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ABSTRACT

This study presents a fuzzy finite difference framework for the wave-induced lateral vibration of a fixed off-
shore platform idealized as an equivalent cantilever. The motivation is that key inputs in offshore response anal-
ysis, including hydrodynamic coefficients, structural stiffness, wave height, and damping, are often bounded but
not known precisely enough to support a fully probabilistic description. The governing Euler-Bernoulli vibration
model is driven by a linearized Morison-type load, and the uncertain quantities £, H, Cy;, Cp, and £ are repre-
sented by triangular fuzzy numbers. Alpha-cut decomposition reduces the fuzzy problem to one with an equivalent
family of deterministic corner problems, and an implicit finite difference scheme is used to solve each corner prob-
lem. The mesh-converged deterministic first-mode frequency of the representative benchmark is 0.134 Hz, and its
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time-asymptotic top-displacement amplitude is 37.22 mm. As a decreases from 1 to 0, the fuzzy peak response
1 to an interval [28.06, 47.87] mm at o = 0, of width 19.81 mm. The results
provide insight that inertia coefficient C},, followed by wave height H and elastic modulus E are the most influen-

widens from a precise value at « =

tial variables upon response width. The parametric framework produces various nested fuzzy response sets while
ensuring stable mesh-converged solutions, as well as an interpretable uncertainty band, enabling a preliminary
serviceability assessment process. The study serves as a simplified benchmark model, and the assumptions, such
as equivalent-cantilever idealization and linearisation of drag, are explicitly stated.

Keywords: Hydrodynamic Uncertainty; Alpha-Cut Propagation; Morison Loading; Implicit Time Stepping; Interval

Response Envelopes; Marine Structural Dynamics; Fuzzy Finite Differences

1. Introduction

1.1. Background and Motivation

Because of their geometric efficiency, con-
structability, and long-term performance in shallow and
intermediate waters, fixed offshore platforms remain
important structural systems for marine resource explo-
ration, coastal energy infrastructure, and offshore pro-
duction support=3l, Their safety is governed not only
by extreme events but also by repeated wave-induced
vibration, which can contribute to fatigue damage, deck
motion, and reduced accessibility over long service life-
times [+ 3!,

The reduced equivalent-cantilever model is useful
at the preliminary analysis level because it preserves
the leading lateral vibration mechanism while keeping
the governing model transparent for uncertainty prop-
agation. This simplification is not intended to rep-
resent every brace, joint, foundation, or local stress-
redistribution effect in a detailed offshore platform. Itis
most appropriate when the first lateral mode dominates
the response, when regular serviceability-level wave mo-
tion is considered, and when the purpose is preliminary
screening rather than final design validation.

One important problem in wave-induced response
analysis is that many of the model inputs are not pre-
cisely known in practice and these comprise the hydro-
dynamic coefficients in Morison type loading, equiva-
lent damping ratio, effective flexural rigidity of a struc-
ture, and even representative incident wave height for
a given design sea state[*°l, In recent study platforms,

the uncertainty is often epistemic and originates from

model simplification, limited site records, and param-
eter fitting. In aging platforms, the uncertainty is fur-
ther affected by corrosion, stiffness degradation, joint
looseness, and deviations between the as-designed and
as-operated structure™* 5], Since the seminal formula-
tion of fuzzy sets by Zadeh!®l, fuzzy arithmetic and a-
cut analysis have become standard tools for propagating
bounded-but-imprecise engineering data through math-
ematical models!7].

1.2. Previous Work and Research Gap

Wave loads on slender offshore members are still
commonly represented through the Morison frame-
work, which separates inertia and drag effects and re-
mains widely used in practical marine structural anal-
ysis[®l. In recent years, offshore-platform dynamics re-
search has focused strongly on vibration control de-
vices, reduced-order dynamic models, fluid-structure
simulations, experimental validation, probabilistic as-
sessment, and data-driven prediction. Representative
examples include magnetorheological elastomer isola-
tion systemsl], neuro-fuzzy vibration control of off-
shore jacket platforms(!?l, tuned liquid damper strate-
gies!'1 12 computational fluid dynamics-finite element
analysis (CFD-FEA) coupling under combined offshore

[13

hazards[*3, shaking-table and numerical studies includ-

ing soil- water-structure interaction (14], comprehensive

reviews of passive vibration mitigation methods],

sampled-data fuzzy modeling and control under wave
loads®), hybrid learning-based dynamic response pre-

17]

diction'7], probabilistic seismic assessment of jacket

platforms 8], and recent deepwater platform vibration
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mitigation using viscous dampers %],

The present framework differs from control-
oriented fuzzy studies in two ways. First, the fuzzy vari-
ables are embedded directly in the structural-governing
equation rather than in a controller rule base. Sec-
ond, uncertainty is propagated through alpha-cut corner
problems of the continuum model itself, so the output
is a mechanics-based response envelope instead of a
control-law tuning outcome.

Despite this progress, two gaps remain clear under
this study. First, most recent offshore vibration studies
are either deterministic structural analyses or control-
oriented dynamic models, while uncertainty is treated
mainly in probabilistic, experimental, or data-driven
ways [> 191, Second, the few offshore studies that employ
fuzzy logic are mostly focused on controller synthesis or
system identification rather than on a direct fuzzy nu-
merical solution of a continuum vibration model [ 16,
In particular, a mathematically explicit framework that
starts from a structural partial differential equation, in-
troduces fuzzy uncertain parameters, transforms the
problem by a-cuts, and then solves the resulting fam-
ily of interval subproblems by a finite difference method
with stated consistency, stability, and convergence prop-
erties is still scarce for fixed offshore platforms.

1.3. Aim, Novelty, and Contributions

The aim of this study is therefore to develop a math-
ematically transparent fuzzy finite difference framework
for the lateral vibration of a fixed offshore platform un-
der regular wave loading. The platform is reduced to an
equivalent cantilever member so that the principal lat-
eral vibration mechanism can be described by an Euler-
Bernoulli-type structural model subjected to uncertain
Morison loading.

The novelty of the study lies in combining:

(1) A continuum structural representation of a fixed
offshore platform;

(2) Fuzzy characterization of the main uncertain hy-
drodynamic and structural parameters;

(3) a-cut decomposition with interval corner sam-

pling;
(4) An implicit finite difference solver with explicit

mathematical properties.

The main contributions are as follows.

A wave-induced platform vibration model is formu-
lated using an equivalent cantilever representation with
hydrodynamic forcing acting only over the submerged

portion of the structure.

m  The uncertain quantities F, H, Cy;,Cp, and £ are
represented as triangular fuzzy numbers and prop-
agated through a-cut interval analysis.

m  An implicit finite difference scheme is derived for
the resulting family of deterministic subproblems.

m  Theremainder of the manuscriptis organized as fol-
lows. Section 2 formulates the reduced cantilever
model, the fuzzy parameterization, and the implicit
finite difference scheme, and it also summarizes
the mathematical properties used in the numerical
implementation. In Section 3, we propose the de-
terministic benchmark and the fuzzy response en-
velopes with parameter-wise width contributions.
Section 4 interprets results, articulates the major
modeling limitations, and discusses how the cur-
rent reduced framework can connect with offshore
assessment and response-control practice. Section
5 concludes the study.

m  For admissibly positive coefficients, the solver
is shown to exhibit a second-order global error
structure for the selected boundary closures and
bounded discrete energy.

Finally, a benchmark numerical study is provided
for quantifying deterministic response, fuzzy response
bands and contributions of parameters to the width of
responses.

The argument supporting the use of the equivalent
cantilever is restricted to global serviceability response.
For the selected 90 m benchmark platform in 80 m wa-
ter depth, the regular-wave excitation frequency is 0.125
Hz, the estimated first structural frequency is about
0.134 Hz, and the second cantilever frequency is approx-
imately 0.84 Hz, which is about 6.27 times the first fre-
quency. Therefore, the selected wave excitation is much
closer to the first lateral sway mode than to the higher
modes. The assumption may fail for strong higher-mode

participation, high local joint flexibility, nonlinear soil-
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pile response, or highly irregular environmental loading;
these limitations are revisited in the discussion.

2. Materials and Methods

2.1. Structural Idealization of the Fixed Off-
shore Platform

To emphasize the mathematical development
while preserving the dominant structural physics, the
fixed offshore platform is idealized as an equivalent ver-
tical cantilever of total height L, clamped at the seabed
and subjected to horizontal wave loading over the sub-
merged depth h. This type of reduced-order representa-

tion is consistent with the common observation that the
first lateral mode dominates the regular-wave response
of jacket-type and other fixed offshore support systems
in serviceability-oriented analyses > 1114,

Let z € [0, L] denote the vertical coordinate mea-
sured upward from the seabed and let u(z,t) denote
the horizontal displacement. The submerged portion of
the structure occupies 0 < z < h, while the segment
h < z < L is above the still water level and carries no
direct wave load.

The structural model is reduced to an equivalent
cantilever of total height L = 90 m in water depth
h = 80 m. The fuzzy parameters propagated through

the model are E, fI, GD, Cr, and g(Figure 1).

Regular wave propagation

qu.(z. ) !

Idealized cantilever representation of a fixed offshore platform under regular wave loading

Still water level

4

Fuzzy parameters
E- ﬂ- ch cﬂr t

Deflected profile
u(z,t)

L=90m
=80m

h

Seabed

Figure 1. Idealized cantilever representation of a fixed offshore platform under regular wave loading.

For the present formulas used in this study, the
equivalent beam properties are taken as uniform along
the height for mathematical and numerical clarity. Thus,

the model uses:

e Equivalent mass per unit length, m..

¢  Equivalent flexural rigidity, E'1.

Equation (1) follows the standard Euler-Bernoulli
beam representation of a damped laterally vibrating can-
tilever under distributed external loading and is widely
used in reduced offshore structural dynamics; see, for

example, Morison-type offshore loading formulations to-
gether with equivalent beam idealizations in studies of
Morison et al., Sardar and Chakraborty, Lin et al., and Liu

etal LS 11_14].

e  Structural damping c,.
e Equivalent hydrodynamic diameter D..

The quantities of engineering interest are the
top displacement w(L,t), top velocity u.(L,t), top ac-
celeration uy(L,t), base bending moment M;(t) =
ETlu,.(0,t), and base shear V;,(t) = —ETu,..(0,1).
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2.2. Deterministic Governing Equation

The starting point is the lateral vibration equation
for an equivalent Euler-Bernoulli cantilever:

0%u Ju 0*u
e A0 s + Bl — = qu ,t),
megm Teg tEGa —a=h. g
0<z< L,t>0,
with initial conditions:
ou
u(zvo) = UO(Z)a a(za O) = UO(Z)a (2)
and cantilever boundary conditions:
ou
0,t) =0, —(0,t) =0; 3
u(0.1) 52 (0,) (32)
0%u 3u

The distributed wave load ¢, (z,t) is applied only
on the submerged interval 0 < z < h. Using Morison's
approach(®l, the hydrodynamic force per unit length is
written as:

Qw(z7 t) = X][0,h] (Z) [;QCDDE ‘Uw(Z, t)
—ug(2, 1) (Uw(2,t) — ui(2,1))
D2
: aw<z,t>} | @

where g is seawater density, C'p is the drag coefficient,

+0Cym

C\ is the inertia coefficient, and x[o,5)(2) is the indica-
tor of the submerged segment.

The drag linearization is adopted for computa-
tional efficiency and for compatibility with the implicit
linear solver. Its validity is strongest for moderate
regular-wave conditions where sign changes of the rel-
ative velocity do not create strongly asymmetric drag
cycles. In situations with large wave heights, strongly
nonlinear velocity histories, or irregular-wave excita-
tion, the linearized drag term may underestimate peak-
response modulation and should be replaced by an itera-
tive or fully nonlinear treatment. A supplementary base-
line comparison with the original nonlinear drag term is
reported in Section 3.2 to quantify the size of this approx-
imation for the present case.

For regular waves, the horizontal water-particle ve-
locity and acceleration are represented by linear wave

theory as:

_ mH cosh(kz)
Uw(Z,t) = Tm Ccos (wt),

(5a)

wH cosh(kz) .
w(z,t) = —w———= t), 5b
@ (21) YT sinh(kh) sin (wt) (5b)
where H is wave height, T is wave period, w = 27/T,

and the wave number k satisfies the dispersion relation:

w? = gktanh (kh). (6)

For numerical tractability, the quadratic drag term
is locally linearized about a reference relative velocity
U-(z) = max; |Uy(z,t)]. This leads to the approxima-
tion:

|Uw _ut|<Uw _ut) %Ur(z) (Uw _ut)7 (7)
so that the governing equation becomes:
0%u ou 0*u
CAPNTDY C as Eli = 7w 7t )
mege TR G P EGE =Wz,
0<z<L,t>0.
with:
1
E(Z) =cs+ X[O,h](z)ichDeUr(Z) (9)
nD?
Qw(za t) = X[0,h] (Z) |:QCJW 4 < aw(z7 t)
1
+29C’DD6UT(Z)Uw(z,t)] . (10)

Note that in the benchmark calculations, we con-
sider the central damping-ratio value £ as 0.03 and de-
fine the fuzzy interval by the triangular number (0.028,
0.030, 0.032).
the structural damping term for both deterministic and

This value is consistently applied in

fuzzy simulations reported.
Equation (8) is the deterministic backbone of the
proposed fuzzy formulation.

2.3. Fuzzy Parametrization and a-Cut
Transformation

The primary uncertain parameters are taken as:
5:(5‘)[?76]\/176[)75)’ (11)

where E isthe damping ratio used to define the structural
damping coefficient through:

Ccs = 26mews, (12)
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and w; is the first natural circular frequency of the equiv-
alent cantilever.

The vertex-based interval procedure is used be-
cause it does not assume monotonic dependence of the
response on every uncertain parameter. This is impor-
tant near dynamic amplification, where stiffness, damp-
ing, and hydrodynamic parameters may interact nonlin-
early even when the benchmark response remains mod-
erate.

Each uncertain quantity is represented by a trian-

gular fuzzy number:

ﬁ:(p17p25p3)7p1 SPQ Sp?)a (13)
whose a-cut interval is:
pl* = [p1 +a(p2 —p1),p3 — a(ps —p2)],
P =t -p) s ate -l

0<a<l.

Accordingly, the a-level parameter box is:

P® = [E]® x [H]* x [GM} X [5]3} x [ (15)

Because the drag contribution may introduce mild
non-monotonicity, the present study uses corner sam-
pling over the a-box rather than relying solely on end-
point monotonicity. Let V* denote the 2° = 32 vertices

of P®. Then the fuzzy response at each a-level is recon-
structed by:

[u]*(z,t) = | min u(z,t;p), max u(z,t;p)| .

16
peve peve ( )

The corresponding top-displacement width is:

We(t) = u™*(L,t) — u"*(L,t). (17)

This vertex-based reconstruction preserves the
nested structure of the fuzzy solution because the hyper-
rectangle P® shrinks monotonically as « increases.

Figure 2 shows the triangular fuzzy descriptions
used for wave height H, inertia coefficient C'y;, and elas-
tic modulus F.

Table 1 below has the list of deterministic baseline
parameters of this study, which represents the bench-
marks.

The deterministic values define the representative
benchmark case used in the manuscript draft. Their di-
mensional scale is consistent with recent fixed/jacket
offshore dynamic studies reported in the recent offshore-

12191 These values are treated as

platform literature
representative benchmark parameters rather than site-
calibrated design values the triangular fuzzy parameters
used in this possibilistic analysis of this study is given be-

low in Table 2.

Figure 2. Representative triangular membership functions used in the a-cut analysis.



Sustainable Marine Structures | Volume 08 | Issue 03 | September 2026

Table 1. Deterministic baseline parameters of the representative benchmark platform.

Symbol Quantity Value Unit
L Total platform height 90 m
h Water depth 80 m
De Equivalent hydrodynamic diameter 2.50 m
Me Equivalent mass per unit length 2.65 x 10° kgm™—1
El Equivalent flexural rigidity 1.00 x 1012 N m?
0 Seawater density 1,025 kgm™3
13 Structural damping ratio 0.03 -
H Regular wave height 6.0 m
T Regular wave period 8.0 s
Cwmr Inertia coefficient 2.0 -
Cp Drag coefficient 1.0 -
Az Spatial step (baseline run) 1.5 m
At Time step (baseline run) 0.01 s
tmax Total simulation time 30 s
Nqo Number of a-levels 11 -

Table 2. Triangular fuzzy parameters used in the possibilistic analysis.

Parameter Triangular Fuzzy Number Unit
§ (200, 210, 220) GPa
H (5.4, 6.0, 6.6) m
Cum (1.8,2.0,2.2) -
Cp (0.95, 1.00, 1.05)
£ (0.028, 0.030, 0.032)
The central values define the deterministic base- stencil is:
line, while the side values quantify bounded epistemic o Ul — Al Gl — Auly +ul,
uncertainty. The side values were selected as bounded o up = Al ) 21)
engineering supports: approximately +4.8% for elastic i—=9 N _2
[

modulus, +10% for wave height, £#10% for inertia coef-
ficient, +5% for drag coefficient, and +0.002 for damp-
ing ratio. They are therefore intended for a represen-
tative uncertainty benchmark when direct site statistics

are not available, not as universal offshore design limits.

2.4. Implicit Finite Difference Discretiza-
tion

A uniform grid is introduced as:

zi=1Az, 1=0,1,...,N; (18)

t" =nAt, n=0,1,..., M. (19)

Let u' ~ u (z;,t"). The second-order central time

operators are:

u?t — oy 4t
6ttu7,n = A;Q * L 9
(20)
uﬂ""l — un_l
ti 2At

For the fourth derivative, the interior five-point

At each «-level and each corner parameter setp €
V<, the proposed implicit finite difference scheme is:

n+1 n—1
n o = n u; + u;
Me Oty + CiOpu; +EIZ‘5;1 <2) = 22)
Toyis 1= 2,..., N —2.

The root boundary conditions are approximated

by:
ug =0, =3ug +4uy —uy =0 (23a)
while the free-end conditions are closed by:
uy —2uN_; Fuf_y =0, (23b)
uf — 3uR_; +3uy_o —un_g3=0. (23¢)

Equations (22)-(23) can be assembled into the re-

cursion:
APU™ = BpU" +C(p)U™ '+ F*(p), (24)
where U™ = [uf, ..., u%]T.
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2.5. Mathematical of the

Scheme

Properties

The interior stencil is second-order in time and
fourth-order in space, but the adopted practical bound-
ary closures are second-order. Therefore, the global

truncation structure is conservatively taken as:

=0 (A + AZ?) (25)
Define the discrete energy:
m Un — Un—l 2
Bt =5 A +
ol (26)

El nil2 n—112
= (la2om |3+ [a2om=3) .

where A? denotes the discrete second-difference opera-
tor.

Theorem 1 (Unique Solvability). If m., >
0,EI > 0,and ¢; > 0 for all grid points, then the matrix
A(p) in Equation (24) is nonsingular for every admissible
p € P?. Hence, the discrete system has a unique solution
at every time step.

In particular, the damping contribution enters the
discrete energy balance with a non-negative sign, so it
does not destabilize the recursion and instead contributes
to boundedness of the numerical response. The proofs are
standard for implicit linear finite difference systems with
positive mass, stiffness, and damping coefficients, and the
present statements are included to document the numeri-
cal well-posedness of each deterministic corner problem.

Theorem 2 (Stability). Under the same assump-
tions, there exists a constant C' > (), independent of n,
such that:

With 11 alpha-levels and 32 vertices per level, the
full fuzzy run requires 352 deterministic time-marching
solves for one benchmark case. Because each subprob-
lem is one-dimensional and linear after drag linearization,
the total computational cost remains modest and is suit-
able for preliminary screening studies. The present work
does not claim optimized high-performance implementa-
tion; rather, it highlights that the added cost of fuzzy prop-
agation is manageable within the reduced-order model.

Etl < <E1 +EC ALY ||Fm§> : (27)

m=1

Thus, the implicit scheme is stable in the discrete en-
ergy norm.

Theorem 3 (Convergence). If the exact solution of
Equation (8) is sufficiently smooth, then the numerical so-
lution of Equations (22)-(23) satisfies:

U™ —U (t")]l, < C (A2 + A2%), 0<n < M. (28)

The proof follows from consistency, the discrete en-
ergy estimate, and a standard Laxtype argument.

The mathematical consequence relevant to the fuzzy
problem is immediate: since every «-level corner problem
is solved by a stable and convergent deterministic scheme
the reconstructed fuzzy response band is itself numerically
well-defined and inherits the nested interval property.

2.6. Computational Workflow

For each & € {0,0.1,...,1}, the five uncertain
parameters generate a 32-vertex interval box. At ev-
ery vertex, the deterministic system in Equation (24) is
solved over the full-time domain. The lower and upper
responses are then reconstructed from Equation (16),
and the fuzzy width from Equation (17). The full work-
flow is summarized in Figure 3.

The present verification is therefore twofold: first,
the computed first-mode frequency agrees closely with
the classical cantilever estimate, and second, the mesh-
time solution is numerically converged for the bench-
mark output quantity of interest. This is a limited val-
idation rather than a full external validation. Compari-
son with detailed finite element, experimental, or field-
response data is an important next step before site-
specific engineering deployment. As an additional exter-
nal trend check, the computed serviceability-scale dis-
placement is compared qualitatively with the response
ranges and trends reported in recent jacket-platform
numerical and experimental studies!!’-1* 171 but the
manuscript deliberately avoids claiming site-specific val-
idation.

The workflow begins with the deterministic Partial
Differential Equation (PDE) model, introduces fuzzy pa-
rameterization and a-cut decomposition, solves the re-
sulting systems with an implicit finite difference method,
and reconstructs the interval response and sensitivity

measures.
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Deterministic structural
model
PDE + cantilever idealization

Fuzzy parameterization
triangular fuzzy
numbers

—|

Implicit finite difference
space-time
discretization

a-cut decomposition
interval subproblems

~.

Linear system assembly
AU =BU+CU"" +Fn

Corner sampling / interval
response reconstruction

Post-processing
response bands &
sensitivity

frequency check + mesh

Verification

study

Figure 3. Computational workflow of the proposed fuzzy finite difference framework.

3. Results

3.1. Deterministic Verification and Mesh
Convergence

Before discussing the fuzzy solution, the determin-
istic benchmark was checked against the closed-form
first-mode estimate of an equivalent cantilever beam:

1.875% | EI
2rL? \ m.’

Using the baseline values in Table 1, Equation

fi= (29)

(29) gives an analytical estimate of approximately f; =
0.134 Hz. The numerical finite difference solution con-
verged to essentially the same value as the mesh was
refined. The frequency-separation check also supports
the first-mode idealization: the imposed wave frequency
of 0.125 Hz is close to the first-mode estimate of about
0.134 Hz, whereas the second cantilever frequency is ap-
proximately 0.84 Hz and is therefore far from the present
excitation range.

Additional trial calculations at wave periods near
the baseline produced the expected increase in ampli-
tude as the forcing period approached the dominant
structural period. These observations are used only as
a supporting trend check, not as a complete parametric
map, because the present manuscript focuses on a single

representative benchmark case.

The deterministic benchmark is solved on increas-
ingly refined mesh-time grids. Here, the analytical
first-mode estimate from Equation (29), where f{" =
0.13419 Hz for the assumed platform parameters, and
0.75 mm, At = 0.005 s)
is taken as numerical reference. The error measure e,

is calculated on the time (20 < ¢ < 30 s) during which in
steady-state, and from:

()

N2/

log2

the best grid solution (Az =

p:

The deterministic benchmark solution converges
monotonically as both the spatial and temporal dis-
The

computed first-mode frequency approaches the analyt-

cretizations are refined, as shown in Table 3.

ical prediction, while the maximum steady-state top dis-
placement plateaus at 37.22 mm on the finest grid. The
maximum-norm error decreases from 1.92 mm to 0.11
mm, and the observed orders confirm the theoretical
second-order global convergence of the practical imple-
mentation. This behaviour is consistent with Equation
(28), because the interior discretization is high-order
but the overall scheme is governed by the second-order

boundary closures.

Table 3. Mesh-time convergence of the deterministic benchmark solution.

Az (m) At (s) Nz Numericalf1  Relative Error Peak € = M - Observed
(Hz) inf1 (%) steady-state  Urer 4 . (20,30s) Orderp
Ju(Lt)l (mm)
(mm)
6.00 0.040 16 0.13800 2.84% 38.46 1.92 -
3.00 0.020 31 0.13520 0.75% 37.57 0.47 2.03
1.50 0.010 61 0.13445 0.19% 37.30 0.11 2.10
0.75 0.005 121 0.13422 0.02% 37.22 Reference Reference
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3.2. Deterministic Top-Displacement Re-
sponse under Regular Waves

The deterministic top displacement for the base-
line parameter setis shown in Figure 4. The time history
displays a short transient followed by a quasi-periodic
steady-state response. The steady-state window 20 <
t < 30 s shows a peak amplitude of 37.22 mm.

The deterministic solution therefore shows an ini-
tial transient followed by a steady harmonic response.
The shaded region indicates the steady-state window
used for peak-response extraction.

In the steady-state region, the response period is

very close to the imposed wave period, which is ex-
pected because the structure is excited by a regular har-
monic wave train. The effective damping in Equation
(9) dissipates energy added by the wave forcing. A sup-
plementary baseline calculation that retained the orig-
inal nonlinear drag term changed the steady-state top-
displacement peak from 37.22 mm to 38.05 mm, corre-
sponding to about 2.23%; therefore, the linearized drag
model is acceptable for this moderate benchmark but
should not be generalized to drag-dominated storm con-
ditions. The deterministic benchmark therefore repre-
sents a moderate but non-negligible serviceability re-

sponse level for a platform of this size.
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Figure 4. Deterministic top displacement response under regular wave loading.

3.3. Fuzzy Response Bands of the Top Dis-
placement

The reconstructed fuzzy top-displacement en-
velopes from the a-cut corner solutions are illustrated
in Figure 5. As expected, the band collapses to the de-
terministic response at « = 1, and increases the uncer-
tainty envelope as a approaches 0.

The fuzzy displacement bands are then plotted for
a = 0, 0.5 and 1. The outer band follows the largest
uncertainty set and the a = 1 band coincides with the de-
terministic solution.

The response sets in Figure 5 are properly nested:
the o = 1 curve lies within the a = 0.5 band, and the «
= 0.5 band lies within the a = 0 band. This is the in-

tended behavior of the fuzzy reconstruction in Equation
(16). The response band widens most near local maxima
and minima, showing that the uncertain parameters af-
fect mainly oscillation amplitude rather than phase.

This is a main effects only analysis. We recom-
mend interpreting the one-at-a-time ranking instead as
a practical prioritization according to local rather than
full interaction-aware global sensitivity. Since the fuzzy
solver evaluates all alpha-level vertices, subsequent re-
search can reuse the same computational infrastructure
to calculate wider interaction metrics or variance-based
rankings.

To quantify the effect, the peak top-displacement
interval over the steady-state window is summarized in
Table 4.

10
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Figure 5. Fuzzy response bands of the top displacement.

Table 4. Peak top-displacement intervals over the steady-state window 20 < ¢ < 30s.

a Lower Bound of Positive Peak (mm) Upper Bound of Positive Peak (mm) Width W§ (mm)
1.0 37.22 37.22 0.00
0.5 32.26 42.03 9.77
0.0 28.06 47.87 19.81

The top-displacement peak becomes an interval
when uncertainty is introduced. The interval width de-
creases monotonically as « increases, which confirms
the nested nature of the reconstructed fuzzy response.

At a = 0, the peak displacement width reaches
19.81 mm, which is about 53.2% of the deterministic
peak amplitude. This is a substantial uncertainty spread
for serviceability prediction and indicates that a single
crisp analysis may underestimate the range of admi-
ssible platform response. The nearly halved width at

a = 0.5 reflects the combination of triangular fuzzy in-

Peak displacement width
(mm)

Cu H
Figure 6. One-at-a-time contribution to the fuzzy width at o« = 0.

11

put descriptions and an almost linear response map over
the chosen uncertainty intervals.

3.4. One-at-a-Time Sensitivity of the Fuzzy
Width

To identify the uncertain parameters that dominate
the fuzzy spread, a one-at-a-time width analysis was car-
ried out at o = 0. In each run, only one parameter was
treated as fuzzy while the others were held at their de-
terministic baseline values. The resulting contribution

to the peak displacement width is shown in Figure 6.

E [+ 4
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The bar chart ranks the uncertain parameters by
their contribution to the peak top-displacement width
when varied individually over their full fuzzy support.

The inertia coefficient and wave height dominate
the fuzzy response width, while the drag coefficient and
damping ratio are weak contributors in the present reg-
ular wave benchmark.

The ranking in Table 5 has a clear physical inter-
pretation. The inertia coefficient C'y; and wave height H
dominate because the regular wave forcing amplitude is
strongly controlled by the inertia term of Morison load-
ing, which scales directly with C}; and indirectly with H
through wave kinematics in Equation (5). The elastic mod-

ulus F is the third most influential parameter because it

shifts the system frequency and therefore changes the dy-
namic amplification relative to the incoming wave period.
By contrast, the uncertainty in C'p and £ produces only
a small effect in the present benchmark because the re-
sponse remains in a moderately linear harmonic regime
where inertia-driven loading dominates. A minimal inter-
action check was also made by comparing the full fuzzy
width at a = 0 with the sum of the one-at-a-time widths.
The full width was 19.81 mm, and the rounded sum of
individual widths was also 19.81 mm, giving an interac-
tion residual below 0.01 mm. Thus, interaction effects are
negligible for the present moderate regular-wave bench-
mark, although they may become important for irregular

or strongly nonlinear drag-dominated cases.

Table 5. One-at-a-time contribution of each fuzzy parameter to the peak top displacement width at o = 0.

Parameter Width Contribution (mm) Contribution (%) Rank
Cun 7.91 39.9 1
H 7.63 385 2
E 4.00 20.2 3
Cp 0.18 0.9 4
13 0.09 0.5 5

4. Discussion

4.1. Mathematical Interpretation of the De-
terministic and Fuzzy Responses

The results in Section 3 can be interpreted com-
pactly by reducing the linearized governing system to its
dominant modal contribution. Writing:

u(z,t) = ¢1(2)q1 (1) (30)

where ¢, (2) is the first cantilever mode shape, and sub-
stituting Equation (30) into Equation (8), the leading-
order modal dynamics may be expressed as:
Mgy (t) + C1qy(t) + K1q1(t) = Prsin(wt),  (31)
where M7, C1, and K are the generalized mass, damp-
ing, and stiffness, respectively, and P; is the generalized
forcing amplitude associated with the linearized Mori-
son load. In the steady-state regime, the correspond-
ingamplitude satisfies steady-state amplitude of the first

modal coordinate of the angular frequency of the inci-
dent wave excitation.

the
present method does not require fully specified prob-

Compared with probabilistic approaches,

ability distributions and is therefore useful when uncer-
tainty is bounded but data are sparse. Compared with
data-driven methods, it preserves direct physical inter-
pretability because each parameter enters the govern-
ing equation explicitly. The trade-off is that the reduced
model is less detailed than a high-fidelity simulation and
less adaptive than monitoring-informed digital twins.

Py
\/(Kl — Myw?)® + (Crw)?

Ay = (32)

Equation (32) immediately explains the principal
observations from Section 3. Since the regular-wave
benchmark remained in a bounded damped regime, the
top-displacement history in Figure 4 exhibited the ex-
pected transient decay followed by a stable periodic re-
sponse. Likewise, the converged frequency estimate in
Table 3 is consistent with the fact that the adopted im-
plicit finite difference scheme preserves the dominant
low frequency structural content while controlling nu-
merical oscillations.

A first-order perturbation of Equation (32) around

12
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the baseline parameter vector pg = (E, H,Cy,Cp,§)

gives:
0A 04, 0A
A~ E H
6A; 8E6 +8H5 +30M(SCM+
(33)
O 50y 4+ 2 5¢
aCp P e 7

The present framework can also complement re-
cent response-control studies. Inerter-based and other
advanced passive or bio-inspired vibration-control de-
vices have attracted growing interest for offshore and
related marine-support structures because they can re-
duce dynamic demand once a credible baseline model is
available. In that setting, the fuzzy response envelope
obtained here can be used upstream of controller design
to identify whether uncertainty in the uncontrolled plat-
form response is already large enough to justify mitiga-
tion, monitoring thresholds, or robustness-oriented de-
vice tuning 20211,

The following interpretation is therefore restricted
to the reduced benchmark model and should be read as
preliminary engineering screening rather than design-
grade validation.

For the present regular-wave case, 9A4;/0H > 0
and 0A;/0C); > 0 because both quantities amplify the
hydrodynamic forcing term and on other side, £ modi-
fies the detuning quantity K, — M;w?, so its effect is in-
direct but still substantial. The contributions of C'p and
& are weaker because they primarily act through effec-
tive damping and because the benchmark case does not
lie in a sharply resonant regime. This provides a direct
mathematical explanation for the sensitivity ranking in
Table 5.

The nested response sets observed in Figure 5 are
If the re-

sponse map is locally near-affine over each a-level pa-

also consistent with the fuzzy formulation.

rameter box, then the top-response width can be approx-
imated by

W) =2 (34)

Jj=1

ou(L,t)
GRY | Ape

where Ap? is the half-width of the j — th a-cut inter-
val. Because the triangular fuzzy supports shrink lin-
early with «, Equation (34) explains why the displace-

ment band at o = 0.5 is approximately half of the o« = 0

band in Table 4. In other words, the present benchmark
behaves almost linearly with respect to the chosen un-
certainty ranges, which is why the fuzzy envelopes re-

main smooth and properly nested.

4.2. Relation to Current Offshore Vibration
and Uncertainty Literature

The primary practical application of the proposed
methodology is preliminary uncertainty-aware assess-
ment under moderate regular-wave excitation. Its ap-
plication to large-amplitude drag-dominated motion, ir-
regular waves, strong higher-mode participation, or di-
rect design-code certification requires extension of the
model and validation against detailed finite element, ex-
perimental, or field-response benchmarks.

Recent studies have examined offshore-structure
vibration mitigation through passive, semi-active, and
inerter-enhanced devices, but fewer studies directly
propagate uncertain hydrodynamic and structural pa-
rameters through a continuum numerical model. Rep-
resentative examples include passive vibration-control
reviews, semi-active tuned mass damper inerter sys-
tems for jacket structures, liquid-damper mitigation ap-
proaches, and tuned mass damper studies under com-
bined wind-wave-seismic excitation1%2%22-24 " These
works are valuable for response reduction, but they gen-
erally start from a crisp dynamic model and then opti-
mize or tune supplementary control devices.

Fuzzy methodologies have also appeared in off-
shore dynamics, but the recent direction has been pre-
dominantly control-oriented, focusing on sampled-data
fuzzy control laws and vibration suppression rather than
on the fuzzy numerical solution of a distributed param-
eter structural model['l, In this sense, the present
formulation is complementary: it does not compete
with control-device studies but instead supplies an
uncertainty-aware baseline analysis layer on which later
mitigation design can be built. That is, before adding a
control device, the analyst may first determine whether
the uncontrolled response itself is poorly constrained be-
cause of uncertainty in H, C';, or structural stiffness.

At the same time, offshore structural research is
moving rapidly toward data-driven prediction, struc-
tural health monitoring, and digital twins. Recent exam-
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ples include hybrid learning models for jacket-platform
response prediction, deep-learning-based Structural
Health Monitoring (SHM) for offshore jacket platforms,
broad overviews of SHM and fault diagnosis for offshore
support structures, full SHM-system design for jacket
platforms, and real-time digital twin frameworks for off-
shore wind support systems[1725-281 These develop-
ments suggest that offshore structural assessment is in-
creasingly becoming a fusion problem involving mechan-
ics, data, and uncertainty. The present fuzzy finite differ-
ence frameworKk fits naturally into this trend because it
offers a computationally light uncertainty envelope that
can be updated as monitoring data become available.
The need for such a framework is also consistent
with recent reviews on uncertainty analysis, fatigue life,
and integrity assessment of offshore structures. Recent
literature has highlighted the importance of uncertainty
in hydrodynamic coefficients, structural parameters, fa-
tigue loads, degradation, and inspection-informed in-
tegrity decisions!>?°-31, Within that broader context,
the present study contributes a tractable mathemati-
cal tool for uncertainty-aware serviceability analysis of

fixed platforms under marine excitation.

4.3. Engineering Implications for Fixed-
Platform Assessment

From an engineering standpoint, the most impor-
tantimplication of Section 3 is that a single deterministic
top-response estimate may be insufficient when the hy-
drodynamic inertia coefficient and representative wave
height are only approximately known. In the present
benchmark, the deterministic steady-state peak of 37.22
mm expands to the interval [28.06, 47.87)mm at o =
0. Such widening is not a minor correction; it is large
enough to influence serviceability checks, inspection pri-
oritization, and vibration-control decision making. This
interval should therefore be interpreted as a bench-
mark serviceability envelope rather than a calibrated
site-response prediction.

The uncertainty ranking obtained in Table 5 also
has clear operational value and parameters with the
highest contribution to response width should be the
first targets of calibration, field measurement, or model
updating. For the present case, the priority order is Cyy,
then H, then E, while C'p and £ are secondary within the
adopted regular wave of this study (Table 6).

Table 6. Engineering interpretation of the dominant uncertainty sources with recommended assessment actions.

Parameter Dominant Mathematical Pathway

Observed Influence in This

Recommended Engineering Action
Study

Cr Directly scales the inertia component of
Equation (10) and modal forcing P;

H Controls water-particle kinematics in
Equations (5)-(10)

E Changes stiffness K7 and detuning in
Equation (32)

Cp Enters the drag linearization and equiva-
lent damping

13 Affects C'1 in Equation (31)

Highest width contribution
Highest width contribution
Moderate width contribution
Low width contribution

Very low width contribution

Hydrodynamic calibration using site data,
tank-test evidence, or CFD-assisted updating
Improve representative sea state characteriza-
tion and loading envelopes

Update stiffness using inspection, modal test-
ing, or SHM-based model updating

Secondary calibration for the present regular-
wave regime

Treat as secondary unless near-resonance be-
havior is expected

Although the present study does not include con-
trol devices, the growing interest in dampers, inerter-
based systems, and smart control strategies suggests
that the proposed fuzzy solver can serve as an upstream
design module for quantifying uncontrolled uncertainty
before control optimization is attempted.

5. Conclusions

A fuzzy finite difference framework was developed

for the wave-driven lateral response of a fixed offshore

platform idealized as an equivalent cantilever beam.
Based on the results and discussion, the principal con-

clusions are as follows:

m A mathematically consistent vibration model was
established by combining an Euler-Bernoulli struc-
tural representation with alinearized Morison-type
hydrodynamic load and a triangular-fuzzy descrip-
tion of uncertain parameters.

m The a-cut formulation transformed the fuzzy
boundary-value problem into a family of determin-
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istic corner problems, enabling efficient interval
reconstruction of the displacement response over
the full-time domain.

m The adopted implicit finite difference method
produced mesh-converged deterministic solutions,
and the practical implementation exhibited second-
order global accuracy because of the second-order

boundary closures.

The representative benchmark and the determin-
istic first-mode frequency converged to approximately
0.134 Hz, and the steady-state top-displacement ampli-
tude converged to the value 37.22 mm. The fuzzy analy-
sis showed that the peak top displacement widened from
a crisp value at @ = 1 to the interval [28.06, 47.87] mm
ata = 0, expressing that parameter imprecision can sub-
stantially enlarge the required response band even in a
regular-wave regime.

The dominant contributors to response width were
the inertia coefficient C'y; and the wave height H, fol-
lowed by the elastic modulus E. The drag coefficient
Cp and damping ratio £ were comparatively weak con-
tributors in the adopted loading range. The proposed
method is therefore suitable for expected preliminary
uncertainty-aware serviceability assessment, parame-
ter prioritization, and mechanics-based preprocessing
for future SHM, digital-twin, fatigue, and with control-
oriented studies of fixed marine support structures. The
limited interaction-residual check further indicates that
the main-effects ranking is adequate for this moderate
benchmark. Before site-specific design use, however,
the model should be validated against detailed finite ele-

ment, experimental, or field-response data.
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