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Abstract

The hydroelastic response of pontoon-type very large floating structures (VLFS) is obtained
by resolving the interaction between the surface waves and the floating elastic body. We carry
out the analysis in the frequency domain, assuming that the surface waves can be described by
a directional wave spectrum. The response spectra can then be computed by application of
stationary random vibration analysis. Applying the modal expansion method, we obtain a
discrete representation of the required transfer matrices for a finite number of frequencies,
while the influence of the wave direction is obtained by numerical integration of the
directional components of the spectrum. Moreover, assuming a Gaussian input, we can apply
well known approximations to obtain the distribution of extremes. The method is applied to
an example VLFS and the effect of different mean wave angles on the stochastic response is

investigated.
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1. Introduction

Very large floating structure (VLFS) technology is an attractive approach to reclaim land
from sea. These structures can and are already being used for floating bridges, floating piers,
floating performance stages, floating fuel storage facilities, floating airports, even habitation,
and other purposes [1]. The floating structure can be easily constructed, exploited, and
relocated, expanded, or removed. These structures are cost-effective and environmentally
friendly floating artificial islands.

Pontoon-type VLFSs are relatively flexible floating structures that behave like giants
plates resting on the sea surface. Owing to their flexibility and large dimensions, their
response is governed by elastic deformations instead of rigid body motions. The hydroelastic
response of VLFS is obtained by resolving the interaction between the surface waves and the
floating elastic body. Various methods have been proposed for the hydroelastic analysis of
VLES [2]. One of the most widely used approaches for performing the hydroelastic analysis
in the frequency domain is the modal expansion method [3] that utilizes the dry modes of the
floating plate. In the open literature, however, the response is usually obtained for distinct
wave frequencies and wave angles. In order to obtain a robust VLFS design against wave-
induced deformations and stresses, it is necessary to account for the stochastic nature of wind
waves. However, there is limited published work on predicting the stochastic response of
VLEFS. Hamamoto [4] derived analytical expressions for the response of large circular floating
structures subject to a spectrum of wave frequencies. Chen et al. [5-7] studied the influence of
second-order effects of the structural geometry and wave forces on the response of VLFS
under two irregular wave systems coming from different directions.

In this paper, we develop a method for hydroelastic analysis of VLFS subject to a
directional wave spectrum. The analysis is carried out in the frequency domain by application
of the modal expansion method. The fluid domain is discretized by the boundary element
method, while for the structure we use the finite element method derived from the Mindlin
plate theory, that allows for the effects of transverse shear deformation and rotary inertia. The
derived linear system allows for the application of linear random vibration theory for the
evaluation of response spectra. Assuming that the wind wave can be described by a Gaussian
process, we can estimate the distribution of extremes and hence obtain mean extreme values

of response quantities that are relevant for design.



2. Hydroelastic analysis of VLFS

2.1. Plate—water model

Figure 1 shows the schematic diagram of the coupled plate—water problem. The VLFS has a
length L, width B, height /4 and is assumed to be perfectly flat with free edges. A zero draft is
assumed for simplicity. The water is treated as an ideal fluid (inviscid and incompressible)

and its flow is irrotational. The water domain is denoted by A. The symbols Q,,, Q, and
Q,, represent the plate domain, the free water surface boundary and the seabed boundary,

respectively. The free and undisturbed water surface is at z = 0 while the seabed is found at z
= —H. Assuming an incident wave ¢ with a circular frequency @, height 24 and wave angle 6
enters the computational domain, the water motion and plate deflection will oscillate in a
steady state harmonic motion in the same frequency @. The deflection w of the plate is

measured from the free and undisturbed water surface.
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Figure 1. Schematic diagram of coupled plate—water problem (a) plan view (b) side view

2.2. Equations of motion for floating plate
The VLFS is modelled as an isotropic and elastic plate based on the Mindlin plate theory [8].

The motion of the Mindlin plate is represented by the vertical displacement w(x, y), the

rotation (x, y) about the y-axis and the rotation v (x, y) about the x-axis. The governing

equations of motion for the Mindlin plate (after omitting the time factor e ') are given by
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where G = E/[2(1+v)] is the shear modulus, & the shear correction factor taken as 5/6, o,
the mass density of the plate, / the thickness of the plate, D = EA’ /[12(1 —v? )] the flexural

rigidity, £ the Young’s modulus and v the Poisson ratio. The pressure p(x, y) in Eq. (1)

comprises the hydrostatic and hydrodynamic pressure, i.¢.
p(x,y) = —pgw+iop$(x,y,0) on Q, (4)

where p is the mass density of water, i the imaginary number (i =+—1), g the gravitational
acceleration and ¢(x, y,O) the velocity potential of water on undisturbed water surface. At

the free edges of the floating plate, the bending moment, twisting moment and transverse

shear force must vanish, i.e.

5 —_ al//n al/js J—
Bending moment M, —D[ an TV o }— 0 (5a)
. A (1=v)| Oy, Oy, | _
Twisting moment M —D( > j{ 35 + n }—0 (5b)

Shear force Q, = k°Gh {‘;_;H l//n} 0 (5¢)

where s and n denote the tangential and normal directions to the cross-section of the plate,

respectively.



2.3. Equations of motion for water
The water is assumed to be an ideal fluid and has an irrotational flow so that a velocity
potential exists. Thus the single frequency velocity potential of water must satisfy the

Laplace’s equation [9]

Vé(x,y,2)=0 in A (6)

and the boundary conditions

%(x, ¥,0) =—iow(x,y) on Q,, (7)
P (x.r.0)= 2 hrp0)  on 0, ®)
%(xay,—HFO on Qg ©)

Equation (7) implies that no gap exists between the plate and the water-free surface
whereas Eq. (8) is derived from the linearized Bernoulli equation where the pressure is taken
as zero at the water surface. Equation (9) is the boundary condition at the seabed which
expresses impermeability, i.e. no fluid enters or leaves the seabed and hence the velocity
component normal to the seabed is zero.

The wave velocity potential must also satisfy the Sommerfeld radiation condition as

x| >0 [10]

[x[—>0

lim |x|[%—ik}(¢—¢,):0 on Q (10)

where x=(x, y,z) and Q_ represents the artificial fluid boundary at infinity. The wave

number £ satisfies the dispersion relationship
0)2
ktanh(kH)=? (11)

and ¢, is the incident velocity potential given by
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where 4 is the wave amplitude and @ is the incident wave angle as shown in Fig. 1.

2.4. Modal expansion of plate motion and water velocity potential

Equations (1) and (4) indicate that the response of the plate w(x, y) is coupled with the fluid
motions or velocity potential ¢(x, y,z). On the other hand, the fluid motion can only be

obtained when the plate deflection w(x, y) is specified in the boundary condition at the fluid

side of the fluid—structure interface, as given in Eq. (7). In order to decouple this fluid—
structure interaction problem into a hydrodynamic problem in terms of the velocity potential
and a plate vibration problem in terms of the generalized displacements, we adopt the modal

expansion method as proposed by Newman [3]. According to this method, the deflection of

the plate w(x, y) is expanded as a finite series of products of the modal functions c,w(x, y)

and corresponding complex amplitudes ¢;:

w(x,y)=Zglc,W (x,y) (13)

where N is the number of terms in the series. The single frequency velocity potential ¢ of
water can be separated into the diffracted part ¢, and the radiated part ¢, based on the linear

potential theory. The radiated potential ¢, can be further decomposed as [11]

B(x.,2) = (%.3,2) + B (. 3,2) = b (X, 3, 2) + Z_:% (x%,,2) (14)

where ¢, (x, y,z) is the radiation potential corresponding to the unit-amplitude motion of the
[-th modal function and g, is the complex amplitude which is assumed to be the same as those
given in Eq. (13) [3]. The diffracted potential ¢, is taken as the sum of the incident potential

¢, and the scattered potential ¢, which represents the outgoing wave from the body.



2.5. Hydrodynamic analysis

By substituting the expanded plate deflection and velocity potential [Eqgs. (13) and (14)] into
Eq. (6) and the boundary conditions [Egs. (7) to (10)], we obtain the decoupled Laplace’s
equation and boundary conditions for each of the uni-amplitude radiation potentials (i.e. for /

=1, 2, ..., N) and the diffraction potential (i.e. for / = D)

v2¢l(x7yaz)=0 il’l A (15)
a =

e R L T e 16)
8 2

8¢l (x, 7, ):%@(x,y,O) on Q, (17)
0

8¢l (x,y9,-H)=0 on Qg (18)
jm |xl(a|¢ | lk@] 0 foriogt ool (19)

We then transform Egs. (15) to (19) into an integral equation by using Green’s second

identity [1]. The resulting boundary integral equation is

o, (&)

IQHB 8G X & g (20)

g)dg = j G(x,8)

where x=(x,y,z) is the source point and &=(&,7,¢) the field point. G(x,§) is a free-

surface Green’s function for water of finite depth that satisfies the seabed boundary condition,

water free surface boundary condition and boundary at infinity and is given by [12]

- K, (k,R)
g)_,;)ﬂH(l+sin2ka]

2k H

cosk, (z+H)cosk, (¢ +H) (21)

where k, is a positive root number satisfying &, tanh(k,H)=-’/g , with m>1 and
ky=ik . K, is the modified Bessel function of the second kind and R represents the

horizontal distance between x and §.



By further introducing the boundary conditions for d¢, /0z into Eq. (20), one obtains

G (x, oG (x,E) (&)d 10
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The integral equation given by Eq. (22) can be solved by discretizing the surface of the

boundary Q,, using the boundary element method. Within this study the constant panel

method [13] is applied.

2.6. Solution for radiated and diffracted potentials
By rearranging Eq. (22), the radiated potential ¢, and diffracted potential ¢, can be written

in matrix forms as

{¢R }qxl = [51? :'qu {g}le - |:¢Z:|qxq {W}qxl .
=[w{m+@} [G]J ] teh

qxq

(23a)

o= 11021 s, @b

axq

where [G] is the global matrix for the Green’s function, [I] the identity matrix and [cw] the

matrix containing N eigenvectors (that corresponds to the deflection w of the plate) obtained
by performing a free vibration analysis on the Mindlin plate. The subscripts in Eqgs. (23a) and
(23b) denote the size of the matrix, where ¢ is the total number of degrees of freedom in the

plate domain and N the total number of modes.

2.7. Solution for plate—water linear equation

The plate equation is solved by using the finite element (FE) method with 8-node Mindlin
plate elements that use the substitute shear strain method to avoid shear locking and spurious
zero energy modes [14]. By assembling the coupled plate-water Eqgs. (1)—(3) into the global

form, we obtain



(& K ]+[K -0 [M]-0' [M,]-i0[C,]) {w},, ={F}, 24)
where [K f] , [KS] , [KW], [M ] , [MM] and [Cw] are the global flexural stiffness matrix,

global shear stiffness matrix, global restoring force matrix, global mass matrix, global added

mass matrix and global added damping matrix, respectively. As discussed in Section 2.4, the

displacement vector {w} may be expanded in an appropriate set of modes [c] as

W =leln it (25)

Note that [c] can be obtained by performing a free vibration analysis on the Mindlin plate
T
where [¢]= [cw c c"""] . [cw] is the matrix containing N eigenvectors corresponding to

the plate deflection, [c"’-‘] and [c”"] are the matrices containing N eigenvectors

corresponding to the rotations about y and x-axes, respectively. By substituting Eq. (25) into

Eq. (24), we obtain

(] ([&, ]+ [K )+ K] - [M]-0' [M,]-i0[C,]) [e], {c}, 26)

= [C]TW {F}qxl - {FD }le

where {F),} :[c]T {F} is the generalized exciting force. By using the computed velocity

potentials [Egs. (23a) and (23b)], the elements of the global matrices for the added mass

[M,], the added damping [C, | and exciting force {F,,} can be calculated by

[M,],, = —%Im([(ﬂqxq) (27a)
[c.],., = pRe(mW) (27b)
{FD}le - ia)p[c]‘qu {¢D }qxl (27C)



Upon solving the coupled plate-water equation (26), we obtain the complex amplitudes

{g} and then we back-substitute the amplitudes into Eq. (25) to obtain the deflection and

rotations of the plate {w} and hence the stress resultants.

3. Stochastic formulation

3.1. Directional wave spectrum

Assuming that the irregular (random) wind waves can be described by a zero mean stationary
Gaussian process, they can be completely specified by the directional wave spectrum S(w, 6),
which represents the distribution of the wave energy in the frequency domain w as well as in
direction (wave angle) 8. The directional spectrum is generally expressed in terms of the one-

dimensional frequency spectrum S(w) as
S(w,0)=S(w)D(8|w) (28)

where D(6 | w) is the directional spreading function and represents the directional distribution
of wave energy for a given frequency w. The conditioning of D(6 | @) on w implies that the
distribution of wave energy in direction (in general) varies with frequency. The function

D(0 | w) has the following normalization property

TD(em)de:l (29)

-

The sea surface #(x, y, f) can then be modeled by linear superposition of monochromatic

waves of all possible frequencies approaching a point from all possible directions, i.e.

77()(" y,t) _ Re ZZ Aﬂei(k/xcos@Jrk/ysinQ,—a)/-H.s‘/,) (30)

o
where kj, w; denote the wave number and corresponding frequency of the jth wave component

travelling in the direction 6; and ¢j; are independent random variables uniformly distributed in

[0, 27]. The amplitudes 4;; are obtained from the directional spectrum as

10



A, =28 (@.0) A6 31)

where Aw and Af represent the change in wave frequency and in direction between two
consecutive waves. In this study, we use the (one-sided) one-dimensional frequency spectrum
proposed by Bretschneider and further developed by Mitsuyasu for the description of fully

developed wind waves [15], i.e.
o -5 o -4
Sp (©)=0257TH.,T, (Ej exp{—l.O?ﬁ (Tm ﬂj ] (32)

where H; is the significant wave height and 7y is the significant wave period. Also, we
assume independence of the directional distribution on the wave frequency and adopt the

following directional spreading function given by Pierson et al. [16]

2 —\\2 —~ T
D(¢9|w):D(9): ;(cos(@—&)) for ‘0—?@; (33)
0 for ‘6’—6">5

where @ is the mean wave angle.

3.2. Stochastic response
The stochastic hydroelastic response of the VLFS is obtained by applying the linear random

vibration theory. Following the approach adopted for the solution for a single frequency and

wave angle, we first obtain the elements of the cross-spectral matrix [S a( a))} of the vector
axq

of incident potentials {¢]}q><l as

[5,(@)],, = [, (@)f "5 (w.0)a0 34)

-

where x; =x, —x; and y; =y, -y, denote the difference of the x and y coordinates of the

locations corresponding to the /th and jth degree of freedom, respectively. The function H)(w)

is the transfer function from the water surface elevation to the incident potential, given by

11



g cosh(k(z+H))
H, () "  coshkH (35)

Furthermore, we obtain the cross-spectral matrix of the force vector as
[Ser (@)],, =[He(@)][ Sy (@)][H(@)] (36)

where [ ]* denotes the conjugate transpose operator and the complex transfer matrix

[H - (a))]m is obtained by combination of Egs. (23b) and (27¢) as

-1
. o[G]
[HF (a))]qu = z47za)p{[l] + pe L (37)
Finally, the cross-spectral matrix of the response is obtained as

(S (@)],,, =[H,(@)][Se (@)][ (@) ] (38)

The response transfer matrix [H W (a))]qxq is given by:

[, ()] =[e], [H. ()], [, (39)

where [H (a))} is the harmonic transfer matrix, describing the modal response to a
s NxN

harmonic excitation, given by Eq. (26) as

1

[ (@)],, =[] (& ]+ K )+ (K]0 M=o [M, ] -io]C, ])[€])

(40)

NxN

It should be noted that the inversion in Eq. (40) is trivial (i.e. the matrix to be inverted is

diagonal), as the matrix [c] contains the uncoupled modes of the system.

12



A discrete representation of the matrix [SWW (a))} is obtained using a finite number of

frequencies. We can then compute the jth component of the vector of the mth spectral moment

of the response {4 }qx1 in terms of the diagonal entries [Sww(a))]j/ of [Sww(a))] , as

wm

follows:

{ﬂwm }j - .[000 " I:SWW (a))]jj do (41)

wherein the integration is performed numerically. The variance of the response can then be

obtained by setting m = 0.

3.3. Response of stress resultants

Stress resultants are important in the practical design of VLFS. The stress resultants within a
single Mindlin plate element of the floating plate can be calculated by expanding the
displacement in the stress resultant-displacement relations using the obtained nodal

displacements. The bending and twisting moments within the element e can be obtained as

M 1 v O

(e) e
M, |=D|v 1 0 |[B,]"{w}" 42)
M, 0o o 2

2

where M, M and M are the bending moments and twisting moment per unit length of

the plate. The shear forces within the element e can be obtained as
Ol _ o |1 Ol @ 0@
=k"Gh B w 43

where O, O, are the transverse shear forces per unit length of the plate. The elemental

flexural strain-displacement matrix [B . }(6) is given by

(8,07, <[, B, - B,] (44a)

13



where

o Wi
dx
(B,]=]0 o (44b)
o N, 4N,
dy  dx |

and the shear strain-displacement matrix [BS ](e) is given by

5105, B - B .
where
[8.]=| oy (45b)
aN, N
dy

where N, (i=1,2,---8) are the basis functions of the 8-node serendipity Mindlin plate

element. Thus, the elemental transfer matrices for moments and shear forces can be expressed

as

: (0
w0l L,

_HM”_(a))} =D1(; (1) o (3, ] (46a)
- (o)

H, ()] ’

Hy ()] 1 0

S ="2Gh[o J[Bs](e) (46b)
|Hy, (a))J

By assembling the elemental transfer matrices, the global transfer matrices for moments and

shear forces can then be obtained. Denoting the global transfer matrices of the moments and

14



shear forces by [H y (a))} and [HQ(a))], respectively, we can compute the cross-spectral

matrices of the stress resultants as follows:

(S (@)]=[Hy (@)][S. (@) ][ Hy (0)] (47a)

[Spo (@) ]=[ Hy (@) ][ S, (@) ][ Hy (@) ] (47b)

The spectral moments of the stress resultants can then be obtained in a manner analogous to

Eq. (41).

3.4. Extreme value prediction

In the design of VLFS, the knowledge of the distribution of maxima of response quantities
over a certain time period is required in order to assess the serviceability and safety of the
structure. The distribution of the maxima of any response quantity can be derived using its
spectral moments, calculated by Eq. (41). Let Y(¢) be the zero mean stationary Gaussian

process that describes a response quantity at a certain node and let 4 be its m-th spectral

moment. The distribution F, (y) of Y (T) =maX(Y (#),0<t<T ), where T is the period of

7(T)

interest, can be expressed as follows [17]:
Fy o (0) = exp (=13 (0)T) (48)

where 7, (») is the conditional rate of upcrossings of the level y given the event of no prior

upcrossings. Also we should note that Eq. (48) neglects the probability of initial upcrossing of

y. Assuming that the upcrossings of high levels are independent events, we can approximate

ny (v) with the unconditional upcrossing rate v, () given by:

vy =vy exp(— 2y > j (49)

Oy

where o, =/4, is the standard deviation of Y and v, is the mean zero upcrossing rate given

by:

15
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=32 (50)

The derived approximation is the well-known Poisson model which is shown to be
asymptotically exact for large 7. However, convergence to the Poisson model becomes slow
for narrow-band processes. Vanmarcke [18] gives a more accurate model that accounts for the
influence of the bandwidth. According to this model, the conditional upcrossing rate is

approximated as follows:

(V) = vy (¥)p(y) (51)
where

2

p(y)z(l—exp{—a—af)“ﬂ %D[l—exp{‘y D (52)

20,

wherein @, = 4,(4,4,)"" is the bandwidth parameter which tends to unity for a narrow-band

process.

In code-based design applications, partial safety factors are applied to characteristic values
of design quantities, such as displacements and bending moments and designs are checked
against serviceability and safety limit-state requirements. Characteristic values are usually

taken as the expected maxima of the design quantities over a time period that represents the
duration of an extreme event. Accounting for the fact that Y (T") follows asymptotically a type

I extreme value distribution, we can approximate the expected maximum using the following

expression [19]

E[f(T)} ? Y, +ylaﬁ (53)

0

where y =0.577... is Euler’s constant and y, satisfies the following equation:

%zln[v;T}+ln[p(yo)] (54)

Equation (54) can be solved for y, by applying an iterative procedure.
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4. Numerical example

The VLFS considered by Sim and Choi [20] is used as an example for this study. The length,
width and height of the floating plate are 300, 60 and 2 m, respectively. The following
material properties of the plate are assumed: Poisson’s ratio v = 0.13, Young’s modulus £ =
1.19 x 10" N/m?, and the mass density of the plate pp = 256.25 kg/m3. The water density is p
= 1025 kg/m’ and a water depth H = 58.5m. The finite element mesh of the plate, consisting
of 2000 8-node Mindlin elements, is shown in Figure 2. A total number N = 30 of modes is
chosen for the present study. The finite element mesh was chosen fine enough, from our
experience with deterministic calculations, so that an accurate solution is obtained for each of
the considered wave frequencies for the discrete representation of the transfer matrices.

The chosen parameters for the spectrum of Eq. (32) are H3 = 2m, T3 = 6.3 sec. In the

numerical examples, four cases of mean wave angle 6, namely (a) 0°, (b) 30°, (c) 60° and (d)

90°, are considered. In Figure 3, a plot of the utilized directional wave spectrum for @ =0° is
shown. The four corner points (P1 to P4, as shown in Fig. 2) and the center point (PS5, as

shown in Fig. 2) are chosen to illustrate the stochastic behavior of the floating plate.

P2 P4

case (a)

VH

60 BP5

&
b ‘Pl 300
case ( ;Q\ case (@%\ case (‘T)?

Figure 2. Mesh of the plate

P3
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Figure 3. Plot of the applied directional wave spectrum for =0

4.1. Stochastic response

The response spectra of the vertical displacements at the five selected points (P1 to PS5, as
show in Fig. 2) of the floating structure are obtained as shown in Fig. 4. Figure 5 shows the
standard deviation of the vertical displacement for the four mean wave angle cases
considered. It can be seen that in general, the overall response of the floating plate increases
as the mean wave angle increases from 0 to 90 degrees. In the four cases studied, larger
responses are observed in the corner points than the center points. Due to the symmetry of the
directional spreading function, we obtain symmetric response spectra for mean wave angle
case (a) with respect to the x-axis and case (d) with respect to the y-axis, respectively, as the
effects of oblique wave angles are balanced, as shown in Figs. 4(a) and 4(d). The same results
are observed in the plot of the standard deviation of the response, as shown in Figs. 5(a) and
5(d). Owing to this cancellation effect, the response results for these two mean wave angle
cases are similar to those obtained by deterministic hydroelastic analysis using these two

mean wave angles as distinct wave angles (see results in the Ref. [21] by Gao et al.).
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case (a) 0 =0’ case (b) 0 =30’

3 ; ! ! . : 3
2.5} 2.5}
2t 2t
£15 £15
(9] (9]
1t 1t
0.5} 0.5}
0 0 / ——
0 0 05 1 1.5 2 2.5 3
a a
case (¢) 8 =60 case (d) € =90
3 ; ! ! . : 3
2.5}
2,
£15
0
l,
0.5
0

Figure 4. Input spectrum S,,, and response spectra of the vertical displacements at 5 selected
points for different mean wave angles

However, for other mean wave angle cases, the effects of oblique wave angles cannot be
balanced and hence result in different hydroelastic response for the same floating plate.
Considering the mean wave angle case (b) for example, the response spectra as shown in Fig.
4(b) is not symmetric, while the largest response is obtained at the corner point P4. This is due
to the fact that in this case the directional spectrum includes a larger number of waves coming
from other directions which trigger the twisting vibration modes of the plate. This effect can
only be captured if a directional spectrum is considered. For the example case with mean
wave angle of 30°, neglecting the probability of occurrence of larger oblique wave angles
would lead to significantly smaller variances. The same conclusion applies to the mean wave

angle case (c), as shown in Fig. 4(c) and Fig. 5(¢).
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case (a) 0 =0’ case (b) 0 =30’
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Figure 5. Standard deviations of the vertical displacements for different mean wave angles

4.2. Response of stress resultants

In Fig. 6 to Fig. 10, the standard deviations of the stress resultants M, M, Q. and

xy s
Q, are plotted.
Similar to the stochastic response of the displacements, symmetric responses are obtained

for the stress resultants M, M, O, and Q, in the cases of mean wave angle 0=0

M,
and @ =90  as shown in Figs. 6 to 10. The effect of directional wave is significant in the case
of mean wave angle @ =60  as shown in Figs. 6(c) and 10(c), where larger standard
deviations are obtained as compared to those for @ =0". In deterministic analysis, however,
smaller values of M and Q_ are expected in the case of oblique waves because the

dominating component (x-direction component) of the wave that results larger value of M _

and Q_ is compensated by the y-direction component.
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The standard deviations of the moments M , and M are smaller than those of the

bending moment M __, as shown in Figs. 6 to 8. This is due to the large aspect ratio of the

xx 2

floating plate which indicates that the hydroelastic response is significant when the waves are
coming along the strong axis of the plate, i.e. the x-axis. In the case of mean wave angle
0 =90, the motion of the plate is dominated by rigid body motion, as can been seen in Fig.
5(d) and Fig. 7(d). However, it is still necessary to investigate the results of twisting moments

M, in the case of oblique mean waves. As shown in Fig. 8(b) and 8(c), the magnitude of the
standard deviation of twisting moments M  are in the same order as those of bending
moments M results shown in Fig. 6. Moreover, the results of twisting moments M are

larger for mean wave angle cases (b) and (c) than those for mean wave angle cases (a) and (d).
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Figure 6. Standard deviation of M _ for different mean wave angles
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The blowups at the corners of the plate for the shear forces as shown in Fig. 9 and Fig. 10
are due to the strong variations nature of shear forces near the free edges. As has been
discussed by Ramesh et al. [22], the shear forces do not vanish at the free edges, especially at
the free corner. However, this effect would not affect the overall observations of the spectra
results for shear forces, because it only affects the small portion of the entire domain.

Moreover, the exact results of shear forces at these affected regions are known to be vanished.
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Figure 9. Standard deviation of Q_ for different mean wave angles

24



case (a) 0 =0’ case (b) 0 =30’

50
40
E E 30
E P4
=3 = 20\
bo bO'
10
0
0.1
y/L
case (¢) 4 =60 case (d) 4 =90
BN BN
PR N P R NN
P S P S
-0 y/’{ PR P y”{ Lo
_-1 | A’/\ : /‘\ [ _ -1 | A’/\ : /‘\ b
-1 | T oA el _ -1 [ oA sl
P ! SrT LAT Ty L :\:
50 ST N e I T E
L= a7 A‘//V/‘ LT ey : \ :
40 T L 40 -~ e B N 0 L
Lo | LT ey Gy \\\“
_ — [ - \\\‘ s
s % ‘P : llr’ﬂ!””””””'m E a1 \\\\\“ b \\\\\\\\“‘“\‘\‘&“&“““ :
2 il 2 . \\\\\““‘ s
= 20 q il 1 = _200l-7 | i \‘\\\ 1
o™ ‘ IW’” ~ o™ P \\\\‘\‘ \\\\ “ it e 0.9
© \ /””]Ill/ 0.8 © ot o \\\‘ it 0.8
10 ”I ] 10 ‘“Q‘?““‘“‘\'“‘““\\\\\\\\\‘\‘\‘\\‘\““‘g‘“‘\"” 0s *7
7 S \\\ > A
\Wozis ). “\ ‘\\\\“
0 0 ~ 0.4
0.1 0.1 T
y %5, 01 y Y01, 01

Figure 10. Standard deviation of O, for different mean wave angles

4.3. Extreme value prediction
The expected maxima of the response quantities are obtained based on the Vanmarcke
approximation by applying Eq. (53). The period T of interest is set to 2 hours. Figure 11
shows examples of expected maxima of response quantities in the case of mean wave angle
6=0".

The maximum value of the expected maximum of stress resultants is extracted for each
case of mean wave angles. The results are plotted against the mean wave angle as shown in

Fig. 12. It can be seen that bending moment M _ and shear force Q_ are the two dominating
components of the stress resultants. Large values of these two components are obtained in the

cases of mean wave angle 8 =60" and @ =75 . This implies that the worst scenario of the
floating structure might be in the cases of these mean wave angles and this should be taken

into account in the practical design.
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5. Concluding remarks

Based on the linear random vibration theory, a framework for stochastic hydroelastic analysis
of very large floating structures subjected to multidirectional irregular waves defined through
a directional wave spectrum has been developed. The approach involves a discrete evaluation
of the relevant transfer matrices through a numerical resolution of the fluid—structure
interaction problem that combines the boundary element method for the fluid potential and the
finite element method based on the Mindlin plate theory for the plate response. Spectra of
response quantities are obtained as well as extreme responses, assuming a Gaussian input.

The proposed method is applied to the stochastic analysis of a numerical example and the
influence of the mean wave angle on the standard deviation and extreme values of response
quantities is demonstrated. It is found that the hydroelastic behaviour of very large floating
structures is greatly affected when considering a directional wave spectrum, which provides a
realistic description of the sea state. The developed framework can be applied to the study of
very large floating structures with non-rectangular shapes as well as to investigate the
behavior of very large floating structures with flexible connector systems. Future extensions
may include the response to non-stationary sea states as well as the application of nonlinear

random vibration analysis to account for the effect of second order wave forces.
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