycarbonate for
upper layer and polyethylene foam for lower layer, see Fig 4(a). A structural bending test was per-
formed to measure the bending stiffness of the plates. Hinge connections were implemented using
stainless steel hinges as shown in Fig. 4(b).

Fig. 5 illustrates the experimental setup in thewave tank. In order tomeasure thewave frequency and
amplitude, onewaveprobewas installed. Theheavemotionsof thefloatingplatesweremeasured through
four motion capture cameras with IR reflective markers. Fig. 6 shows the positions of the IR reflective
markers attached on the floating plates. The drift of plates due to waves was prevented by mooring the
plateswith four strings, see Figs. 3 and 5. Since the strings should prevent the driftwithout restraining the
heavemotions, small tensionwas introduced so that the stringswere horizontally connected to the plates.
That is, the connection angle between strings and plates is almost 180�, see Fig. 5(c).

In the hydroelastic experiments, we consider zero to two hinge connections in the floating plate
structures subjected to regularwaves (a¼ 0.01m and a¼ 0.6)with four different angles (q¼ 0�, 30�, 60�

and 90�). Thewater depth is 1.5m. Note that incident wave conditions (2a/h¼ 0.0133 and h/l¼ 0.8333)
are included in the range of the linear wave theory in deep water (2a/h < 0.1 and h/l > 0.5) [30].

Figs. 7 and 8 show the comparisons between experimental and numerical results for RAOs of
deflection along the longitudinal lines of the plates. For the numerical results, the structural and fluid
domains are modeled by the 60 � 12 mesh of the MITC4 plate elements and the same mesh of the
boundary elements, respectively. The numerical results agree well with those obtained by experi-
mental tests but some differences between the numerical and experimental results are observed.
Although it is not easy to identify the sources of the differences, we expect that the differences are
mainly due to drift and roll motion in the experiments [31].



Fig. 16. RAOs of the dimensionless maximum bending moment Mmax of floating plates with two different aspect ratios: Lr ¼ 1.0 and
5.0: (a) S ¼ 3.04 � 10�4, (b) S ¼ 3.04 � 10�5, (c) S ¼ 3.04 � 10�6.
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4.2. Comparison with previous numerical results

In hydroelastic analysis of floating plates with hinge connections, the proposed numerical proce-
dure is based on the direct coupling formulation in contrast to previous studies [5,13–15,17,18].
Therefore, it is not required to calculate hinge modes and hydrodynamic coefficients corresponding to
the hinge modes.

We here calculate the hydroelastic responses of a floating plate with a hinge connection and
compare the results with those obtained by S. Fu et al. [13]. A scaled model of the Mega-Float
(L ¼ 300 m, B ¼ 60 m, H ¼ 2 m, d ¼ 0.5 m, and EI ¼ 4.77 � 1011 N m2) is considered and the water
depth is 58.5 m [31]. They used the 150 � 30 mesh of the plate and panel elements for modeling the
structural and fluid domains, respectively.



Fig. 17. Bending moment ratio RM of floating plates with two different aspect ratios: Lr ¼ 1.0 and 5.0: (a) S ¼ 3.04 � 10�4, (b)
S ¼ 3.04 � 10�5, (c) S ¼ 3.04 � 10�6.
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In this study, the floating plate is modeled by the 60� 12mesh of the plate and boundary elements.
Fig. 9 shows u3 and Mx2x2 along the longitudinal centerline of the plate with a hinge connection. The
numerical results are in good agreement with those obtained by S. Fu et al. [13], thereby confirming the
validity of the proposed condensation method for modeling hinge connections.
4.3. Floating plate structures with multiple hinge connections

Here, we show the hydroelastic responses of floating plates with 1- and 2-directional multiple hinge
connections. The numerical examples demonstrate the modeling capability of the proposed numerical



Fig. 18. RAOs of the maximum deflection u3max of floating plates with two different aspect ratios: Lr ¼ 1.0 and 5.0: (a)
S ¼ 3.04 � 10�4, (b) S ¼ 3.04 � 10�5, (c) S ¼ 3.04 � 10�6.
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procedure. Fig.10 shows thedescriptionof thefloatingplates ( S¼3.04�10�5)with 1- and2-directional
multiple hingeconnections under a regularwaveofa¼0.6.Hinge connections are uniformlypositioned.

We first perform the hydroelastic analysis of the floating plates (Lr ¼ 5.0) with 1-directional mul-
tiple hinge connections in a head sea (q ¼ 0�) shown in Fig. 10(a). We consider zero to three hinge
connections and 60 � 12 mesh is used to model the floating plate. The resulting RAOs of deflection are
presented in Fig. 11. Fig. 12 shows the RAOs of dimensionless bending moment and the RAOs of
deflection along the longitudinal centerline of the floating plates.

It is obvious that the hydroelastic responses are highly affected by the number of hinge connections
used. In general, the bending moment decreases in the floating plates as the number of hinge con-
nections increases. Each plate partitioned by the hinge connections has the maximummoment around



Fig. 19. Deflection ratio Ru3 of floating plates with two different aspect ratios: Lr ¼ 1.0 and 5.0: (a) S ¼ 3.04 � 10�4, (b)
S ¼ 3.04 � 10�5, (c) S ¼ 3.04 � 10�6.
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its center. It is important to note that the maximum bending moment can be larger for floating plates
with more hinge connections. For example, the maximum bending moment of the floating plate with
one hinge connection ðMmax ¼ 4:63� 10�3Þ is larger than that of the floating plate without any hinge
connections ðMmax ¼ 3:93� 10�3Þ as shown in Fig. 12(a). That is, the use of hinge connections are not
always beneficial in reducing the maximum bending moment. As the number of hinge connections
increases, the deflections in the floating plates increase in general (see Fig. 12(b)). The deflections have
peaks at hinge connections.

We then perform the hydroelastic analysis of the floating plates (Lr ¼ 1.0) with 2-directional
multiple hinge connections under a regular wave (q ¼ 45�), see Fig. 10(b). The four configurations of
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2-directional hinge connections are considered: no hinge, 1 �1 hinges, 2 � 2 hinges and 3 � 3 hinges.
In the numerical example, the floating plate models are discretized by 60 � 60 mesh.

Fig. 13 shows the RAOs of deflection of the floating plates. In Fig. 14, the RAOs of the dimensionless
bending moment and deflection are plotted along the three longitudinal lines (x2/B ¼ 0.0, 0.5 and 1.0).
The basic tendency of RAOs is similar to the results of the floating plates with 1-directional multiple
hinge connections. As expected, the larger response is obtained along the starboard side (x2/B ¼ 1.0)
rather than along the centerline and port side due to the effect of wave direction.

5. Effect of multiple hinge connections

To investigate the effect of multiple hinge connections, we conduct numerical analyses for the
floating plates with 1-directional multiple hinge connections under several structural and wave con-
ditions. We numerically calculate the maximum value of hydroelastic responses in the floating plates
with an increasing number of hinge connections.

In these numerical analyses, we consider zero to three hinge connections in the floating plate
structures according to three dimensionless bending stiffnesses (S ¼ 3.04 � 10�4, 3.04 � 10�5 and
3.04 � 10�6) and two aspect ratios (Lr ¼ 1 and 5.0). Note that the range of dimensionless bending
stiffness is chosen by referring to the previous experimental and numerical studies [4,8,9]. The hinge
connections are uniformly positioned in the floating plates as shown in Fig. 15. The structures are
subjected to an incident wave with angle q ¼ 0� and seven different wavelengths (a ¼ 0.2, 0.4, 0.6, 0.8,
1.0, 1.2 and 1.4). The water depth is assumed to be infinite.

The floating plates are modeled by the plate and boundary elements with 60 � 60 mesh for L/B ¼ 1
and 60 � 12 mesh for L/B ¼ 5. In order to choose appropriate meshes, the convergence studies for the
maximum hydroelastic responses were carried out for the smallest wavelength ratio considered
(a ¼ 0.2). The errors in the maximum hydroelastic responses for the meshes chosen are less than 1%
compared to well-converged solutions.

Note that, although we calculated the hydroelastic responses for many different cases considering
various bending stiffnesses, aspect ratios, wave directions and the configurations of the hinge con-
nections, here we only present the results of some selected cases.

5.1. Effects on the maximum bending moment

The maximum bending moment is very important in the cross-sectional design of VLFSs. To
investigate the effect of the number of hinge connections on the maximum bending moment, we use
the RAO of the dimensionless maximum bending moment Mmax (the maximum value of Mx2x2 in the
entire floating plate).

Fig. 16 shows Mmax for the floating plates with two different aspect ratios (Lr ¼ 1.0 and 5.0)
depending on dimensionless bending stiffness and wavelength. In general, as the number of hinge
connections increases, the maximum bending moment decreases. Comparing Fig. 16(a) with Fig. 16(c),
it is found that the reductions in the maximum bending moment are larger for stiffer floating plates.
Fig. 16(c) shows that the use of hinge connections in very flexible floating structures is not very
effective in reducing the maximum bending moment.

It is important to note that the maximum bending moment could increase even if more hinge
connections are used. This unexpected phenomenon appears when the wavelength is relatively
short. For example, for the case Lr ¼ 1.0 in Fig. 16(a), the maximum bending moment of the
floating plate with 1 hinge connection is larger than that without any hinge connection when
a < 0.45. A similar phenomenon is shown in Fig. 16(b) and (c), but the range of the wavelength
where the phenomenon appears depends on the aspect ratio and bending stiffness of the floating
plates.

Fig. 17 shows the ratio of the maximum bending moments defined by

RM ¼ Mmax

M
no hinge
max

; (23)
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whereM
no hinge
max is the maximum bending moment for the no hinge case. In general, as the number of

hinge connections increases, the additional reduction in the maximum bending moment becomes
smaller for stiffer plates. The reduction effect is larger for relatively longer waves. It should be noted
that the reduction in the maximum bending moment by hinge connections can result in smaller size
cross-sections and less structural materials in used VLFSs, that is, it can reduce construction cost.
However, considering the additional implementation cost for hinge connections, we can expect that
there is an optimal number of hinge connections that can minimize the construction cost. Considering
the two aspect ratios studied here, we conclude that the use of multiple hinge connections is more
effective for floating structures with a larger aspect ratio.
5.2. Effects on the maximum deflection

In this section, we study how the maximum deflection is influenced by the number of hinge con-
nections used. Fig. 18 presents the RAOs of the maximum deflection u3max for the floating plates with
two different aspect ratios (Lr ¼ 1.0 and 5.0) depending on dimensionless bending stiffness and
wavelength. Fig. 19 shows the ratio of the maximum deflection defined by

Ru3 ¼ ju3jmax

ju3jno hinge
max

; (24)

where ju3jno hinge
max is the maximum deflection for the no hinge case.

Figs. 18 and 19 show the effect of the number of hinge connections on the maximum deflection of
floating plates. In particular, the effect is very large in the range of long wave. Recalling the investi-
gation on the reduction of the maximum bending moment, we conclude that the use of multiple hinge
connections is very effective for larger wavelengths, because, in this case, the maximum bending
moment decreases significantly and the maximum deflection has little effect. When the floating
structure is very flexible, the effect of multiple hinge connections on the maximum deflection is very
small (see Figs. 18(c) and 19(c)).

6. Conclusions

In this study, we proposed a numerical procedure to effectively model hinge connections based
on the direct coupling method for hydroelastic analysis of floating plate problems. In the formu-
lation, the structural mass and stiffness and fluid-structure interaction terms are completely
condensed. The advantage of the procedure exists in the capability to easily model multiple hinge
connections arbitrarily positioned. The validity of the numerical procedure was confirmed through
comparisons with experimental and previous numerical results. The modeling capability was
demonstrated through floating plate problems with 1- and 2-directional multiple hinge
connections.

We then investigated the effect of 1-directional multiple hinge connections on the maximum
bending moment and deflection in floating plate structures according to aspect ratio, bending stiffness
and wavelength. Through this study, we have made the following observations:

� In general, as the number of hinge connections increases, the maximum bending moment in the
floating plate decreases. However, the moment could increase for the range of short wavelength
even if more hinge connections are used. The hinge connection can more effectively reduce the
maximum bending moment for the stiffer floating plate with a larger aspect ratio. Increasing the
number of hinge connections, the additional reduction in the maximum bending moment de-
creases when the plates are stiffer.

� In general, the change in the maximum deflection due to hinge connections is large in the range of
short wave. It becomes smaller as the wavelength becomes larger.

� When the floating plate is very flexible, the effect of the multiple hinge connections on the
maximum bending moment and deflection is small. Therefore, the use of hinge connections is not
effective in this case.
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� When a floating plate is stiff, has a large aspect ratio and is subjected to long waves, the hinge
connections can bemore effectively usedwith a large reduction in themaximum bendingmoment
and a small change in the maximum deflection.

Finally, our investigation offers valuable information on how to select the number of hinge con-
nections to satisfy structural design requirements.
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