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ABSTRACT

The present study forms a compact hydro-elastic benchmark of a flexible porous floating breakwater, with
bounded parameter uncertainty. The floating member is represented as a discrete-semicontinuum Euler-Bernoulli
beam in the frequency domain, and it interacts with an oscillatory-decay hydrodynamic kernel in the finite-depth
approximation. A structural Green function is presented, transforming the governing boundary-value problem
into the solution of a Fredholm integral equation of the second kind, which is solved by means of Legendre-Gauss-
Lobatto collocation. The impact of uncertainty in flexural rigidity, structural mass, damping and depth ratio, porous
dissipation and forcing amplitude is modeled by triangular fuzzy numbers; alpha-cut analysis using vertex evalu-
ation with nesting correction propagates the uncertainty. The benchmark results show a sharp resonance region
where the structural response and transmission loss become increasingly sensitive to parameter variation, while
the admissible response band is narrow off-resonance. The derived formulation also provides a computationally
lightweight framework for joint assessment of wave attenuation and structural demand. This study is mathemati-
cally and numerically transparent, computationally light, and easy to extend to many relevant situations. The results

discussed in this study also showed that uncertainty is concentrated near the spatial region of maximum structural
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response and that, for the chosen benchmark, porous dissipation and forcing level are the most influential inputs.

Keywords: Coastal Protection; Spectral Collocation; Nonlocal Hydrodynamic Kernel; Porous Damping; Transmis-

sion Loss; Marine Flexural Response;« — cut Propagation

1. Introduction

Flexible floating breakwaters have recently gained
renewed attention, as coastal protection systems are
needed to operate in deeper water, over soft seabeds,
and under more stringent construction and sustainabil-
ity constraints. In these environments, hydro-elastic in-
teraction is no longer a higher-order correction: dis-
tributed flexibility, porous appendages and unknown
material or hydrodynamic properties can move reso-
nance and alter attenuation and structural demand. This
work is motivated by that design gap and targets a re-
duced benchmark that is mathematically transparent
but retains the central coupled mechanisms.

Floating breakwaters are a preferred option when
it is difficult, or too expensive, to build a normal fixed
breakwater. This is common in deeper water over weak
seabeds or at sites where a lighter and more adaptable
protection system is much preferred. In many experi-
mental studies with more vibrant situations, the floating
unit is treated as rigid in its state'*. Once flexibility
becomes an important aspect, the structural motion and
the surrounding water cannot be separated in the given
situation[®!. Wave loading bends the floating member,
and that bending changes the pressure field acting on the
selected structure (681,

As related to this study, recent studies have shown
growing interest in hydro-elastic floating systems and
the reviews by Amouzadrad et al. and Zhang and
Schreier? 3! describe how flexible floating structures
can experience strong coupled responses, especially
near resonant conditions. Other studies have also shown
that simplified rigid-body models are not always suffi-
cient when the span is large or when distributed flex-

ibility is relatively important[® 1%,

The concept of re-
search on floating breakwaters follows the same trend
that was discussed by Jia et al.[®! and he reported that
flexible wave-dissipating elements can improve attenu-

ation behavior, while Ren et al. and Pan et al.[*>] both

examined hydro-elastic modeling strategies for flexible
floating structures under wave loading.

Although deterministic hydro-elastic tools are now
well developed, uncertainty propagation remains less
mature. Yogeesh et al. and Rahmatov conducted sensi-
tivity and uncertainty analysis for floating offshore struc-
tures and noted that structural parameters, connectors,
mooring terms, and hydrodynamic descriptors can ma-

terially affect hydro-elastic predictions!1-13]

. In early-
stage design, however, a full probabilistic description is
often not available. Rigidity, damping, porosity effect,
and representative forcing amplitude may be bounded
by engineering judgement or sparse test data, but not
In that

setting, fuzzy uncertainty is a useful alternative because

by a defensible probability distribution 14171,

it represents plausible bounds directly and transpar-
ently (18 1] Triangular fuzzy numbers and o — cuts are
particularly attractive when the goal is to provide an en-
gineering response band rather than a probabilistic risk
measure.

The purpose of this paper is therefore to develop
a fuzzy Legendre-Green function method for the hydro-
elastic analysis of a flexible porous floating breakwa-
ter. The paper is designed as a theory-led benchmark
study. It does not attempt to reproduce one specific field
site. Instead, it develops a transparent dimensionless
model that can later be calibrated for design use. The
main contributions are: a nonlocal hydro-elastic beam
model for a flexible porous floating breakwater; a Green-
function reduction to a Fredholm integral equation of
the second kind; a Legendre-Gauss-Lobatto collocation
solver; a fuzzy alpha-cut formulation for uncertain rigid-
ity, mass, damping, porosity effect, depth ratio, and forc-
ing amplitude; deterministic and fuzzy benchmark re-
sults for structural and attenuation metrics; and a sensi-
tivity analysis that identifies the dominant parameters in
the present benchmark. Section 2 presents the physical
model, Green-function reduction, collocation discretiza-
tion, and fuzzy propagation strategy. Section 3 reports
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deterministic, fuzzy, and sensitivity results. Section 4
discusses the physical implications, model validity, and
present limitations. Section 5 summarizes the main con-
clusions.

A second challenge is computational. Hydro-elastic
beam problems are often written as coupled differen-
tial or integro-differential equations. Direct discretiza-
tion is possible, but repeated solution over many uncer-
tainty realizations can become expensive, and the role
of the structural boundary conditions is sometimes ob-
scured by the discretization. Green functions provide a
tidy solution as they automatically incorporate the struc-
tural boundary conditions directly in the kernel and cast
the beam problem into one of integral equations. Once
that reduction is made, spectral collocation on Legendre
or Chebyshev points provides an accurate and econom-
ical numerical solver for smooth responses. Collocation
ideas have also been used effectively in structural fuzzy
uncertainty analysis 157171,

The purpose of this paper is therefore to develop
a fuzzy Legendre-Green function method for the hydro-
elastic analysis of a flexible porous floating breakwa-
ter. The paper is designed as a theory-led benchmark
study. It does not attempt to reproduce one specific field
site. Instead, it develops a transparent dimensionless
model that can later be calibrated for design use. The
main contributions are: a nonlocal hydro-elastic beam
model for a flexible porous floating breakwater; a Green-
function reduction to a Fredholm integral equation of
the second kind; a Legendre-Gauss-Lobatto collocation
solver; a fuzzy o — cut formulation for uncertain rigidity,
mass, damping, porosity effect, depth ratio, and forcing
amplitude; deterministic and fuzzy benchmark results
for structural and attenuation metrics; and a sensitivity
analysis that identifies the dominant parameters in the

present benchmark.

2. Materials and Methods

The simply supported condition is adopted here
as a benchmark support model rather than as a univer-

sal representation of every moored breakwater. It reg-

ularizes the rigid-body singularity, provides a compact
modal Green function, and isolates the flexural hydro-
elastic mechanism that dominates. While resonances
would be displaced by clamped, elastically restrained or
mooring-controlled edges that might be present in prac-
tice, the current choice of support is suitable for a clear
baseline study.

For instance, the local flow separation and the re-
sultant pressure pattern in the near-field can be influ-
enced by fluid motion in close vicinity to a submerged
porous edge. The present reduced formulation does not
resolve these edge-scale effects explicitly, but rather ab-
sorbs this information in the effective kernel and porous
dissipation terms. This should be considered a baseline
approximation instead of an actual replacement within
the routine boundary-element or Navier-Stokes treat-
ment.

2.1. Physical Configuration and Modeling
Assumptions

The floating breakwater is an Euler-Bernoulli beam
with nondimensional span 1, resting at the surface of
a water depth ratio 6 = h/L; = € [0,1]; W(x) is the
complex vertical response amplitude in the frequency
domain. A porous skirt or dissipative layer is attached
below the beam, and its hydrodynamic effect is repre-
sented through an additional porous damping contri-
bution and through the attenuation closure introduced
later. The benchmark uses a simply supported struc-
tural idealization, and this choice is convenient because
it removes rigid-body singularities and produces a com-
pact Green-function representation while still preserv-
ing the principal flexural hydro-elastic mechanism.

The analysis is based on the following assumptions:
small-amplitude motion, linear Euler-Bernoulli bending,
incompressible and irrotational fluid motion within the
reduced hydrodynamic model, harmonic regular-wave
forcing, and bounded epistemic uncertainty described
by fuzzy numbers (see Figure 1). These assumptions
keep the model manageable and are in line with many re-
duced hydro-elastic beam formulations used in marine

engineering [1-> 15,
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Figure 1. The geometry of a flexible porous floating breakwater beam.

The benchmark reflects a simply supported float-
ing beam along with a porous dissipative appendage
placed below the required free surface.

The below-mentioned principal dimensionless pa-
rameters are:

¢  [: normalized flexural rigidity,

. w: normalized structural mass,

e 7, structural damping,

e  0: depth-to-length ratio,

e  o: porous dissipation coefficient,
¢ a: normalized forcing amplitude,

¢ : nondimensional wave frequency.

2.2. Frequency-Domain
Equation

Hydro-Elastic

Assume harmonic motion in the form:
w(z,t) =R{W(z)e ™“'}.

After the non-depersonalization, the response of
the floating breakwater is expressed as:

BLW — O2uW — iy W+

Jo K(2,&Q,0W(€)dE = F(a;9), 0 <z <1,
where the total damping is:

o)

Y=YtV Vp = 11 on
The simply supported boundary conditions are:

"

W(0)=W(1)=0, W (0)=W (1) =0.

Here, the benchmark forcing is selected as the first-
mode-compatible load:

F(z;Q) = asin (nx)

This load is not intended to replace a full diffrac-
tion calculation as per the discussion of this study. It
is chosen because it excites the dominant flexural mode
cleanly and allows us to uncover how resonance, porous
dissipation and, in addition, parameter uncertainty mu-

tually influence [20-231,

2.3. Reduced Finite-Depth Hydrodynamic
Kernel

The nonlocal fluid interaction is represented by a

reduced finite-depth oscillatory-decay kernel:

K(z,£9,9) =
Xn(§2, 6)exp(—=n(€2, )|z — &])cos(r (L2, 0)(z — £)).

The wave number &« is defined through the finite-
depth dispersion relation.

Then we present the reduced kernel as an approx-
imation for benchmarking. It retains three properties
necessary for the current analysis: nonlocal coupling,
finite-distance decay, and oscillation of the wave phase.
A complete potential-flow or boundary-element solution
would give higher fidelity across all frequencies, but
the current kernel is designed for reduced-model bench-
marking and repeated uncertainty propagation, not de-
tailed site-specific calibration.

0? = k tanh (6k).

The kernel amplitude and decay rate are repre-
sented as:
Xof¥
1+ dk
Here xo = 0.15 in baseline benchmark and the re-

Xh(Q’ 6) =

, m(£2,8) = 0.45 + 0.25k.

duced kernel is designed to be compact. Notice, how-
ever, that it retains three characteristics that are very
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much relevant to the current hydro-elastic paradigm and
a through nonlocality and decay with structural distance
as well as oscillatory behavior associated with the wave

number [2%25],

2.4. Green-Function Reduction

Define the structural operator:

LoW =W — Q2w —iQyW.

Let G(xz,&; Q) be the Green function satisfying the
equation with the same simply supported boundary con-

ditions in .
LoG(x,8;Q) = 0(x —§).

No singular quadrature treatmentis required in the
present benchmark because the structural Green func-
tion is regular for the chosen simply supported beam and
the reduced hydrodynamic kernel is smooth over the fi-
nite interval. The derivation relies on standard regular-
ity assumptions for linear beam response with smooth
forcing and bounded kernel coefficients, so the resulting
Fredholm equation is well posed in the present numeri-
cal setting.

For the simply supported beam, the Green function
has the modal series representation as given below:

oo
=23

n=1

QSln (nmx sm(mrf)

Q) .
Gl & —iQy

Using this Green function and the hydro-elastic
problem is transformed into the Fredholm integral equa-
tion of the second kind that is given by:

1

G(z,&9Q)

0

LGUE

W(x) =

' K(&,59Q,0)W(s)ds|dE

The Green-function step is central to the method
and it places the structural boundary conditions inside
the kernel itself and changes the numerical problem
from repeated differentiation to quadrature and linear
algebra (6],

A useful one-mode approximation follows by writ-
ing:

W(x; Q) ~ A1(Q)sin (7z).

Then:

Legendre-Gauss-Lobatto collocation, which spaces
nodes at both interval endpoints, is employed for its
compliance with the finite-span geometry, and stable
high-order interpolation of smooth response fields. This
is particularly useful in the current integral-equation
context, as moderate collocation orders are already suf-
ficient to accurately approximate the benchmark solu-

tion (27 28],

a
Dy ()’
where the effective resonance denominator is given by:

Al(Q) =

D1(Q) = Bt — Q% — iy + A1 (9, ),

and the first-mode hydrodynamic correction is ex-

pressed as:
1 1

K(x,&Q,6)sin (rz)sin (r€)dédx.
0 0

Al (Qa 5) =

However, this approximation is not the main solver
utilized in this work, yet it is useful when analyzing res-
onance and as well sensitivity trends.

2.5. Legendre-Gauss-Lobatto Collocation

Let ¢; [—1, 1] be the Legendre-Gauss-Lobatto
points defined by the roots of:

(1-¢*) Ly(¢) =0,

where LIN(C) is the Legendre polynomial of degree N;
then after mapping to the unit interval,

1+ ¢

T; = ,7=0,1,...,N.
/ 2

The quadrature weights on [0, 1] are:
1
N(N + 1) [Ly ()"

The approximate response is expressed in the equa-

w; =

tion as:
N
= W)

i=0
where [;(z) is the Lagrange interpolation function cor-
responding to the Legendre-Gauss-Lobatto points. Sub-
stituting this interpolant into the integral equation be-
ing represented and enforcing the result at collocation
nodes yields, which is given by

N
W,j = Z G(.Ti,ﬁj;ﬂ) wj
j=0

N
[F (x;9) 7kZUK(xj,wk;Q,§) wp Wi .
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In matrix form,

(I +GuwKy) W =Gy,F,
with:
(G“’)ij = G (IEZ', IE]'; Q) ’LU]', (Kw)jk: =K (:I?j,CEk; Q, 5) Wi .
Solve the matrix system for each frequency and
for each parameter realization. For this current bench-

mark, the response is smooth enough that fairly moder-

ate collocation orders already yield stable and correct re-

sults[29],

2.6. Fuzzy Uncertainty Model
The uncertain parameter vector is defined as:
b= (8.71.7:,9.5.a)

Each uncertain quantity is represented by a trian-

gular fuzzy number:

P = (p1,p2,p3), p1 < p2 < p3,

with o — cut
% = [p1 +a(p2 —p1),p3 —a(ps —p2)], 0 < a < 1.
The reason we use a triangular membership func-

tion is that only bounded three-point engineering es-
timates are assumed in the benchmark. They offer a

transparent center-spread, description and keep alpha-
cut propagation straightforward. Other shapes such as
trapezoidal or asymmetric fuzzy numbers may also be
used when better prior information is available; that ex-
tension is left for future work.

The a-level box is therefore:

P =[B]" x [A]* x [s]® x [6]% x [o]* x [a]“.
For a response quantity R, the raw interval at level
« is reconstructed by vertex evaluation,

[R]“ = | min R(p), max R(p)|,

pE V™ p E V™
where V% is the set of vertices of P%. Because resonance
can make the continuous response non-monotone, the
vertex-based envelopes are post-processed so that fuzzy

nesting is preserved:

~

Ry = min (R;q,R;q ) )
pt+ — + pt+
R, = max (R%,R% _ 1) .
This projection step ensures that wider fuzzy levels
always contain the narrower ones. Figure 2 represents

the triangular membership functions used for the uncer-

tain benchmark parameters of this study.

1.0 4

0.8 -
._g— 0.6
o ax05 \
(] e i i T it ittt
o 1
£ \
2 0.4

0.2 1

- Rigidity B8
:, - Porous coefficient o
0.0 | —— Depth ratio 6
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

Parameter value
Figure 2. Representative triangular membership functions used for the uncertain benchmark parameters.
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The attenuation closure is introduced as an energy-
normalized benchmark split. In a physical porous break-
water, the dissipated part would depend on permeabil-
ity, drag, inertial resistance, and frequency-dependent
flow losses through and around the porous appendage.
The present coefficient should therefore be interpreted
as an effective dissipation descriptor for reduced-order
analysis rather than as a fully calibrated porous-flow
law 391,

2.7. Response Measures and Attenuation
Closure

The main structural response quantities are the
maximum deflection and the maximum bending mo-

ment,
| W | max = zrg"[i())fl] |W ()],
M(z) = —BW" (%), |M|msx = max | M(z)|.

z € [0,1]

A first-mode participation indicator is defined by:

1

The wave attenuation measures are represented

through the following energy-normalized closure,

_ 1
Kt(Q) - \/1+ar\ql(ﬂ)\2+ap0'7
K, (Q) = Varla (2)]

V1tarla (@) +apo’
Ka() =1- K{(Q) - K}(Q) =

apo
Itarlq (Q)* +apo”

The benchmark uses a, = 0.24 and «;, = 0.65, so
the three coefficients form a normalized split of the in-
coming wave energy into transmission, reflection, and

porous loss.

2.8. Benchmark Parameters

This numerical study is built around a represen-
tative dimensionless benchmark selected to show one
dominant hydro-elastic resonance together with a clear
concept. The baseline parameters are listed in Table 1
below, and the triangular fuzzy numbers are listed in the
Table 2.

Figure 3 shows the workflow of the fuzzy

Legendre-Green function under the computation model

¢1(2) =2 . W (z; Q)sin (mz)dz. of this study.
Table 1. Baseline non-dimensional parameters of the benchmark.
Symbol Value Description
B 0.10 normalized flexural rigidity
m 1.00 normalized structural mass
Vs 0.030 structural damping
1) 0.40 depth-to-length ratio
o 0.18 porous dissipation coefficient
a 1.00 forcing amplitude
X0 0.15 kernel amplitude constant
o 0.24 reflection closure coefficient
ap 0.65 porous-loss closure coefficient
Q range 2.2-3.8 frequency sweep interval
Nref 160 reference collocation order

Table 2. Triangular fuzzy numbers used in the benchmark.

Parameter Triangular Fuzzy Number
8 (0.09, 0.10, 0.11)
i (0.95,1.00, 1.05)
Vs (0.027,0.030,0.033)
5 (0.36, 0.40, 0.44)
G (0.15,0.18, 0.21)

(0.90,1.00, 1.10)
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Figure 3. Computational workflow of the fuzzy Legendre-Green function method.

3. Results

3.1. Deterministic Convergence of the
Solver

To address numerical robustness beyond a sin-
gle point, additional trial computations across the fre-
quency sweep showed the same stable trend: the collo-
cation solution remained smooth away from resonance
and the practical errors decreased monotonically as the
order increased. The sharpest demands were observed
only in the narrow resonance neighborhood, where finer
discretization is naturally more valuable.

The preliminary numerical test examines and ap-
proves the deterministic benchmark at the resonance-
focused frequency under this study. A high-resolution
solution obtained with N = 160 Legendre-Gauss-Lobatto
nodes is used as the numerical reference in this type of
study. For any chosen discretization order N, the prac-

tical maximum-norm amplitude error is defined as fol-

The observed convergence rate between two suc-

cessive discretizations is estimated by:

_ lOg (GN/BQN)
log2 '

The resonance-focused frequency of the determin-

istic benchmark is given below:

Q" =3.125

(92" denotes the nondimensional frequency at resonance)

At the given frequency, the response remains
smooth, but the peak is sharp enough to provide a use-
ful test for the collocation method, the convergence of
the observed p is represented in Table 3 below.

The convergence results are smooth and stable and
even a modest collocation size already reproduces the
main response measures with good accuracy, and the
finer grids mainly confirm that the solution has settled.
This is helpful for practical use, because it shows that

lows: the method does not require an unnecessarily large dis-
oo = [ IWN] = [Wretl [l 2. (0,1)- cretization to obtain reliable benchmark values.
Table 3. Convergence of the deterministic benchmark at Q.

N [Wimax a1l Kt €co Observed p

10 2.213352 2.213363 0.660422 4.412 x 107° -

20 2.213328 2.213338 0.660425 2.030 x 1075 1.12

40 2.213313 2.213323 0.660428 5.400 x 1076 1.91

80 2.213309 2.213319 0.660428 1.115 x 10~ 2.28
3.2. Representative Hand CalculationatQ = gives:

2.80 K = 7.86899.

A brief mathematical calculation is included to
show the main steps of the reduced related formulation.
For (2 = 2.80 and § = 0.40, the dispersion relation:

0? = ktanh (0k),

The porous damping contribution is then:

o 0.18 x 2.80
1+ 6k 1+ 040 x 7.86899
so the total damping becomes

o =0.12152,

v ="s + 7 = 0.03000 + 0.12152 = 0.15152.
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The kernel amplitude and decay rate are:

015 x 2.80°
~ 1+ 0.40 x 7.86899
1 =0.45+ 0.25 x 7.86899 = 2.41725.

Y = 0.28354,

For the same state, the first-mode hydrodynamic
correction is:

The one-mode estimate is therefore useful as an in-
terpretive tool away from the immediate resonance core,
where the first flexural mode dominates. Its accuracy de-
grades close to the peak and would also deteriorate if
higher-mode participation became important under dif-

ferent support or loading choices.
A41(2.80,0.40) ~ 0.06116.

Therefore,

Dy = 0.107* — 2.80% — i(2.80)(0.15152) 4 0.06116
~ 1.96206 — 0.424254,

which implies:

1 = 0.49816.

A =
A=

The full collocation solution gives:

lg1] = 0.50566, |W|max = 0.50566, |M |max = 0.49907.
The attenuation coefficients become:
K, =0.92121, K, = 0.22821, K; = 0.09929.

This example is useful for two reasons: the first rea-
son is to shows how the reduced analytical quantities are
evaluated step by step, and the second is to confirms that
the simple first-mode estimate remains close to the full
collocation solution when the system is not extremely
close to resonance. The calculation also makes the effect
of porous damping easy to see in the final attenuation

measures for this study.

3.3. Deterministic Frequency Response

The deterministic frequency sweep shows one
dominant hydro-elastic resonance, and the largest struc-
tural response occurs at:

0" =3.125, |W|max = 2.21331, |M|max = 2.18446.

The minimum transmission in the resonance band
indicates that a larger share of the incoming energy is re-
moved from direct passage. In the present benchmark,
the dissipated portion remains modest, while reflection
becomes the dominant companion mechanism near the
peak response region. Thus, the flexible porous sys-
tem in this parameter range attenuates chiefly through
resonance-assisted reflection with a smaller effective
porous-loss contribution.

At the same frequency,

K; =0.66043, K, = 0.71610, K4 = 0.05103.

The strongest beam response therefore occurs at
the same frequency where the transmission coefficient
is relatively smallest. In the present closure, the reso-
nance appears mainly through stronger reflection rather
than through a peak in expected porous dissipation (see
Table 4 and Figure 4).

The left panel of Figure 5 shows the sharp hydro-
elastic amplitude peak, while the right panel shows the
corresponding attenuation indicators.

The deterministic trends are physically reasonable,
and the transmission coefficient falls as the hydro-elastic
amplitude grows, reaches a minimum in the resonance
region, and then rises again. Reflection behaves op-
positely, however, dissipation changes more gently be-
cause itis governed partly by the fixed porous coefficient
and only indirectly by the resonant structural amplifica-
tion.

Table 4. Deterministic response metrics at selected frequencies.

Q K Y |C|1| |W|max |M|max Kt Kr Kq
2.400 5.86647 0.15909 0.247044 0.247039 0.243822 0.940036 0.113769 0.103389
2.800 7.86899 0.15152 0.505665 0.505658 0.499071 0.921212 0.228206 0.099290
3.125 9.77348 0.14458 2.213320 2.213310 2.184459 0.660428 0.716103 0.051031
3.400 11.56222 0.13880 0.536921 0.536920 0.529919 0.918170 0.241512 0.098635
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Figure 4. Deterministic Green function and reduced hydrodynamic kernel near the resonance-focused frequency.
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Figure 5. Deterministic structural and attenuation response over frequency.

3.4. Fuzzy Envelopes near Resonance

The fuzzy analysis is most informative close to 2*.
At each a-level, the response is computed at all vertices
of the parameter box and then projected to preserve
nesting. For the maximum deflection at 2%,

([Wmae® =" = [2.213314,2.213314]
(W mal =% = [1.069097, 2.232851].
(IWinax]® =% = [0.574875,2.232851]

For the transmission coefficient at the same fre-

quency,
[K,]*~"  =1[0.660428,0.660428]
[K]*~ %% =1[0.658835,0.844833].
[K,]*=°  =1[0.658835,0.920119)]

These intervals show that the deterministic design
point is not sufficient near resonance. Even moderate in-

putuncertainty leads to a wide range of admissible struc-
tural amplitudes and attenuation outcomes, as shown
below in Table 5 and also visualized in Figure 6.

The present sensitivity study is intentionally one-
at-a-time and therefore does not capture interaction ef-
fects between uncertain inputs. It is included here as a
compact first diagnostic for the benchmark. A variance-
based or Sobol-type global sensitivity analysis would be
a natural extension once a broader uncertainty model is
introduced.

The uncertainty band expands strongly near the
resonance-focused frequency.

The fuzzy band is not a constant thickening of the
deterministic curve. It is narrow away from resonance
and wide near the minimum of the effective denomina-
tor. This is typical of resonance-controlled systems and
is the main practical reason to include uncertainty in
hydro-elastic breakwater assessment.
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Table 5. Fuzzy intervals at the resonance-focused frequency Q*.

a |W |max Interval Width |M|max Interval Width Kt Interval Width

1.0 [2.213314,2.213314] 0.000000 [2.184463,2.184463] 0.000000 [0.660428, 0.660428] 0.000000
0.5 [1.069097,2.232851] 1.163755 [1.002403,2.313933] 1.311529 [0.658835,0.844833] 0.185998
0.0 [0.574875,2.232851] 1.657977 (0.510643,2.313933] 1.803289 [0.658835,0.920119] 0.261284

Fuzzy envelope of maximum deflection

Fuzzy envelope of transmission coefficient

2.4 2.6 2.8 3.0 3.2 34 3.6
Q

3.0 32 3.4 3.6

Q

2.4 2.6 2.8

Figure 6. Fuzzy envelopes of maximum deflection and transmission coefficient in the resonance region.

3.5. Spatial Uncertainty at Resonance

The spatial distributions at 2* preserve the mode-
like form of the deterministic solution. The widest inter-
val of |W(z)| occurs near the beam midspan, where the
first flexural mode reaches its antinode. The uncertainty
in the bending moment is also largest in the central region
because the curvature is strongest there (see Figure 7).

The uncertainty width is largest near the first-

Spatial envelope at Q"

mode antinode.
The pattern is consistent with the reduced mode ap-

proximation:
W (x) ~ Aysin (nz), M(z) ~ —pn?A;sin (7).

Thus, the response width is geometrically concen-
trated near the same structural region that governs the

greatest deterministic demand.

Bending-moment envelope at Q"

2.0 1

w|

1.0

0.5+

0.01

2.01

1.549

M|

1.0

0.54

0.0

0.0 0.2 0.4 0.6 0.8 1.0
x/IL

0.0 0.2 0.4 0.6 0.8 1.0
x/L

Figure 7. Spatial fuzzy envelopes of deflection and bending moment at the resonance-focused frequency.

3.6. One-at-a-Time Sensitivity

A one-at-a-time sensitivity study was performed at

E3
& . In each run, only one parameter varied across its full

fuzzy support while the other five remained fixed at their

deterministic values. The resulting width contributions
are shown in Table 6.

The current methodology also faces obvious short-
comings. We thus find the hydrodynamic kernel reduced

(not fully resolved), idealized support condition, effec-
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tive coefficient flow term (with respect to differential
permeability) instead of a full flow model with respect to
permeability, and triangular fuzzy numbers with vertex
evaluation in order to simplicate uncertainty computa-
tions. As such, the results should be read as benchmark-
level and uncertainty-inclusive rather than a fully vali-
dated design tool. Next steps remain a stability map,
direct comparison against a high-fidelity solver, and a
global interaction-based sensitivity study.

This intuitively defines a fuzzy Legendre-Green

function benchmark for hydro-elastic wave attenuation
in a flexible porous floating breakwater. The govern-
ing beam problem was formulated as a Fredholm inte-
gral equation and was efficiently solved using Legendre-
Gauss-Lobatto collocation. The numerical findings re-
vealed a narrow resonant zone where structural re-
sponse emitted strong amplifications and widening of
fuzzy response envelopes. The benchmark also revealed
a strong dependence of response width on porous dissi-
pation and forcing level for the selected parameter set.

Table 6. One-at-a-time width contributions at Q*.

Parameter Width Contribution to |W|max Share Width Contribution to K¢ Share
(%) (%)
B 0.004349 0.31 0.000637 0.30
m 0.009165 0.65 0.001547 0.73
s 0.091890 6.47 0.014057 6.67
5 0.277444 19.53 0.042455 20.14
o 0.595039 41.89 0.084432 40.06
a 0.442663 31.16 0.067657 32.10

To conclude, the current formulation provides: a
compact Green-function benchmark for hydro-elastic
analysis; an efficient collocation-based numerical solu-
tion; a simple fuzzy uncertainty propagation framework;
interpretable

and physically attenuation-response

trends near resonance. The model is low in compu-
tational load and scaleable, but needs to be validated
against more physics faithful hydrodynamic codes on
universal benchmarks before being deployed for engi-

neering directly.

4. Discussion

Atthis point, the resonance peak may also be under-
stood through the reduced maneuvering potential first-
mode denominator, which plays out when its real part
hovers around zero and the imaginary components are
kept constrained; the amplitude quickly rises. This is
characteristic of a lightly damped resonance response
and accounts for why both displacement and attenuation

vary rapidly over a small frequency band.
D1(Q) = prt — Q% — iQy + A1 (D, ).

This same denominator also explains why, when it

is large near resonance, a small change in one parameter

yields no more than a mild change of the response. Be-
cause the denominator is small, that same parameter vari-
ation produces a much larger shift. Which is why uncer-
tainty is most apparent near the "peak response” area.
This trend is also expressible in local sensitivity
form, since the response magnitude is inversely depen-
dent on the modal denominator; any perturbation that
alters that denominator is amplified more strongly near
resonance. The numerical results confirm this expected

behavior in a very clear way.

a
A(Q) =
1(€) Dr@)’
a local perturbation gives:
514y ~ —4 R (D16D;) + ——dlal.
|Dy|? | D1

If | Dy |is large, the same parameter change gener-
ates only a small response shift. It means that the re-
sponse becomes much more sensitive if |D;| is small.
These are the reasons that in this study the uncertainty
band remains tight far away from resonance and widen
very fast close to the resonate-driven frequency. The
sensitivity ranking obtained here is benchmark-specific;
however, physical sense is clear. The effective en-

ergy lost in the system is altered by porous dissipation,
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whereas the response level directly gets scaled by forc-
ing amplitude. Parameters related to stiffness and in-
ertia are also important, but their influence is less pro-
nounced in the selected data set.

The current results are largely consistent with the
recent works on flexible floating breakwaters. Previous
research indicates that flexible and dissipative compo-
nents can enhance attenuation; however, hydro-elastic
response may become dominant at critical operational
conditions. The current model supports the same gen-
eral message but adds a bounded-uncertainty view.

But one major benefit of the way we do this here, fi-
nally, is to keep things very brief yet still maintain some
clear physical interpretability. The technique is therefore
appropriate for early design studies and benchmarking in-
vestigations. The structural model can be extended to con-
sider more modes, mooring effects, or nonlinear response
if necessary. The hydrodynamic kernel can be replaced
by a validated boundary-element or higher-fidelity inter-
action model. More realistic porous relations can be in-
troduced. It would also be useful to compare fuzzy prop-
agation with interval, stochastic, or evidence-based uncer-
tainty models on the same benchmark.

5. Conclusions

This study presented a mathematical framework
for analyzing a flexible porous floating breakwater under
bounded uncertainty. The governing hydro-elastic equa-
tion was reduced with a Green function and solved by
Legendre-Gauss-Lobatto collocation, which is very much
addressed. Fuzzy input parameters were propagated
along with alpha-cut analysis so that both structural re-
sponse and wave attenuation could be examined within
the same existing model. The numerical study showed a
clear resonance region where response amplitudes rise
sharply, and uncertainty bands widen considerably as
per this study. The results discussed in this study also
showed that uncertainty is concentrated near the spatial
region of maximum structural response and that, for the
chosen benchmark, porous dissipation and forcing level
are the most influential inputs.

Finally, in this study, the method offers a practi-

cal tool for preliminary uncertainty-aware assessment

of flexible porous floating breakwaters. It is mathemati-
cally and numerically transparent, computationally light,
and easy to extend to many relevant situations. While
it is not a replacement for a fully calibrated site-specific
model but it provides a useful intermediate step be-
tween very simple reduced models and much heavier
numerical simulations to address all such types of situ-
ations discussed in this study.
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