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A B S T R A C T

The numerical simulation of a ship’s hydroelastic structural response is typically carried out using 
simplified modelling approaches. The main reason can be found in the computational cost of the 
structural solver when solving the fully coupled hydro-elastic problems. In this work, a two-way 
coupled fluid-structure interaction model capable of efficiently and accurately computing the 
hydro-elastic response of a ship using a detailed full-length structural representation is proposed. 
To reduce the computational cost of the structural solver, a reduced-order method based on 
modal matrix reduction is applied. The main idea is to largely reduce the number of degrees of 
freedom of the structural system by retaining only those modes with significant energy. 
Furthermore, to improve the accuracy of the model, this work proposes a combined methodology 
in which a residual finite element (FE) solution is computed alongside the reduced model, while 
still achieving a reduction in the overall computational effort.

The seakeeping hydrodynamics is solved using the computational framework SeaFEM. And the 
structural particulars are introduced into this framework to fully integrate the fluid-structure 
interaction.

An application case of the proposed model strategy is presented for a detailed structural design 
of a ship. The consistency of the modal approximation and methodology is verified against the full 
FE structural solution. It shows the capabilities of the proposed framework to perform a fully 
coupled and detailed structural analysis, instead of at component level, with a significant 
reduction in computational time.

1. Introduction

The first reference to hydroelasticity in ships is generally attributed to the work of Inglis in 1929 [1], who first presented the 
concept that ships are flexible structures that can be modelled as elastic beams. However, the foundations for computational 
hydro-elasticity of ships were laid by Bishop et al. in their seminal works [2,3]. Despite the significant advancements in numerical 
methods over recent decades, the framework established in those works remains highly relevant and can still be considered the 
foundation of current computational and experimental methodologies for hydro-elastic analysis of ships and offshore platforms.
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Nomenclature

Notation
α scalar notation
σ vector or tensor notation
P vector notation

M
=

matrix notation

General
∇⋅ divergence operator
∇h gradient operator in the horizontal directions
ΓB wetted surface of the body (fluid-structure interface)

Hydro-elasticity
σ stress tensor
b mass force vector
u structural displacement vector field
u prescribed structural displacements
t prescribed tractions

M
=

mass matrix of the FEM hydro-elasticity problem

B
=

damping matrix of the FEM hydro-elasticity problem

K
=

stiffness matrix of the FEM hydro-elasticity problem
P generalized fluid force vector
F generalized force vector corresponding to concentrated loads
G generalized gravitational force vector
U vector of nodal displacements and rotations of the hydro-elasticity problem
PS vector of loads due to the hydrostatic pressure at equilibrium position
FS vector of static concentrated loads
PD vector of hydrodynamic loads

D
=

= {Di} matrix of characteristic eigenvectors or modes of the structure
Ωi natural frequency of the i th mode of the structure
Q = {qi} modal generalized coordinates

A
=

diagonal generalized mass matrix

Z
=

diagonal generalized stiffness matrix

C
=

(diagonal) generalized damping matrix
QR modal generalized coordinates of the rigid body modes
QD modal generalized coordinates of the rest of modes (excluding rigid body modes)
HR vector of generalized modal forces of the rigid body modes
HD vector of generalized modal forces of the rest of modes
ED

MMR elastic energy

Rigid-body dynamics

M
=

RD mass matrix associated with the rigid body degrees of freedom (DOFs)

B
=

RB damping matrix associated with the rigid body DOFs

K
=

RB hydrostatic restoring matrix associated with the rigid body DOFs
URB vector containing the components of the rigid body motion
PRB vectors of integrated hydrodynamic forces and moments acting on the body
FRB vectors of integrated concentrated forces and moments acting on the body
GRB vectors of integrated self-weight forces and moments acting on the body

Seakeeping solver
φ velocity potential
ξ free surface elevation
ϕ velocity potential of the diffracted-radiated waves
ψ velocity potential of the incident waves
ζ free surface elevation of the diffracted-radiated waves
η free surface elevation of the incident waves
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While current rules and regulations adequately cover most aspects relevant to structural ship design, several essential issues are 
only vaguely addressed or rely on case-by-case approval by the authorities. Among these aspects we can highlight different phenomena 
involving the hydro-elastic response, such as springing, whipping and racking, resulting in dynamically induced hull stresses. In this 
work, modal RAOs are computed to show the importance of a fully-coupled strategy to properly capture resonance effects of the lower 
modes, which are responsible for springing. It is shown than these effects are noticeable in wave encountering frequencies up to three 
times smaller than the modal frequencies.

The abovementioned dynamic phenomena can increase significantly the hull stresses. Therefore, in certain critical cases, the quasi- 
static approach to hydro-elasticity employed by the current rules and design guidelines can largely underestimate the actual design 
loads. Hence, in some cases, it is required to study the coupled hydro-elastic response of the structure [4] by carrying out experimental 
tests at model scale and/or running computer analysis. There are two different methods for hydro-elastic model testing. The first one 
and least popular, due to its complexity and cost [5], is to build a model using some elastic material trying to scale down the elastic 
behaviour of the ship [6,7]. In this method, the evaluation of the vibration modes cannot be estimated properly in fully elastic models 
due to larger internal damping [8]. The second one (and the most popular) is to build a segmented model connected by a flexible beam 
with similar global elastic properties [5,9–14]. The number of segments depend on the number of displacement modes to model. The 
pros and cons of both methodologies were analysed and compared in [8], where the advantages of the second option are highlighted.

Anyhow, a major drawback of both testing techniques is than only global hydro-elastic effects can be modelled and measured. The 
only alternative to analyse more local effects is the use of numerical simulations. The numerical simulation of hydroelasticity involve 
the coupling between the hydrodynamics and the structural dynamics. A recent study [15] highlights the growing importance of 
two-way coupling methods, which account for over 75 % of the research studies. The most common simulation approach combines 
potential flow theory for hydrodynamics and the finite element method (FEM) for structural analysis, both using 3D elements.

The approach is to solve the hydrodynamics with 3D potential flow based on the boundary element method (BEM), and the 
structural dynamics with the 1D beam and 3D (solid/shell) elements models using the finite element method (FEM) [13–19]. Several 
works have extended the fluid dynamics model, by solving the Navier Stokes equations instead of the potential flow equations [20–22]. 
A recent work [18] solved the global hydro-elastic response of a S175 ship using a coupled BEM–FEM approach and compared the 
results against the equivalent rigid body problem. From the structural point of view, just a few authors have used more sophisticated 
approaches such as the 1D-3D FEM hybrid method [16,19] or directly coupling a fully 3D FEM [23]. Most of the works only consider 
the linear response, while the most common approach for modelling the structure is based on the superposition of modes [4,12,21,23,
24], regardless the dimension of the model (1D beam or 3D). In order to be able to simulate transient or non-linear responses, it is 
necessary to work in the time-domain [4].

In the context of potential-flow solvers, several recent works in the field of floating wind propose a time-domain response- 
reconstruction approach, in which the solution is rebuilt from a series of unit load patterns [25–27]. This approximation significantly 
reduces the computational effort required for the structural assessment of a platform. However, its restriction to quasi-static analyses 
and the necessary introduction of spurious boundary conditions are major drawbacks. As an alternative, other authors have followed a 
different approach that requires performing the structural modal analysis and solving the wave-radiation problem for the corre
sponding displacement modes. The impulse response function proposed by Cummins [28] is used to transfer the results from the 
frequency domain to the time domain [12–14,19]. In some cases, only the rigid-body modes are considered in the wave-radiation 
problem [29,30]. A key limitation of these approximations is their inability to accurately capture local stresses -essential for pre
dicting failure- which primarily depend on local strains [31]. In order to overcome this drawback, it is necessary to solve in the 
time-domain the full 3D coupled hydro-elastic problem. Solving the full hydroelasticity problem in the time-domain is much less 

U velocity vector of the body

L
=

Laplacian Matrix
ΘB vector resulting of integrating the body boundary condition
ΘTS vector resulting of integrating the transom stern boundary condition
ΘR vector resulting of integrating the radiation boundary condition
ΘZ0 vector resulting of integrating the free surface boundary condition

Fluid-structure interaction

I
=F→S

interpolation matrix mapping fluid data onto the structure boundary

I
=S→F

interpolation matrix mapping displacements onto the fluid boundary
Γ operator for evaluating fluid pressure
E Γ extension operator from the rigid body solution to the boundary Γ
E D extension operator from the boundary Γ to the full structure
NΓ FEM integral operation on boundary Γ
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common in the literature due to its complexity and computational cost. In [32] a partitioned strategy was implemented to analyse the 
interaction between the free surface and the seals of a surface effect ship. The hydrodynamic model was based on potential flow with 
forward speed, and the results were compared with experimental tests. Subsequently, in [33], a study of the same case was presented 
using a RANS model to solve the fluid dynamics. However, due to its high computational cost, the analysis was limited to the sym
metric dynamic response. The substantial cost associated with RANS-based solvers generally restricts their application to simple 
geometrical models or to configurations with significant simplifications. A comprehensive review of the state of the art on flexible 
fluid–structure interactions in marine applications can be found in [34].

Should a floating structure require a structural analysis, this is usually performed by introducing the precomputed external loads 
into a detailed FEM structural model based on the finite element method. This partitioned strategy implies solving the hydro-elastic 
problem in several stages and transforming the frequency-domain hydrodynamic loads into time-domain. This approach only enables 
for one-way (weak) coupling, which may be acceptable for very stiff structures but can lead to significant errors in many other practical 
cases [33]. When simulating flexible structures, the two-ways (strong) coupling should be considered to account for the added mass 
and damping induced by the water on the structure. However, it is the most common way to carry out hydro-elastic analysis, due to the 
complexity and computational cost of solving the full three-dimensional problem in the time-domain, mostly taken by the structural 
solver [35]. In this regard, two-way coupling algorithms are typically restricted to simple geometries, as in [36].

One of the most recent works (published by the authors) [35] proposed a full time-domain hydro-elastic model using FEM-FEM 
coupled approach. On the one hand, the hydrodynamics model is based on a first-order linear potential flow considering the for
ward speed using the double body linearization. The velocity potential is solved using FEM. On the other hand, the structural dynamics 
is solved using a co-rotational shell FEM model which takes into account the geometric nonlinearity due to the change of the normal 
direction of the elements caused by the rigid-body displacements. Although that work shows that a monolithic approach can be more 
computationally efficient than a partitioned one, the reported CPU times for all cases show that these full FEM-based models remain 
prohibitive for integration into a design cycle.

One way to reduce the cost of these models is the application of model-order reduction techniques. A very recent work [37] presents 
an application for structural response evaluation using a Reduced-Order Model (ROM) generated from a Krylov subspace. Although it 
employs a very coarse structural definition and is restricted to one-way coupling, the study shows how these techniques can deliver 
high accuracy while drastically reducing computational times.

In the present work, on the other hand, the rigid body displacements are solved separately from the elastic displacements, and the 
latter are solved in a frame of reference fix to the structural system, making the geometrical linearity valid due to the consideration of 
the linear elastic response.

Also in this work, we aim to go further by developing a two-way coupled fluid-structure interaction model that can efficiently and 
accurately compute the hydro-elastic response of a ship using a detailed full-length structural representation. For this purpose, a single 
FEM-based computational framework is employed, in which the structural model is strongly coupled with the time-domain seakeeping 
solver SeaFEM [39–44]. To reduce the computational cost of coupled problem, a ROM based on the modal matrix reduction (MMR) 
technique [45] is developed for the structural solver. By retaining only those eigenmodes preserving most of the structural elastic 
energy, the number of structural Degrees of Freedom (DOFs) is greatly reduced, which also results in a significant decrease in the 
computational cost of the structural solver. However, the direct application of MMR can lead to a noticeable loss of accuracy, especially 
in the calculation of structural details. To overcome this drawback, this work proposes a hybrid methodology in which a residual FEM 
solution is computed to improve the reduced model solution.

This work finally presents a case study of a ship, analyzing different conditions to evaluate its dynamic response and demonstrate 
the capabilities of the developed computational framework. The case study shows how the hybrid Reduced Order Model - Full Order 
Model (ROM - FOM) approach enables a two-orders-of-magnitude speed-up without a noticeable loss of accuracy.

2. Computational framework

As previously noted, the conventional hydro-elastic analysis approach - involving a full FEM model of the structure - remains based 
on the weak one-way methodology described in current rules and design guidelines, as depicted in Fig. 1. The main steps are sum
marized as follows: 

1. In the first stage, the frequency-domain seakeeping solver solves the wave diffraction-radiation problem, from where the added 
mass, damping, Froude-Krylov and diffraction-radiation pressure distributions and loads are obtained.

2. In order to obtain the time dependent hydrodynamic loads, those outputs need to be transformed to the time-domain for each rigid- 
body dynamics realization representing a load-case.

3. Later, all external loads and the hydrodynamic pressure must be introduced into a structural solver to obtain the structural 
response.

4. Finally, the structural solver computes the displacements and stresses.

Several drawbacks are drawn from this methodology: 

• A number of independent computational tools must be used in serial execution.
• A large number of files and data are generated. These must be stored, written and accessed by the different tools.
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• The approach involves coupling in only one direction, restricting its applicability to highly rigid structures where hydro-elastic 
effects can be safely disregarded.

• Structural dynamic simulations are a bottleneck for hydro-elastic analysis. Often a quasi-static approach is used to reduce 
computational times (hiding potential resonance/dynamic effects).

In this work, a different approach is taken (see Fig. 2). This is based on a computational framework where all external loads are 
simultaneously computed and applied, in the time-domain, to the structural system dynamics. The tightly coupled hydro-elastic 
problem is solved iteratively. It should be highlighted that the fact that both solvers are integrated within a single framework al
lows for direct memory communication between them, avoiding the need to exchange information through files.

The implementation of this methodology requires a time-domain approach and the efficient integration of hydro and elastic solvers. 
However, the computational resources needed to solve a fully coupled problem can be prohibitively high for practical applications.

In [35], the authors of this work analysed different strategies for coupling the seakeeping hydrodynamics and structural dynamics 
using solvers developed in house and integrated into the commercial packages SeaFEM [46] and RamSeries [47]. Both solvers are 
implemented under the same programming framework, allowing direct communication between them and the use of OpenMP for the 
parallel execution of both solvers. However, that work left open the question of how to reduce the significant computational resources 
required for those calculations.

Fig. 2. Hydro-elastic computational framework.

Fig. 1. Computational flow for hydroelastic analysis using current numerical tools.
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It has been reported that most of the computational time required when coupling with potential flow hydrodynamics is taken to 
solve structural dynamics [35,48]. To overcome this bottleneck, the authors proposed a reduce order model based on modal matrix 
reduction in [45], where the number of degrees of freedom (DOF) for the structural problem can be largely reduced alongside its 
computational cost. However, the accuracy of this approach can be limited, especially in structural details, unless a large number of 
modes are used to capture the solution.

In this work a different approach is used to improve the reduce order model fidelity. First, the structural solver is used only to obtain 
structural particulars such as the modal base and material properties. Then, in a second stage, the seakeeping solver reads the 
structural particulars, building the structural dynamics equations coupled with the seakeeping hydrodynamics equations. This way, 
there is no need to execute the structural solver for each hydro-elastic execution with consequently an advantage in saving compu
tational cost. Furthermore, to increase the accuracy of the reduced approach, this work proposes a combined methodology in which a 
residual FEM solution is computed alongside the reduced model, still achieving a substantial reduction in the overall computational 
effort required.

The numerical details of the developed computational hydro-elastic solver are provided below.

3. Hydro-elastic solver

3.1. Governing hydro-elasticity equations of motion

The general form of the governing equations for structural dynamics can be written as [35]: 

∇ ⋅ σ + b = ρü¨ in Ωs, (1) 

u = u on P ∈ Su, (2) 

σ ⋅ n = t on P ∈ Sσ , (3) 

where σ is the stress tensor, b is the mass force vector, and Ωs is the structural domain, u is the structural displacement vector field, Su is 
the part of the structural external surface with prescribed displacements u, Sσ is the part of the structural external surface with pre
scribed tractions t. In the case of a fluid-structure problem, t includes the dynamic fluid pressure field f and other external loads.

The integral form of the above governing equations for a hydro-elasticity problem, modeled using the Finite Element Method 
(FEM), can be written in matrix form as [3]: 

M
=

Ü¨+ B
=

U̇ + K
=

U = P + F + G. (4) 

The matrixes M
=

, B
=

and K
=

represent the mass, damping and stiffness matrixes, respectively. P, F and G, are the column vectors of 
generalized forces associated with the loading. The fluid loading is simply represented by the generalized force vector P, while F 
corresponds to concentrated loads (e.g., mooring or propulsion forces), and G represents generalized gravitational forces. Finally, U is 
the vector of nodal unknowns (displacements and rotations).

In the above equation, the static (e.g. hydrostatic and gravitational forces) and dynamic loads and displacements can be split as 
follows: 

P(t) = PD(t) + PS, (5) 

F(t) = FD(t) + FS, (6) 

U(t) = UD(t) + US, (7) 

where D stands for dynamic and S for static. Then, the structural equations can be also split as: 

M
=

Ü¨
D + B

=

U̇D + K
=

UD = PD + FD, (8) 

K
=

US = PS + FS + G, (9) 

where PS represent the loads due to the hydrostatic pressure at equilibrium position, FS the static concentrated loads such as pretension 
of mooring lines, and G corresponds to the self-weight. PD represents the hydrodynamic component (seakeeping) of the fluid loads and 
FD the dynamic component of the concentrated loads (e.g. propulsion forces). Eq. (9) only needs to be solved once, but the dynamic 
counterpart (8) requires solving the corresponding system of equations multiple times throughout the simulation. To reduce the 
required computational effort in solving Eq. (8), the Modal Matrix Reduction (MMR) technique is used [3,45,49]. The modal basis is 
obtained from the free vibration problem with no damping: 

(
M
= − 1

K
=)

Di = Ωi
2Di, (10) 
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The real and positive eigenvalues, Ωi, are the natural frequencies and each is associated with a characteristic eigenvector or mode, 
Di. Without loss of generality [49], the structural displacements can be expressed as a linear combination of the eigenvectors: 

UD(t) =
∑NDOF

i=1

qi(t)Di, (11) 

where Q = {qi} are the so-called modal generalized coordinates, and NDOF is the number of degrees of freedom of the structural 
problem. It follows from this definition of Q that 

U = D
=

Q, (12) 

If this expression of U is substituted in the general equation of motion (8), and the equation is pre-multiplied by D
=T

, results that 

A
=

Q̈¨+ D
=T

B
=

D
=

Q̇ + Z
=

Q = D
=T

PD + D
=T

FD, (13) 

where A
=

, Z
=

are the diagonal generalized mass and stiffness matrixes that, according to the usual orthonormalization of the eigen
values, are defined as 

A
=

=

{
aij = 1, for i = j
aij = 0, for i ∕= j Z

=

=

{
zij = Ωi

2, for i = j
zij = 0, for i ∕= j . (14) 

If the damping term is modelled as either Rayleigh or modal damping, Eq. (13) can be written as: 

q̈i + ciq̇i + Ω2
i qi = (PD + FD) ⋅ Di = hi(t), i = 1,2,⋯,NDOF . (15) 

ci =

{
αM + αKΩ2

i

2ηΩi

Rayleigh
Modal damping , (16) 

where η represents the percentage respect to the critical modal damping.
So far, we have merely performed various manipulations to obtain an equation equivalent to the original equation of motion (8). 

The idea behind the MMR approach is that, generally, only the lower frequency modes are excited and needed to obtain an accurate 
approximation of the structural solution. Therefore, 

UMMR(t) =
∑Nm

i=1
qi(t)Di ≈ UD(t) Nm ≪ NDOF . (17) 

To ensure that the selection of these modes is sufficient to accurately approximate the complete solution, it is common to use the 
criterion that the highest frequency of these modes, ΩNm , sufficiently exceeds the highest excitation frequency ωmax [49]: 

ΩNm ≥ 4 ⋅ ωmax. (18) 

If the body is unanchored and the stiffness matrix K
=

is positive semi-definite, Eq. (10) has six zero roots. Then, the modal 
generalized coordinates fall naturally in two groups QR, QD [3], where: 

QR = {q1, q2,…, q6}, (19) 

refers to the ‘rigid body’ modes, and 

QD =
{
q7,q8,…,qNm

}
. (20) 

refers to the ‘flexible body’ modes. Then, the matrix equation of motion (15) can be partitioned to give 
{

Q̈R =HR, (21) 

{

Q̈D + C
=

D
Q̇D + Z

=

D
QD = HD, (22) 

being HR = {h1,h2,…,h6}, HD = {h7,h8,…,hNDOF}, the vectors of generalized modal forces and C
=

D the corresponding damping matrix. In 
this work, the time integration of eq. (21) is based on a Newmark method.

The equations corresponding to the first six modes above are equivalent to solving the rigid body dynamics equations associated 
with the dynamic forces. However, the full rigid body dynamics equations can be more conveniently expressed in their conventional 
form: 
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M
=

RDÜ¨
RB + B

=

RBU̇RB + K
=

RBURB = PRB + FRB + GRB, (23) 

where M
=

RD, B
=

RB, and K
=

RB are the mass, damping, and hydrostatic restoring matrices associated with the rigid body degrees of freedom; 
URB is the vector containing the three translational and three rotational components of the rigid body motion; and PRB, FRB, and GRB are 
the vectors of integrated hydrodynamic, external (concentrated) and self-weight forces and moments acting on the body.

The elastic energy will be used to measure the fidelity of the MMR solution to approximate the full order FEM solution. The dynamic 
elastic energy of the full order FEM solution, ED(t), and that of the reduced order (MMR) solution, ED

MMR(t), can be calculated as: 

ED
MMR(t) = UT

DK
=

UD, (24) 

ED
MMR(t) = uT

MMRK
=

uMMR =
∑i=Nm

i=1

1
2

Ω2
i q2

i . (25) 

In order to integrate over time the structural dynamic equations, the second-order implicit Newmark scheme with γ=0.5 and β=0.5 
is used for both, the full order FEM and MMR models. In this work, the seakeeping loads PD are calculated in time-domain with a wave 
diffraction-radiation solver based on the Finite Element Method, as presented below.

3.1.1. Strong FEM acceleration with MMR
As previously noted, when MMR is applied with a limited number of modes, the accuracy can degrade, especially in capturing 

structural details. To overcome this drawback, this work proposes a combined methodology in which a residual FEM solution is 
computed alongside the reduced model, still achieving a reduction in the overall computational effort required.

It was shown in [49] that those modes with modal frequency larger than four times the frequency of the structural loads respond in 
quasistatic regime, while for modes with modal frequencies lower respond in the dynamic regime. Based on the previous idea, the 
dynamic response of the structure can be computed using the strong coupling with an MMR base such that: 

q̈¨i + ciq̇i + Ω2
i qi = ai ⋅

∑
f j

Dsin
(

Ωload
j t+ χ j

)
, i = 1,…NL Ωi < 4Ωload

j , (26) 

UMMR(t) =
∑Nm

i=1

qi(t)Di, (27) 

where NL is the number of modes with modal frequency lower than a threshold frequency in the order of four times the frequency 
loads, and χj the phase load. On the other hand, the orthogonal component to uL

MMR of the solution could be computed by using the 
weak coupling and solving the residual system: 

S
=

U*
D = PD + FD − S

=

UMMR, (28) 

UD = UMMR + U*
D, (29) 

where S
=

represents the resulting structural system of equations using the FEM.
This way, for a strong coupled simulation, instead of solving the full order FEM system for each iteration within each time step, the 

MMR is used to compute the strongly coupled dynamic response, while the residual FEM system is only solved once per time step using 
the weak coupling once the dynamic component has converged within the current time step.

3.2. Seakeeping solver with forward speed (SeaFEM)

The seakeeping model with forward speed used in this work is a time-domain wave diffraction-radiation solver based on the FEM, 
developed in-house and integrated in the commercial framework SeaFEM [46]. The mathematical and numerical models implemented 
in SeaFEM have been extensively verified and validated. These can be found in [35,45,38–44].

Using a frame of reference where the OZ axis represents the vertical direction and whose origin is located at the free surface, the 
governing equations are given by [39]: 

Δφ = 0, in Ω, (30) 

∂tξ + (U +∇hφ) ⋅ ∇hξ − ∂zφ = 0, on z = 0 , (31) 

∂tφ + U ⋅ ∇hφ +
1
2
∇hφ ⋅ ∇hφ + gξ = 0, on z = 0, (32) 

vφ ⋅ np =
(
vp − U

)
⋅ np, on P ∈ ΓB, (33) 

J. García-Espinosa et al.                                                                                                                                                                                              Marine Structures 108 (2026) 104011 

8 



Pp = − ρg
(
zp + rpz

)
− ρ

(
∂φ
∂t

+U ⋅ ∇φ+
1
2
∇φ ⋅ ∇φ

)

, (34) 

where φ is the velocity potential (vφ =∇φ), ξ is the free surface elevation, Ω is the fluid domain, z = 0 represents the still water level, 
ΓB is the wetted Surface of a floating body, np is a normal vector to a Surface at point P, vp is the velocity of point p, zp is the initial 
vertical position of point P, ∇h is the gradient operator in the horizontal directions, and rpz is the vertical displacement of P. The 
solution can be split into the incident and diffracted-radiated wave components: 

φ = ψ + ϕ, (35) 

ξ = ζ + η, (36) 

where ψ and ζ are the velocity potential and wave elevation respectively for the incident wave field, and ϕ and η are the velocity 
potential and free surface elevation respectively for the diffracted-radiated waves respectively. The incident wave field is described by 
the Airy wave analytical solution. Introducing the separation of variables into the governing equations, the wave diffraction-radiation 
problem is obtained in terms of ϕ and η as independent variables.

In this work, double body linearization is used. Double body linearization assumes that ∇h ϕ ∼ O(1), but it can be split into two 
terms: ∇h ϕ = ∇hϕDB + ∇hϕ*, where ∇hϕDB represents the flow field when the free surface is substituted by a wall (equivalent to a 
symmetric case using a double body). Then ∇h ϕ is approximated as ∇hϕDB perturbed by ∇hϕ*, which means ∇hϕDB ∼ O(1) and 
∇hϕ* ∼ O(ϵ). Then the first-order free surface boundary conditions become: 

∂ϕ
∂t

+
(
U+∇h ϕDB )

⋅ ∇hϕ −
1
2
∇h ϕDB ∇h ϕDB +∇h ϕDB ⋅ ∇h ψ +

Pfs

ρ + gη = 0, (37) 

∂η
∂t

+
(
U+∇h ϕDB) ⋅ ∇h η +∇h ϕDB ⋅ ∇h ζ − ∂ϕ

/

∂z = 0, (38) 

and the pressure induced at point P is: 

Pp = − ρ
(

∂ϕ
∂t

+
(
Ub +∇hϕDB) ⋅ ∇h ϕ −

1
2
∇hϕDB ∇hϕDB +∇hϕDB ⋅ ∇h ψ

)

. (39) 

More details on the wave diffraction-radiation governing equations can be found in [39].
As stated above, the FEM will be used to obtain the numerical solution of the above system. The SUPG (Streamline Upstream 

Petrov-Galerkin) scheme is used for the integration of the free surface kinematic and dynamic boundary conditions. The resulting 
system of equations in matrix form, can be written as [39,43]: 

L
=

Φ = ΘB + ΘTS + ΘR + ΘZ0 , (40) 

where L
=

is the Laplacian Matrix, and ΘB, ΘTS, ΘR, and ΘZ0 , are the vectors resulting of integrating the body, transom stern, radiation, 
and free surface boundary condition respectively. ΘB is built from the velocity obtained by integrating eqs. (22) and (23).

The numerical details of this solver, as well as a number of verification and validation cases, can be found in [38,43].

3.2.1. Transom stern modelling
In the case of ships with transom sterns, the flow detaches from the lower edge of the transom, making the immersed surface of the 

transom to be dry. If the body boundary condition is still applied, it results in an unstable flow at the stern since the potential flow 
equations cannot predict the flow detachment at the transom edge. Hence, the flow detachment must be imposed by modifying the 
boundary conditions at the transom.

Fig. 3 sketches the transom stern boundary conditions imposed. To induce the flow detachment, a flow condition is imposed at the 
transom surface (Eq. (42)), and the free surface elevation is imposed to match the vertical position of the transom edge (Eq. (43)). Also, 
as the transom surface is dry, the free surface reference pressure is imposed (Eq. (44)), and so is the corresponding the pressure field: 

1
2
U2

TS + gZTS =
1
2
U2

∞, (41) 

(U + vφ) ⋅ nTS = UTS ⋅ nTS, on P ∈ ΓTS , (42) 

ξP0
= ZTS, on P0 ∈ ΓTS ∩ {z = 0} , (43) 

PP = 0, on P ∈ ΓTS, (44) 
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3.3. Fluid-structure interaction

The fluid-structure interaction approach is illustrated in Fig. 4. In this work, a partitioned tightly coupled (two ways) approach is 
used [35]. Once Eq. (40) is solved, the pressure of the structure boundary is calculated using Eq. (39) and integrating to obtain PD. 
Then, eqs. (21)-(22) are solved to obtain the displacement of the structure that allows computing ΦΓB . The tightly coupled approach is 
based on an iterative process in which the coupling variables are interpolated back and forth between the fluid and structural domains 
at the common body boundary, ΓB. Besides the tightly coupled approach, a one-way weak coupling -where the effect of the structural 
deformation on the fluid is neglected- will also be analyzed in this work. Fig. 4 illustrates the concept of how pressure-displacement 
information is transferred across the fluid-structure common boundary ΓB.

As mentioned above, the seakeeping and structural problems will be discretized using the FEM. However, it is not required to use 
identical discretization for the common boundary ΓB where the interaction occurs. Spatial linear interpolators have been used in this 
work to transfer the fluid pressure to the structure boundary and to transfer the structural displacements to the fluid boundary. 

PS,ΓB = I
=F→S

PF,ΓB , (45) 

UF,ΓB = I
=S→F

US,ΓB . (46) 

where PS,ΓB US,ΓB , PF,ΓB , and UF,ΓB are the fluid pressure and structural displacements at the structural and fluid discretization over ΓB 

respectively, and I
=F→S 

and I
=S→F 

are the corresponding interpolation matrices.
Based on all the above, the formulation of the complete problem can be written as follows. Let us consider a uniform partition of the 

time interval of analysis [0,T], with time step size dt. A double superscript n, j will be used to indicate the time step n at which the 

Fig. 4. Fluid-structure interaction concept.

Fig. 3. Transom stern boundary condition.
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solution is computed, and the iteration index j. The statement of the discrete tightly coupled iterative partitioned formulation consists 
of finding US, Un+1

D , Un+1
RB and Φn+1 as the solution of the following problem:

Solve the static structural equations (step 0) 

K
=

US = PS + FS + G. (47) 

Solve the structural dynamics equations of motion (step n, iteration i) 

Q̈
n+1,i

D
+CDQ̇n+1,i

D + ZDQn+1,i
D = HR

n+1,i, (48) 

Un+1,i
D = DDQD. (49) 

Calculate the structural velocity on fluid boundary ΓBf (step n, iteration i) 

Un+1,i
ΓBf

= I
S→F [

Un+1,i
R + Un+1,i

D
]

ΓBs
, (50) 

Θn+1,i
ΓBf

= NΓBf

[
U̇n+1,i

ΓBf
+E ΓBf

(
U̇n+1,i− 1

RB
)]
. (51) 

Solve the seakeeping governing equations (step n, iteration i) 

LΦn+1,i = Θn+1,i
B + Θn+1,i

TS + Θn+1,i
R + Θn+1,i

Z0
ΘZ0 , (52) 

Pn+1,i
ΓBf

= Γ
[
Φ̇n+1,i

ΓBf
,Φn+1,i

ΓBf

]
⋅ (53) 

Solve the rigid body dynamics equations (step n, iteration i) 

Pn+1,i
RB = NRBPn+1,i

ΓBf
, (54) 

MRDU̇n+1,i
RB + BRBU̇n+1,i

RB + KRBUn+1,i
RB = Pn+1,i

RB + Fn+1,i
RB + Gn+1,i

RB . (55) 

Transfer the fluid pressure to the structural boundary ΓBf (step n, iteration i) 

Pn+1,i+1
ΓBs

= I
F→S

Pn+1,i
ΓBf

, (56) 

Pn+1,i+1
D = E D

(
Pn+1,i+1

ΓBf

)
, (57) 

Hn+1,i+1
D = D

T

D

[
Pn+1,i+1

D +Fn+1,i+1
D

]
. (58) 

Static correction of the FEM solution (once converged in the time step) 

SU*
D = PD + FD − SUn+1,i

D , (59) 

Un+1
D = Un+1,i

D + U*
D. (60) 

In the above, the subscripts ΓBf and ΓBs refers to the fluid and structure coupling boundaries.
As mentioned above, the iterative process allows for weak (one-way dynamic) coupling, and strong (two-ways dynamic) coupling. 

In the weak approach, the step corresponding to the calculation of the structural velocity on the fluid boundary ΓBf is omitted. In order 
to improve the stability and accelerate the convergence of the iterative scheme, the modified Aitkeńs method [50] was implemented.

When using the 2-ways (strong) hydroelastic coupling, the convergence criteria used are: 

- MMR coupling: 

ϵMMR = Maxi

⃒
⃒
⃒
⃒
qk

i − qk− 1
i

qk
i

⃒
⃒
⃒
⃒ < 10− 5 i = 1, 2,⋯, Number of modes. (61) 

- Full order FEM coupling: 

ϵFEM = Maxi

⃒
⃒
⃒
⃒
⃒

∑NDOF
i=1

(
uk

i − uk− 1
i

)2

∑NDOF
i1

(
uk

i
)2

⃒
⃒
⃒
⃒
⃒
< 10− 5 , (62) 

where k is the k-th iteration within the time step.
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4. Discussion on the developed computational framework

As presented in the previous sections, the implemented computational framework allows all external loads to be simultaneously 
computed and applied in the time domain, with the fully hydro-elastic problem solved iteratively. It is important to note that, as shown 
in Fig. 2, the structural analysis tool is used offline to compute the structural system details (FEM system matrices and/or modes and 
model frequencies) and this information is then transferred to the computational framework. This enables the same computational 
framework to solve the coupled problems using the full order FEM approach, the reduced order MMR technique, or the hybrid method 
based on the static correction presented above. The strategy drawn in Fig. 2 has a number of advantages over the conventional one in 
Fig. 1: 

• Reduces the number of interactions between different computational tools.
• Reduces the number of files to be written and read.
• Allows for strong coupling (important to account for flexibility).

• The structural output files are largely reduced in size O
(

Nm
NDOF

)

.

• All structural external loads are computed simultaneously in each step and straightforwardly mapped onto the structural domain.
• Communication among solvers happens at RAM memory level, minimizing the communication overheads compared to partitioned 

coupled strategies based on independents software.

When computing a large number of long structural dynamics realizations, the need to write the time-series of the stresses leads to 
the problem of storing high number of result files. These files can be large in memory size, which is not only memory demanding, but 
computationally demanding in terms of reading and writing tasks.

The use of the MMR largely reduces the structural output file size since only the time-series of the modal amplitudes are reported. 
From these, several off-line computations can be performed for the structural assessment: 

• Ultimate load analysis: 
○ The structural energy can be quickly computed to identify those instants with maximum structural energy using Eq. (25).
○ Structural displacement field reconstruction using Eq. (11) for identified extreme instants.
○ Structural stresses computation from structural displacements.
○ Identification of hotspots.

• Fatigue damage analysis: 
○ Hotspots identification.
○ Time-series structural displacement and stresses reconstruction using Eq. (11) at hotspots’ readout elements.
○ Time-series structural stresses computation from structural displacements at hotspots’ readout points.
○ Fatigue damage computation from structural stresses time-series at hotspots.

Furthermore, for many load-cases where the external loads can be assumed to be induced by linear waves, this framework allows to 
pre-compute modal response amplitude operators [MRAOs] [45]. Then, once MRAOs are known, it is straight forward to carry out 
dynamic realizations under irregular loads scenarios. This can largely further reduce the computational times enabling its use for 
fatigue damage computation and operational conditions like in a digital twin.

5. Application example

5.1. Ship description

Fig. 5 shows the structure of the ship used in this work as a case study to demonstrate the capabilities of the developed methodology 
presented here. The original structural FEM model was created in Maestro and imported into Ansys for processing and for generating 
the input files required by the hydroelastic computational analysis framework. The ship will be assumed to be navigating at a forward 
speed, and it has a transom stern. Table 1 provides the particulars of the ship.

Heave, roll and pitch natural periods have been obtained by simulation of free decay tests in still water. And viscous damping for 
heave, roll and pitch motions has been estimated as 5 % of the critical damping. Table 2 reports the natural periods and viscous 
damping.

The structural mesh used in this work (see Fig. 5) is composed of 30,137 shell elements and 12,105 beam elements. The shell 
element consists of 3D 3 or 4 node shell, depending on whether it is a triangular or quadrilateral element, and 9 or 12 integration 
points. Integration points are divided into 3 or 4 in-plane and 3 layers through the thickness. Table 3 provides the overall particulars of 
the structural FEM mesh, as well as the total number of DOF.

The seakeeping computational domain consists of an unstructured mesh with 749,391 tetrahedral elements and 138,169 nodes. 
Minimum (near field) FE size is 0.15 m and maximum (far field) is 10 m. Fig. 6 shows the SeaFEM meshes used. The time step used in 
the simulations is 0.05 s.
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6. Comparison of transom stern modelling

To assess the accuracy of the boundary conditions applied at the transom stern in reproducing the wave elevation and pressure 
field, a comparative analysis is conducted on the vessel under study. The evaluation considers two configurations: one with the stern 
boundary condition imposed and one without it. Fig. 7 and Fig. 8 show the free surface elevation and dynamic pressure field for the 
ship analysed in this work when navigating at 10 knots in still waters. It is observed that when the transom conditions are not applied, 
the free surface elevation at the stern is unrealistic.

Table 1 
Ships particulars.

Mass/Displacement 1153 t

Overall Length 50.290 m
Overall Beam 11.030 m
Draft 3.060 m
Longitudinal distance of gravity centre (XG) 23.345 m
Vertical distance of gravity centre (ZG) − 0.395 m
Longitudinal distance of buoyancy centre (XB) 23.320 m
Vertical distance of buoyancy centre (ZB) − 1.260 m
Roll radii of inertia (rxx) 4.004 m
Pitch radii of inertia (ryy) 13.172 m
Yaw radii of inertia (rzz) 13.290 m
Roll-Yaw radii of inertia (rxz) − 3.935 m

Fig. 5. 3D Ansys mesh.

Table 2 
Rigid body natural periods and viscous damping.

Heave natural period (Theave) 4.7 s
Roll natural period (Troll) 5.37 s
Pitch natural period 

(
Tpitch

)
4.5 s

Cheave = 2 ⋅ 0.05 ⋅ Mass ⋅ (2π /Theave) 154,14 KN/(m s-1)
Croll = 2 ⋅ 0.05 ⋅ Mass ⋅ r2

xx ⋅ (2π /Troll) 2147.73 KN⋅m/(rad s-1)
Cpitch = 2 ⋅ 0.05 ⋅ Mass ⋅ r2

yy ⋅
(
2π /Tpitch

)
27,796.33 KN⋅m/(rad s-1)

Table 3 
Structural Mesh particulars.

Number of FE elements 42,242
Number of nodes 39,186
Number of DOF 235,116
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6.1. Modal frequency and damping in floating conditions

The structural response is largely influenced by the first modes of the ship. Hence, the natural frequencies of the lower frequency 
modes are critical for structural dynamics. In this section, the hydro-elastic model based on MMR is used to evaluate the change in the 
modal frequency of the lower modes in floating conditions with respect to dry conditions. Also, the damping induced by the wave 
radiation is estimated.

The MMR technique [45] starts with a modal analysis of the FEM structural model. A modal basis of 10,000 modes with no re
strictions has been computed. The resulting modal frequencies are in a range from 4.55 Hz to 68.31 Hz. The first 6 elastic modes are 
shown in Fig. 9 including their “dry” modal frequencies. The first corresponds to the first bending mode.

When the ship is deployed in water, the structural displacements radiate waves (inducing fluid dynamic pressure) and cause a 
variation in the hydrostatic pressure. This implies changes in the modal frequency and introduces modal damping.

To quantify the effects of structural wave radiation, an extinction test analysis is performed for the first elastic modes assuming 
there is no structural damping. This test is carried out using the strong coupling described earlier. The ship is in hydrostatic equilibrium 
condition (subject to self-weight and hydrostatic pressure). The rigid body motions are kept fixed and one elastic mode at a time is set 
free. Then its modal amplitudes will evolve until it reaches equilibrium. Fig. 10 left shows the time evolution of the modal amplitude 

Fig. 6. SeaFEM Finite Element mesh left: Nearfield mesh; right: full computational domain mesh.

Fig. 7. Stern free surface elevation at v = 10kn Left: with transom stern conditions; Right: without transom stern conditions.

Fig. 8. Dynamic pressure fills at v = 10kn Left: with transom stern conditions; Right: without transom stern conditions.
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for the first elastic mode. Fig. 10 right shows a snapshot of the waves radiated during the extinction test.
Table 4 provides a change in the modal periods for the first five elastic modes. The damping is given as a percentage of the critical 

modal damping. It is observed that a significant change in the modal periods, while damping due to radiation, is quite small.

6.2. Hydrostatic equilibrium

The Reduced Order Model (ROM) using MMR is applied and compared to the Full Order Model (FOM) for the static case in which 
the ship is subject only to hydrostatic pressure and self-weight. The static FOM solution is obtained using the Mass and Stiffness 
matrices exported from the Ansys structural model, and the MMR is based on the modal basis exported from the Ansys structural model 
as well.

Fig. 9. First elastic dry modes. Color fill represents structural displacements.

Fig. 10. Left: Extinction test for the first elastic mode. Right: Snapshot of deformed structure (amplified) and radiated waves (colour fill).
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Table 5 compares the maximum structural displacements and the structural energy. Fig. 11Fig. 1 shows the structural displace
ments computed using the FOM and the ROM with 10,000 modes. The ROM retains 99.7 % of structural energy compared with the 
FOM.

Fig. 12 left shows how energy is distributed across modes. It is observed how the first and third modes are dominant as expected. 
Fig. 12 right shows how much energy is recovered as the number of modes increases. Table 6 reports the number of modes needed to 
recover a percentage of energy with respect to the FOM solution. To recover 99 % of the energy, the first 3939 modes are needed. This 
implies a reduction in the number from 235,116 to 3939 which represents a reduction of 98.32 %.

6.3. Modal response amplitude operators (MRAOs) in head waves

In this section, MRAOs are computed in different regular head waves with a forward speed of 10 knots. They are computed using 
weak, quasistatic, and strong coupling. The quasistatic coupling is commonly used for structural analysis of marine structure, and it 
assumes that the frequency of the excitation loads is much lower than the modal frequencies. Hence the inertial and damping terms in 
eq. (8) are neglected, and the quasistatic response can be computed for any time instant by solving the system: 

Table 5 
Comparison of maximum and minimum structural displacements, and structural energy.

Maximum (mm) Structural Energy (J)

FOM 6.5844 6,424.02
ROM 10,000 6.5919 6,404.00

Fig. 11. Comparison of structural displacements (colour fill) in hydrostatic equilibrium condition.

Table 4 
Modal periods and damping for the first six elastic modes.

1st Mode 2nd 
Mode

3rd 
Mode

4th 
Mode

5th 
Mode

6th 
Mode

Dry period [s] 0.220 0.154 0.144 0.112 0.093 0.085
Wet period [s] 0.332 0.171 0.188 0.136 0.104 0.120
Wave radiation damping [ %] 0.063 0.124 0.232 0.370 0.377 0.730
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K Uqs
D = PD + FD, (61a) 

Fig. 13 compares the MRAOs when using the three coupling strategies. It is observed that higher wave encounter frequencies, the 
quasistatic and weak couplings fail to recover the resonance effect. And for encounter frequencies around three times smaller than 
resonance, all coupling strategies provide similar results.

6.4. Hydroelastic analysis in irregular waves

Next, a structural analysis is carried out in irregular waves to compare the coupling strategies. Table 7 provides the wave spectral 
data. The spectrum has been discretized using 1000 regular waves, with a minimum wave period of 1 s and a maximum wave period of 
6.25 s. This corresponds to a minimum and maximum wave encounter frequencies of 0.24 Hz and 4.28 Hz respectively (see Fig. 14). 
Looking at Fig. 13 right, wave loads are in the resonance range of the 1st mode, and therefore a strong coupling strategy is required to 
capture resonance effects. The minimum wave encounter period is 0.233 s. Hence, a time step of 0.025 s is selected to properly capture 
the higher frequency responses.

For the structural solver a Rayleigh damping model has been used with: 

- αM = 0
- αK = 2 ⋅ 0.01/(2πf1) = 6.89 ⋅ 10− 4,

where f1 = 4.55 Hz is the modal frequency of the first mode. Hence, the relative modal damping for every mode is: 

Fig. 12. Left: Modal energy distribution across modes; Right: Percentage of cumulative energy respect to FEM.

Table 6 
Energy recovered vs Number of modes.

E [ %] 80 90 95 99
Number of modes 6 456 1383 3939

Fig. 13. Modal RAOs at 10 knots in head waves: Left: MRAOs vs wave frequency; Right: MRAO vs wave encounter frequency.
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- ηi = αK ⋅ (2πfi)
2 = 0.01 ⋅ fi

f1.

Fig. 15 compares the dynamic elastic energy computed using Eq. (25) for different coupling strategies. It is observed that the 
quasistatic and the weak coupling fail to recover the strong coupling solution because the wave encounter frequencies are in the 
resonance frequency range.

Fig. 16 compares the dynamic elastic energy using the 2 ways coupling strategy with FOM and ROM with different sizes of the 
modal basis. It is observed how as the size of the modal basis increases (from 30 modes to 5000 modes) the solution converges with the 
FOM solution.

Fig. 17 compares the dynamic elastic energy using the strong ROM coupling against the hybrid strategy reported in Section 3, 
where the strong ROM coupling is combined with weak ROM coupling for the residual system. It is observed that in all cases, similar 
values of dynamic energy are obtained.

Table 8 reports the computational times required to solve the rigid body dynamics and the structural dynamics using the different 
approaches reported in this research. The data is presented in terms of seconds of computation per second of physical time (e.g., 1.0 
indicates real-time performance). The computations have been performed using a single workstation with an AMD Ryzen Threadripper 
PRO 5995WX 2.70 Ghz processor unit. And OpenMP has been used for parallel computing using 8 threads.

Using the dynamic strong FOM solution as a reference, significant computational times reduction can be obtained using the strong 
ROM approach with 5000 modes and the hybrid ROM-FOM couplings, while yet obtaining similar high-fidelity solutions. Moreover, 
the use of ROM approach can provide insightful information into which modes are predominantly excited.

As mentioned earlier, previous studies have reported that most of the computational time required for fully coupled analyses based 
on potential flow hydrodynamics is spent on solving structural dynamics [35,48]. Therefore, the time reductions achieved by the 
proposed hybrid approach, respect to the strong FOM, reach up to 8 × for hybrid-FOM, and up to 125 × for Hybrid-ROM without 
significant loss of accuracy. These speed-ups are highly relevant.

It is worth noting that the structural model adopted in this case study is simplified, which leads to the use of a relatively coarse 
mesh. For more detailed structural models, the computational time required for hydro-elastic analyses is expected to increase 
significantly, making the achieved time reductions even more relevant. Moreover, in such refined models, the structural solver’s 
computation time is likely to dominate over that of the wave diffraction–radiation problem. To illustrate this, a refined structural mesh 
was used, increasing the number of structural degrees of freedom by approximately a factor of four compared to the previous case. The 
particulars of the FEM mesh used in this configuration are provided in Table 9. It is also noted that, in both cases, the computational 
time of the wave diffraction–radiation solver remains unchanged at 40.32 s s-1.

Table 7 
Irregular waves scenarios.

Velocity Wave direction Spectrum Hs Tm

10 Kts 180◦ JONSWAP 1.0 m 2.5 s

Fig. 14. JONSWAP spectrum discretization versus wave encounter frequency.
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Table 10 provides a summary of the computational times for the refined structural mesh. In this case, the time reduction remains 
around 8 × for the hybrid-FOM and increases up to 300 × for the hybrid-ROM compared to the full FOM.

In larger ships, where elastic responses become more significant, the use of strong coupling will be necessary for a wider range of 
load case scenarios. In any case, the application of ROM and hybrid strategies can help reduce considerably the computational effort 
required while still providing the necessary accuracy.

Fig. 15. Comparison of dynamic energy computed using FOM and different coupling strategies.

Fig. 16. Comparison of dynamic energy computed using 2-ways coupling, FEM and MMR.
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Fig. 17. Comparison of dynamic energy: strong FEM versus hybrid couplings.

Table 8 
Computational times in second per second of simulation.

Structural solver Type of Coupling Model order Solver Computational time

Quasistatic ROM MMR5000 0.23 s s-1

Quasistatic FOM FEM 8.27 s s-1

Weak ROM MMR5000 0.23 s s-1

Weak FOM FEM 8.23 s s-1

Strong ROM MMR5000 10.74 s s-1

Strong FOM FEM 71.74 s s-1

Hybrid ROM MMR30–5000 0.57 s s-1

Hybrid FOM MMR30+FEM 8.41 s s-1

Rigid body solver 0.03 s s-1

Table 9 
Structural Mesh 2 particulars.

Number of FE elements 170,568
Number of nodes 157,245
Number of DOF 943,470

Table 10 
Computational times in second per second of simulation.

Structural solver Type of Coupling Model order Solver Computational time

Quasistatic ROM MMR5000 0.93 s s-1

Quasistatic FOM FEM 47.91 s s-1

Weak ROM MMR5000 0.94 s s-1

Weak FOM FEM 47.79 s s-1

Strong ROM MMR5000 26.96 s s-1

Strong FOM FEM 398.87 s s-1

Hybrid ROM MMR30–5000 1.34 s s-1

Hybrid FOM MMR30+FEM 48.63 s s-1

Rigid body solver 0.03 s s-1
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7. Conclusions

This work has presented an innovative numerical framework for fully (two-way) coupled hydro-elastic analysis of ships navigating 
with forward speed. However, the computational resources required to solve a fully coupled problem can be prohibitively high for 
practical applications. To overcome this bottleneck, the developed structural solver has been reduced using the MMR technique. The 
use of a single time-domain computational framework based on FEM allows for more efficient strong hydro-elastic coupling, avoiding 
file-based communication between different solvers.

The consistency of the ROM based on the MMR has been verified comparing against FOM solution for the hydrostatic equilibrium 
condition, finding a very good agreement. For the present application, a modal basis of 5000 eigenmodes has been considered to 
accurately recover the elastic structural energy. The ROM implies a large reduction in the number of structural DOFs from 235,116 of 
the FOM model to 5000 DOFs (modes). This results in a reduction of approximately 98 % in the number of DOFs. And there is still room 
for further reduction of the modal basis if only most energetic modes are considered. And this reduction will be proportional to the 
number of modes used.

However, when ROM is applied with a limited number of modes, the accuracy can degrade, especially in capturing structural 
details. To overcome this drawback, this work proposes a combined methodology in which a residual FEM solution is computed 
alongside the reduced model, still achieving a reduction in the overall computational effort required.

The ROM approach allows for offline computation of structural displacements and stresses. These are computed from the modal 
amplitudes and the modal basis. Then, the instantaneous structural energy allows for the detection of the critical time instants. At 
these, the hotspots of maximum stress can be identified. This avoids the need to compute the stresses over the full structure along the 
whole simulations. Instead, the structural response can be obtained over the whole structure at critical time instants, and for every time 
step at specific hotspots. This implies a more precise analysis and a large reduction of output data.

On the one hand, when considering wet from dry conditions, a significant change in the modal frequency is observed for the lower 
modes. Strong, weak, and quasi-static couplings have been compared. While strong coupling makes it possible to recover the 
hydroelastic response under near-resonance conditions, the results show that one-way and quasi-static approaches can lead to sig
nificant errors, especially when the wave encounter frequency approaches modal resonance.

Modal response amplitude operators (MRAOs) have been obtained under head waves loading. As the first bending mode is the most 
energetic mode under this condition, it has been used for an energy analysis to compare the quasistatic, weak and strong couplings. 
Large resonance effects are detected, inducing large differences for wave frequency near modal resonance. Moreover, differences 
between the weak and strong coupling are also significant due to the change in the modal frequency from dry to wet conditions.

The case study has demonstrated that the use of MMR and hybrid solutions can deliver accurate results (comparable to those 
obtained with the full FEM solution) while significantly reducing computational time. Furthermore, for linear problems, computing the 
MRAOs across a range of wave directions, frequencies, and ship forward velocities can generate a dataset of precomputed results, 
allowing any scenario to be quickly evaluated using that information.

In practical terms, the ability of the developed methodology to accurately predict strong-coupling hydro-elastic responses in near- 
real-time under operational conditions provides a foundation for advanced applications. On one side, the reduced computational cost 
facilitates the integration of the methodology into iterative design loops, providing an efficient and accurate approach for strength and 
fatigue assessment of naval structures based on full-length detailed models. On the other hand, it enables integration with onboard 
monitoring systems, making it a promising tool for next-generation digital twin solutions. This capability is essential for monitoring 
fatigue, detecting critical loading events, and supporting operational and maintenance decision-making, ultimately enhancing the 
safety and reliability of ship structures throughout their service life.
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