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A B S T R A C T

Flexible Fluid-Structure Interaction (FFSI) has emerged as an important, but challenging research direction in 
modern ocean engineering. This line of research gradually evolved in response to the pressing need to model the 
dynamic responses of ships and marine structures to sea loads; to predict the performance of flexible marine 
propellers, energy converters, and coastal protection systems; and to understand the mutual interactions between 
sea ice, marine vegetation, and mud with oceanic and coastal processes occurring near the surface and seabed. 
This review presents the state of knowledge and art of modelling of FFSI in the maritime environment, tracing 
research progress from early physical tests to high-fidelity computational ones emerged recently. Flexible 
wave–structure interaction, global ship hydroelasticity, hydroelastic slamming, flexible marine propellers, 
vegetation dynamics, and wave–mud interactions are covered. Limitations and strengths of existing models, and 
the challenges that remain are discussed in-depth, and it is concluded that FFSI-based research in ocean engi
neering has very well grown, though some gaps are still open. In specific, hydroelastic effects are still overlooked 
in the design practices and classification rules do not fully incorporate them, and there are still concerns 
regarding uncertainties related to FFSI modelling of flexible slamming, dynamic of flexible marine vegetation, 
and wave-mud interactions. Hence, future research must bridge computational modelling with real-world ap
plications, expand benchmarking coverage for marine engineering problem, and incorporate AI-based methods 
for modelling FFSI problems, predicting related dynamic responses, or accelerating simulations.
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1. Introduction

Oceans are very precious to us and to all living creatures for different 
reasons. It is well accepted that they regulate the climate, support 
biodiversity, enable maritime transportation, and offer clean energy 
resources (Tavakoli et al., 2023a). Apart from the vast mass of water in 
the oceans, there are many solid objects in the oceans, such as ships, 
engineering installations, and ice covers that are found in polar zones. 
All these objects, whether welcomed by the ocean or not, are exposed to 
environmental forces, caused by oceanic (e.g. waves, Hirdaris et al., 
2010, 2014) or atmospheric processes (e.g. winds, Haddara and Guedes 
Soares, 1999). This leads to shear and normal stresses in the solid body 
which can sometimes cause flexible responses (static or dynamic re
sponses). For example, water waves may elastically vibrate a 
344-m-long ship (Senjanović et al., 2009a) or excite vibrations in ice 
shelves (Kalyanaraman et al., 2020). These phenomena are commonly 
categorised as Flexible Fluid-Structure Interaction (FFSI) processes, 
occurring in oceans, seas, and lakes, or in general in marine 
environment.

Within the field of ocean engineering, the term "hydroelasticity"2 is 
frequently used to describe the flexible-fluid structure interactions. This 
term was first introduced to the naval architecture community in the late 
1950s by Heller and Abramson (1959), who are widely regarded as pi
oneers in using this term and addressing this topic (Hirdaris and 
Temarel, 2009; Wu and Cui, 2009; Fu et al., 2022). However, research 
into FFSI began decades earlier, when scholars sought new formulations 
to describe gravity wave propagation in elastically covered lakes 
(Greenhill, 1886). While the term “hydroelasticity” is often sufficient to 
refer to FFSI problems, it does not fully capture the viscoelastic behav
iour exhibited by some flexible bodies in response to fluid forces. For this 
reason, the phrase "flexible fluid-structure interactions" is favoured in 
the present review article.

The concept of FFSI in the marine environment was introduced 
gradually to the ocean engineering community, particularly through 
early observations by oceanographers who noted the flexible motion of 
sea ice in response to water waves (Robin, 1963; Dean, 1966; Wadhams, 
1972, 1975, 1978, 1979; Wadhams et al., 1988). This was followed by a 
line of thought of the International Ship and Offshore Structures 
Congress (ISSC) committee in 1970s (Bishop and Taylor, 1973), which 
emphasised the need to unify ship structural analysis with seakeeping 
performance (ISSC, 1973; Bishop et al., 1986). The idea that hydro
elasticity significantly influences slamming loads, especially for light
weight structures, also began to take shape during the 1980s and 1990s 
(Kvalsvold and Faltinsen, 1993). Concurrently, the development of 
flexible marine systems, such as composite marine propellers (inspired 
by Calclough and Russell, 1972) and wave energy converters (French, 
1979), highlighted the growing relevance of FFSI in the design and 
performance assessment of next-generation ocean engineering systems.

Our early understanding of FFSI problems was shaped through real- 
world observations and replicated in laboratory settings (e.g., tanks, 
basins, and cavitation tunnels). Theoretical and mathematical models 
based on advanced mathematics subsequently emerged (e.g., Bishop and 
Price, 1979). Subsequently, computational models began to appear in 
the 2010s. Modern computational models (e.g., Khayyer et al., 2018) are 
first validated against well-known academic test cases, and then applied 
to complex FFSI problems (examples are shown in Fig. 1).

With the development of increasingly either advanced or funda
mental models for solving FFSI problems in the ocean, alongside the 
growing applications of these interactions in engineering and other 
scientific fields, the need for a comprehensive review of state-of-the-art 
models has become more apparent. While there have been notable and 

engaging review papers focusing on specific FFSI problems, such as 
those by Prof. Vernon Squire on wave-ice interactions (Squire et al., 
1995; Squire, 2007) or others addressing flapping of foils (Wu et al., 
2020), a comprehensive review covering the majority of models 
addressing FFSI problems is currently lacking in the literature.

Such a review benefits researchers, scientists and modelers by 
providing technical and modelling visions applicable across various 
fields related to ocean and maritime environment. It also supports po
tential interdisciplinary research emerging from FFSI. To address this 
gap, the present paper presents a state-of-the-art review of FFSI 
modelling in the ocean, covering physical experiments, inviscid-based 
models, and CFD approaches. Unlike earlier review papers, this work 
brings together six major FFSI problems, ranging from wave–structure 
interaction to flexible marine propellers under a unified and compara
tive framework, aimed at providing cross-cutting insights into FFSI 
modelling in maritime environment. As such, this review paper in
troduces a structured modelling pathway that generalises how FFSI 
models are formulated, including fluid and solid idealisation, coupling 
strategies, and solver integration, which, to the best of the authors’ 
knowledge, has not been systematically presented in previous reviews. 
This approach enables readers to clearly understand the similarities and 
differences in modelling techniques across problems and may inspire the 
transfer of modelling concepts from one application to another. 
Following this, the paper synthesises developments in FFSI modelling in 
marine environment and highlights important lessons from recent ad
vances. It addresses the main strengths and limitations of current 
models, discusses future research opportunities, and outlines remaining 
challenges. The framework is deliberately designed to help engineers 
and researchers identify, compare, and select appropriate FFSI model
ling strategies, or develop new ones, based on their specific needs. 
Although knowledge-driven, the review includes a focused literature 
analysis, introducing the historical development of FFSI models and 
classifying them by problem where practical.

This review paper is structured as follows. Section 2 introduces the 
FFSI problems considered and explains why flexibility needs to be 
accounted for in each of the problems. Section 3 provides a general 
overview of how models can be developed through the simplification 
and idealisation of fluid and solid as two continuum models. Section 4
reviews experimental-based models developed for FFSI in the ocean. 
Section 5 presents a state-of-the-art review of models based on inviscid 
flow assumptions. Section 6 reviews CFD-based models. Sections 4 to 6
contain tables that present studies either introducing FFSI models (from 
experimental ones to CFD ones) or applying them to specific engineering 
or application-related problems. Section 7 provides a general outlook for 
future research, and Section 8 presents the concluding remarks.

2. Flexible fluid-solid interaction problems

Our definition of FFSI helps determine the scope of studies and 
research progress to be covered in this review paper. We define the 
problem as the flexible motions that arise in a continuous solid body 
under the influence of hydrodynamic forces. These flexible motions 
“may” or “may not” significantly influence the velocity and pressure 
fields in the surrounding fluid domain, depending on the extent of the 
motions arising in the solid body. For example, the elastic motions of a 
ship may not substantially affect the wave field, unlike its rigid body 
motions (e.g. Lakshmynarayanana and Hirdaris, 2020). However, the 
elastic motions of a body entering the water can significantly influence 
the velocity and pressure fields within the fluid domain (e.g. Tavakoli 
et al., 2023b).

This review paper excludes multi-physical problems involving in
ternal mechanics, such as hard grounding or vibrations of the main deck 
of a ship, or solid-solid interactions, such as ice-structure interactions, 
although these may be influenced by hydrodynamic effects (e.g. Kim 
et al., 2021; Keijdener et al., 2018; Jiang et al., 2024). Additionally, only 
non-hyperflexible deformations are addressed in this review paper.; 

2 This term is derived from two Greek elements, "hydro" (ὕδωρ), meaning 
water, and "elasto" (ἐλαστός), meaning flexibility. These two elements are 
combined with the Latin-derived suffix "-ity".
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Phenomena such as plastic deformations (e.g. Yu, 2025), 
hydroelasto-plasticity (e.g. Lu et al., 2024; Liu et al., 2017, 2022d), 
crushing (e.g. ice crushing, Ranta et al., 2018), crack propagation (Zhao 
et al., 2021), and breaking (e.g. Voermans et al., 2020) fall outside the 
scope of this review paper.

As such, this review paper covers flexible wave-structure interaction 
problems (introduced in sub-section 2.1), global ship hydroelasticity 
(introduced in sub-section 2.2), flexible slamming (introduced in sub- 
section 2.3), flexible marine propellers (introduced in sub-section 2.4), 
flexible motions of marine vegetation (introduced in sub-section 2.5), 
and wave-mud interactions (introduced in sub-section 2.6). These 
problems along with their associated engineering domains (Ocean En
gineering, Coastal Engineering, and Naval Engineering), examples of 
flexible bodies, key outputs, and potential engineering and scientific 
applications are detailed in Table 1. All of these problems are relevant to 
the field of ocean engineering.

2.1. Wave-structure interaction

Flexible wave-structure interactions refer to the mutual influence 
between water waves and flexible structures (floating, submerged, 
vertical, horizontal, or inclined). When a flexible structure is subjected 
to water waves, it transmits part of the wave energy and reflect another 
portion (Bennetts et al., 2015; Kostikov et al., 2021, 2022; Polly et al., 
2025) and may also dissipate energy via linear and nonlinear 

mechanisms (e.g. Bi et al., 2022). Specifically, dissipation may be caused 
by visco-elastic responses (e.g. Mosig et al., 2015). In addition, a flexible 
structure may influence wave dispersion (Collins et al., 2017). If a 
flexible floating structure is unmoored, it may drift. For a structure of 
finite length, the response is a combination of various elastic modes 
(Meylan and Squire, 1995). However, for very long flexible structures, 
progressive flexible waves emerge (Zhao et al., 2015a). Fig. 2 demos 
examples of flexible wave-structure interactions.

Flexible wave-structure interactions are fundamental to various en
gineering and natural systems, such as offshore structures (Niedzwecki 
and Huston, 1992), coastal protection (e.g. Zhang et al., 2023a), wave 
energy conversion (Collins et al., 2021; Teixeira-Duarte et al., 2022; 
Wang et al., 2024b), and marine ecosystems (e.g. wave-ice interactions, 
Williams et al., 2013). On a smaller scale, models developed for 
flexible-wave structure interactions are applied in the design of marine 
structures (e.g. Very Large Floating Structures, VLFS, Lamas-Pardo et al., 
2015), wave energy systems (wave energy converters, WEC), and coastal 
protection. When scaled up to a geophysical level, they are used in 
global/regional wave models (e.g. Liu et al., 2020).

Mathematical modelling of waves first started in the 17th century, 
with early models being largely theoretical and focused primarily on 
wave dynamics. However, from the 20th century onwards, the advent of 
computers transformed the study of flexible wave-structure interactions 
by enabling numerical simulations and the development of more so
phisticated mathematical models.

Fig. 1. Examples of basic problems used for validating CFD-based codes developed to solve flexible fluid-structure interaction problems. These include the dynamic 
responses of a flexible beam placed behind a fixed cylinder, (a) an elastic plate exposed to a free stream, (b) a dam break on a flexible gate, (c) the dynamic responses 
of a flexible baffle in a rolling tank, and (d) the flexible water entry of a V-shaped body at a constant speed (e).
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2.2. Global ship hydroelasticity

Global ship hydroelasticity refers to the elastic, dynamic responses of 
a hull girder caused by fluid actions (Fig. 3). Unlike engine and 
propeller-induced vibrations, which typically occur in the order of 
millimetres, ship hydroelastic responses can be in the order of metres 
(Senjanović et al., 2008). Recognised since the 1970s, this issue led to a 
new research direction to unify seakeeping and structural analysis, as 
raised by Committee 10 of the Fourth International Ship Structures 
Congress, ISSC (Bishop and Taylor, 1973; Bishop and Price, 1974).

Ships exhibit flexible responses to waves when their length is very 
long and when travelling at high speeds (Wu and Moan, 2005). Com
posite high-speed ships and river-going vessels may also display flexible 
responses to wave loading. The flexibility of a ship is believed to increase 
vertical and torsional bending moments (Wu and Moan, 2005; Vijith and 
Rajendran, 2023).

The flexible responses of a ship to waves can be classified into two 
categories: steady-state responses (springing), and transient responses 
(whipping). Springing occurs when the exciting frequency aligns with 
one of the eigenfrequencies (natural frequencies) of the ship.

These elastic responses of a ship can be classified as symmetric 
(vertical bending), asymmetric (bending and torsion), or anti-symmetric 
(vertical bending, torsion, and horizontal bending). For ships with open 

decks and for trimarans, the lowest natural frequency is typically asso
ciated with torsional modes (e.g., Chen et al., 2019a), whereas for ves
sels with closed sections it corresponds to vertical bending (Senjanović 
et al., 2008). Springing is categorised as either linear or nonlinear 
(Riesner and El Moctar, 2021a). Linear springing occurs when the 
encounter frequency of the hull girder closely matches its natural fre
quency, while nonlinear springing arises when the natural frequency 
aligns with the second, third, or higher harmonics of the water waves, or 
is influenced by body nonlinearities. Springing is reported to contribute 
roughly 40–45 % of fatigue damage in ships (Storhaug et al., 2003; 
Drummen et al., 2008). An example of the effects of ship flexibility and 
the resulting springing on Vertical Bending Moments (VBM), Horizontal 
Bending Moments (HBM), and Torsional Moments (TM) is illustrated in 
Fig. 4.

Whipping occurs when a sudden imposed load, such as slamming, 
acts on the ship, and due to the structural damping of the ship, this 
response tends to decay slowly (Zhu and Moan, 2014). Whipping is 
therefore more likely to occur in harsh wave environments, such as the 
Southern Ocean and the North Atlantic, or also in extreme sea conditions 
(Wang and Guedes Soares, 2016a, 2025). It has been noted that slam
ming, while contributing to whipping, may increase the loads acting on 
the ship by as much as 30 % (Hirdaris et al., 2023). An example of the 
whipping response of a flexible ship due to slamming force, including 

Table 1 
FFSI problems reviewed in the present paper, with key outputs and engineering applications outlined.

FFSI problem Engineering 
Domain(s)

Example of the flexible body Key outputs Engineering/science applications

Wave-structure 
interactions

Coastal, Ocean VLFS, flexible seawall, sea ice, flexible 
breakwaters

• Wave transmission and/or reflection 
coefficients

• Energy dissipation
• Drift force/mooring tension force
• Mode shapes and deformation
• Wave dispersion

• Coastal protection
• Energy harvesting
• Minimising structural fatigue and 

improving resilience
• Global/regional wave modelling

Global ship 
hydroelasticity

Naval, Ocean Containerships, trimarans • Vertical, and horizontal bending moment, 
along with torsional moment

• Springing and whipping responses
• Fatigue damage index
• Natural frequencies

• Design/fatigue load
• Ship structural design
• Ultimate strength estimation
• Fatigue life estimation
• Reducing slamming-induced loads
• Ensuring classification compliance

Flexible slamming Naval, Ocean, 
Coastal

Bow section, amidship section • Design pressure
• Local deformation (dynamic/static 

response)
• Whipping excitation force

• Hull protection
• Design load
• Predicting transient load inputs
• Material damage assessment

Flexible marine 
propellers

Naval, Ocean Composite propellers (off-design 
operations), SPPs, Marine Turbines

• Blade bending/twisting angles
• Unsteady pressure on blades
• Propeller performance
• Cavitation signatures

• Performance optimisation
• Noise reduction
• Preventing blade failure
• Improving adaptability to inflow 

changes
Marine vegetation Coastal, Ocean Seagrass, marshes • Wave attenuation coefficients

• Turbulent kinetic energy (TKE)
• Shear stress near seabed
• Vegetation drag and reconfiguration

• Nature-based coastal protection
• Ecosystem service quantification
• Designing nature-based solutions
• Global/regional wave modelling

Wave-mud 
interactions

Coastal, Ocean Navigational channels, soft seabed zones • Wave decay rate
• Bed shear stress
• Mud deformation depth

• Dredging frequency prediction
• Ship sinkage/squat assessment
• Global/regional wave modelling
• Sediment transport

Fig. 2. Examples of flexible wave-structure interactions, including wave interactions with a flexible mat (left) and wave interactions with a flexible seawall (right).
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Fig. 3. A simple representation of global ship hydroelasticity.

Fig. 4. Response Amplitude Operators (RAOs) of the VMB at amidships (panel a), HBM at amidships (panel b), and TM at two different stations (panels c and d), 
comparing a flexible ship (solid red lines) with a rigid ship (dashed blue lines). Figure adapted from Kim et al. (2009a). © Elsevier.
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HBM and TM, is shown in Fig. 5.

2.3. Flexible slamming

Slamming refers to the sudden impact of a body with a mass of liquid, 
occurring under various scenarios (Abrate, 2011; Faltinsen, 2000; Jung, 
2025). The most common slamming event occurs when part of a vessel 
or a ship re-enters the water, frequently observed in ships and 
high-speed boats (e.g., planing hulls; see Tavakoli et al., 2020, 2024a). 
These events are also referred to as water entry. Slamming predomi
nantly occurs at the bow of ships and boats (e.g. Wang and Guedes 
Soares, 2016a; Judge and Ibrahim, 2025), although it can also take place 
amidships (flat bottom slamming) or at the stern (stern slamming, Wang 
and Guedes Soares, 2016b). Oblique and angular velocities may also be 
considered when studying slamming phenomena (e.g., Judge et al., 
2004; Xu et al., 2008; Javanmardi et al., 2018; Li et al., 2022a). The 
solution of the water entry problem, while applicable for determining 
design pressures and whipping forces, can also be used to simulate the 
motion of planing hulls in calm water and waves (e.g., in Zarnick, 1978, 
Sun and Faltinsen, 2011; Haase et al., 2015; Morabito, 2015; Tavakoli 
and Dashtimanesh, 2019; Niazmand Bilandi et al., 2020, 2021; Ciam
polini et al., 2022; Hosseini et al., 2024), which is beyond the scope of 
the present paper.

Other types of slamming, including ditching and side slamming, may 

also occur. Slamming that takes place during the landing of seaplanes 
and helicopters is referred to as ditching (e.g., Iafrati, 2016). Side 
slamming occurs when a breaking wave impacts the side of a marine 
structure or a ship, typically in vessels with a large bow flare (e.g., Zou 
et al., 2024; Hu and Li, 2025). Fig. 6 illustrates different slamming 
scenarios. Slamming can be considered from a flexible structural 
perspective. For amphibious craft landing on water, the effects of 
slamming can be particularly severe, potentially causing plastic de
flections (Iafrati et al., 2015; Iafrati, 2016). The water entry/slamming 
problem has also been studied recently under aerated conditions (e.g. 
Zhao et al., 2025) and in non-Newtonian fluids (Ebrahimi and Azimi, 
2025a, b).

The dynamic response of a slammed structure may be studied 
through quasi-steady or dynamic response analyses, depending on the 
natural frequency and the loading period (Faltinsen, 1999; Stenius et al., 
2007). It has been noted that, for flexible structures, slamming loads 
may reduce the overall impact pressures (e.g., Tavakoli et al., 2023b, 
2023c). This behaviour presents a compelling FFSI problem. The output 
of the slamming analysis (forces and moments) can serve as the input for 
the whipping analysis of the ship. The slamming problem has been 
studied since the late 1920s (Kapsenberg, 2011). Early research focused 
on the water entry of rigid bodies, but over time, attention has shifted 
towards flexible water entry problems.

Fig. 5. Time histories of heave and pitch motions (top panel) of a flexible ship subjected to slamming loads under asymmetric conditions. The second panel shows the 
corresponding slamming forces. The third and fourth panels present the TM and HBM, respectively. The decay observed in the high-frequency components of TM and 
HBM (the rectangles) shows the transient nature of the whipping response of a flexible ship. Figure adapted from Lu et al. (2023). © Elsevier.
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Fig. 6. Examples of slamming phenomena, including occurrences in ship’s bow (a), bottom slamming (c), planing boats (c), helicopters (d), and structures exposed to 
water waves (e). Breaking waves impacting the ship bow flare are not shown, but the sketch would be similar to that of (e).
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2.4. Flexible marine propellers

Similar to ships, marine propellers can exhibit flexible responses. 
These motions are particularly relevant to modern composite propellers, 
which are designed to deform (bending and twisting) under fluid ac
tions, when operating in off-design conditions (Zhang et al., 2020). 
Other types of propellers (non-composite ones) may vibrate due to 
non-uniform forces caused by the fluid flow, which can also induce vi
brations in the hull girder and decks, albeit typically on the order of 
millimetres. Fig. 7 shows examples of flexible motions occurring in 

Fig. 7. Distortion of a composited marine propeller (up) and dynamic response of a semi-submersible propeller during one single rotation.

Fig. 8. Marine vegetation that may be found in a coastal zone.
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marine propellers.
The elastic distortion of a composite propeller can be classified as 

either steady or dynamic. The steady response occurs under a uniform 
flow pattern. In contrast, the dynamic response describes how a marine 
propeller reacts to non-uniform flow, which may be triggered by ship 
appendages or the formation of cavitation. Self-adaptive deformation, 
involving bending and twisting, is specifically optimised for such con
ditions, commonly referred to as off-design conditions (Mulcahy et al., 
2010).

In non-composite propellers, particularly semi-submersible pro
pellers, dynamic responses may occur. These are most commonly rec
ognised as propeller vibrations, which can induce significant stresses in 
the propeller blades that vary over each rotation. The study of flexible 
motions and dynamic responses of marine propellers can be traced back 
to the 1960s (Young et al., 2016), but significant research in this field 
gained momentum in the mid-2000s (e.g. Young, 2007a,b).

2.5. Flexible motions of aquatic vegetation

Marine vegetation, such as seagrass and marshes, particularly in 
coastal zones, is often exposed to waves and wave-driven currents that 
move towards the shoreline (Fig. 8). This vegetation is highly flexible 
and interacts dynamically with the surrounding water flow. The 
resulting interaction forms a reciprocal relationship between the flexible 
plant structures and the fluid environment. Marine vegetation can 
significantly attenuate wave energy, reduce the current energy and 
wave runup (Kobayashi et al., 1993; Quartel et al., 2007), thereby of
fering natural coastal protection by mitigating the risks and hazards 
(Koch et al., 2009; Borsje et al., 2011).

In addition to the energy attenuation of water waves caused by 
marine vegetation, turbulent flow may develop between plants due to 
their large, flexible movements when in close proximity (Brunet, 2020). 
This turbulence can generate significant shear stresses near the seabed, 
potentially affecting sediment transport and bed morphology.

In the real maritime environment, marine vegetation rooted in the 
seabed or floating on the water surface often exhibits variation in to
pology (e.g., height and diameter) and mechanical properties (rigidity). 
However, in both numerical and physical tank studies, an idealised setup 
is typically used (e.g. Markov et al., 2023), where the vegetation is 
represented with uniform geometry and material properties to best 
capture the dominant physics (e.g., Henry and Myrhaug, 2013; Yin et al., 
2021a,b). Based on these idealised models, regression equations are then 
formulated, which can be applied in wave modelling over wetland re
gions (e.g., Wang and Hu, 2023).

2.6. Flexible mud

Soft mud is commonly found in estuaries, wetlands, and coastal 
areas, where it provides habitats for marine life, supports nutrient 
cycling, naturally protects coastal ecosystems, and helps stabilise 
shorelines. These mud layers typically originate from the weathering 
and erosion of rocks, with sediments transported via tidal currents, 
water waves, and river plumes with high turbidity (Geyer et al., 2004; 
Traykovski et al., 2015).

Fig. 9 presents a schematic of wave-mud interactions based on the 
qualitative framework proposed by Mehta (1989) for the vertical 
structure of sediment concentration (c) and horizontal velocity (u) in a 
water-mud mixture. The vertical profile is divided into four distinct 
layers, separated by sharp gradients in mud concentration. The lutocline 
demarcates the interface between the upper, relatively clear water and 
the lower, more turbid fluid mud (Parker and Kirby, 1982). Beneath the 
fluid mud lies a deforming mud layer that transitions into a stationary 
cohesive bed. This intermediate layer exhibits both fluid-like and 
solid-like behaviour, modulated by wave orbital motion.

Wave–mud interactions become particularly important under low- 
frequency, long-period wave conditions (e.g. swell waves or infra
gravity waves), where the wave orbital motion is capable of penetrating 
deeper into the water column and interacting with the mud bed (Elgar 
and Raubenheimer, 2008). In shallow, low-energy environments, even 
moderate wave conditions can induce significant deformation in soft 
mud beds, leading to erosion, fluidization, and suspension of cohesive 
sediments (Jaramillo et al., 2009). Conversely, in high-energy condi
tions, intense turbulence and shear can resuspend settled mud, inhibit
ing consolidation (Sheremet et al., 2011). Erosion (entrainment and 
fluidization), deposition (settling and bed formation), and consolidation 
occur cyclically and are sensitive to both wave characteristics and 
sediment properties (Ge et al., 2020; Jaramillo et al., 2009; Sheremet 
et al., 2011).

Understanding the threshold wave conditions for these transitions is 
very important for accurate modelling of wave propagation. For 
instance, viscoelastic or viscoplastic rheological models are often 
employed to capture the complex response of cohesive sediments under 
oscillatory wave loading. Moreover, the inclusion of wave-induced pore 
pressure dynamics and stratified fluid–mud layering in numerical 
models can significantly improve predictive capabilities of models. This 
This understanding is critical not only for environmental and sediment 
transport studies but also for practical considerations in navigation and 
port operations, where soft mud layers may affect vessel sinkage and 
underkeel clearance (e.g. Delefortrie et al., 2010)

Fig. 9. Schematic of mud response to water waves.
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3. General assumptions and modelling approaches

The general assumptions made about any FFSI problem serve as the 
foundation for its formulation or conceptualisation. If a non-physical 
approach is adopted (as opposed to tank, tunnel, flume tests, or field 
measurements), various mathematical, numerical, or hybrid models can 

be developed to simulate FFSI problems.
This section outlines the assumptions that are typically made when 

formulating FFSI problems and seeking their solutions using numerical 
or mathematical approaches. These assumptions may relate to fluid 
idealisation, structural idealisation, or the manner in which the nu
merical approach is constructed. Fig. 10 provides an example of how 

Fig. 10. Example of the idealisation of a fluid-structure interaction problem (a) and (b) example of the way the fluid-structure interaction problem is numerically 
solved by a one-way algorithm (flexible motions are not fed back to the fluid-domain).
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problem idealisation for global ship hydroelasticity, and the setup of an 
appropriate numerical approach, can support effective simulation.

3.1. Idealising the fluid

3.1.1. Ideal or viscous
The fluid can be assumed to be either non-viscous, commonly 

referred to as inviscid, or viscous. Under the assumption of an inviscid 
fluid, fluid motions around any solid body are typically governed by 
Euler momentum equations (e.g. Kim et al., 2022a). In specific, the 
velocity potential concept may be used, and thus the fluid motion is 
governed by the Laplace equation, with the solution of the potential field 
being sought (Birk, 2019). When the FFSI problem is studied near the 
upper oceanic boundary layer, free surface boundary conditions must be 
applied. Free surface boundary condition can be either linear or 
nonlinear.

When the fluid is assumed to be viscous, energy dissipation is 
included in the governing equations. Hence, the Navier–Stokes (NS) 
equations hold the fluid motion (Graebel, 2007). Energy equations may 
also be considered when cavitation or thermal effects are significant 
(Wang et al., 2020a). These cases are particularly relevant for marine 
propellers or scenarios involving water entry under cavitation effects, 
such as flat bottom slamming (e.g. Chen et al., 2019b; Wu et al., 2023; 
Yang et al., 2024). Meshed or meshless methods can be used to solve the 
problem numerically, although only meshed methods are covered in the 
present research (for a general overview of meshless methods, see Gotoh 
and Khayyer, 2018). For FFSI problems, a viscous-based formulation is 
preferred over an ideal-flow assumption when shear stresses are ex
pected to become significant or when ideal flow fails to effectively 
capture all nonlinear effects (e.g., wave breaking around a ship).

3.1.2. Linear or nonlinear nature for fluid model
Nonlinearities in the fluid flow may arise due to fluid motion on the 

free surface (not relevant to a fully submerged body) or the hydrody
namics of the flexible body, which are listed in Table 2. Nonlinearities 
associated with the free surface are due to deformations in the water 
surface due to dynamic motions of a flexible/rigid body (e.g. Wei et al., 
2025a), propagation of nonlinear water waves (steep waves), wave
–wave interactions (e.g. Abroug et al., 2020), green water or overwash 
(e.g. wave-ice interactions, Tavakoli and Babanin, 2021), and splashing 
(water entry, Vincent et al., 2018). The topic of nonlinear water waves, 
including the formation of rogue waves (e.g. Chabchoub et al., 2011; 
Kirezci et al., 2021; He et al., 2025; Zhai et al., 2025) and the emergence 
of wave sequences below a certain limit (e.g. Al-Ani and Belmont, 2021; 
Tavakoli et al., 2024b, 2025), the former providing insight into sea 
hazards for marine structures and the latter assisting in the planning of 
maritime operations, is a major area of research and has been exten
sively studied in the literature (refer to Onorato et al., 2013; Dudley 
et al., 2019; Xue et al., 2023).

Nonlinearities associated with body hydrodynamics are related to 
the temporal change of the wetted area of the floating body or ship, or 
temporal changes in the shape of a flexible body (such as a blade), drag 
force generation, turbulent flow, cavitation, and non-uniform flow 
patterns. These effects need to be addressed through time-domain sim
ulations, where the temporal change in the area exposed to fluid forces 
must be considered.

When using inviscid-based flow modelling, nonlinearities associated 
with the free surface (e.g. Da Silva and Peregrine, 1990; Green et al., 
1974; Green and Naghdi, 1976) must be defined within the boundary 
conditions of the free surface, or the waves themselves must be assumed 
to be nonlinear (e.g. Părău and Dias, 2002; Hartmann et al., 2022), as 
linearised free surface conditions are not applicable (refer to Lamb, 
1932; Dean and Dalrymple, 1991; Mandal and Chakrabarti, 2000; Lin
ton and McIver, 2001 for fundamental concepts). Additionally, non
linearities in body hydrodynamics must be temporally accounted for. 
For example, in modelling the hydrodynamic nonlinearities of a flexible 
ship, the instantaneous position of the body must be considered 
(Watanabe and Guedes Soares, 1999), as it determines the temporal 
wetted area and displaced volume. When using a viscous fluid model, 

Table 2 
Sources of body hydrodynamic and free surface nonlinearities in different FFSI 
problems covered in this review paper.

Problem Source of nonlinearity

Body hydrodynamics Free surface

Flexible wave- 
structure 
interactions

• Temporal changes 
of wetted area

• Nonlinear deflection 
of the structure

• Nonlinear water waves
• Overwash
• Wave breaking
• Wave-wave interactions

Global ship 
hydroelasticity

• Temporal changes 
of wetted area

• Nonlinear ship 
responses

• Transient response 
to slamming loads

• Turbulence around 
the ship

• Nonlinear water waves
• Wave breaking
• Green water
• Wave-wave interactions

Flexible slamming • Temporal changes 
of wetted area

• Large deflections

• Nonlinear jet formation
• Nonlinear splash
• Air entrapment (aerated 

slamming, of flow separation 
in asymmetric/oblique 
slamming)

• Cavity generation
Flexible marine 

propellers
• Temporal change of 

the blade shape
• Cavitation 

formation
• Non-uniform flow

• Free surface effects around the 
propeller (SPPs)

Marine vegetation • Relatively large 
deformation

• Turbulence 
generation around 
the body

• Nonlinear drag force
• Stem-stem 

interaction

• Nonlinear water waves
• Wave-wave interactions

Wave-mud 
interactions

• Turbulence 
generation above 
the mud

• Nonlinear mud 
deformation

• Depth induced shoaling
• Wave-wave interactions
• Nonlinear waves

Table 3 
Importance of turbulence consideration in different FFSI problems covered in 
this review paper.

Problem Turbulence 
Importance

Reason

Wave–Structure 
Interactions

High Turbulence may be present in case of 
wave breaking or emergence of 
overwash.

Ship Hydroelasticity Moderate-High Turbulence is important when ship is 
exposed to large waves, green water 
emerges, and ship advances in high 
speeds.

Flexible slamming Low Turbulence may be important in case of 
bottom slamming.

Flexible marine 
propellers

High Tip vortices, cavitation and free surface 
effects (in case of surface piercing 
propellers).

Marine vegetation Moderate-High When the turbulent flow generation 
emerges between stems of marine 
vegetation.

Wave–mud Low Surface turbulence is less critical, yet 
turbulence can cause sediment 
suspension or pore pressure. It may be 
relevant near the seabed boundary layer 
under wave action.
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nonlinearities are fully considered in the model.

3.1.3. Turbulent idealisation
Turbulence in the fluid domain can arise from a variety of factors, 

including boundary layer instabilities (Posa et al., 2022), vortex shed
ding (Zhang et al., 2021a), and wave-related processes such as 
non-breaking (Babanin, 2006, Babanin and Haus, 2009) and breaking 
waves (Liu et al., 2019).

Incorporating turbulence into FFSI problems can be achieved via 
advanced modelling techniques. The modelling of turbulent flows in 
marine hydrodynamics is commonly achieved using the Reynolds- 
Averaged Navier-Stokes (RANS) equations, coupled with turbulence 
models such as eddy viscosity models, or those use Reynolds Stress 
Models (RSM). These models solve for the mean velocity and pressure 
fields while accounting for the effects of turbulence through additional 
terms like Reynolds stresses. Alternative approaches, including Large- 
Eddy Simulations (LES), Very Large Eddy Simulations (VLES) hybrid 
ones, Detached Eddy Simulations (DES), and Direct Numerical Simula
tions (DNS). A detailed review on these models and their applications in 
ship hydrodynamics is presented in Pena and Huang (2021).

Turbulence may be present in different FFSI problems. The 

importance of turbulent flow in the various FFSI problems discussed in 
this paper is summarised in Table 3. For instance, the interaction of 
breaking waves with flexible structures generates highly energetic, 
turbulent flows (e.g. Hu and Li, 2023), necessitating accurate repre
sentation of dissipation mechanisms and pressure fluctuations. An 
example of the turbulence flow generation around a flexible wall 
impacted by a breaking wave is shown in Fig. 11.

3.1.4. Free surface modelling in CFD studies
When a meshed method is used, the free surface can generally be 

tracked using either the level-set method (LSM) (Osher and Sethian, 
1988) or the Volume of Fluid (VOF) model (Hirt and Nichols, 1981), 
with the latter utilising a volume fraction parameter to represent fluid 
phases within each computational cell.

The main physical difference between the methods is that the VOF 
model represents the interface as the transport of a mass fraction, 
whereas the LSM applies the free-surface boundary condition via a 
signed distance function. The inclusion of surface tension is more 
straightforward in the LSM than in the VOF (see Lee, 2015). Wang et al. 
(2009) noted that the LSM can be more readily implemented in 
three-dimensional problems, unlike the VOF method, which requires a 
more complex geometric procedure.

One reported drawback of the VOF method is the possible occurrence 
of artificial numerical ventilation near solid walls when the fluid flow is 
relatively fast. This issue has been addressed through various numerical 
approaches and has been reported in studies on the hydrodynamics of 
planing hulls (Cui et al., 2021a, 2021b).

The VOF approach represents the interface using a discontinuous 
step function, which has been identified as a key weakness, as it may 
generate weak but artificial currents near the air–water interface when 
modelling sharp interfaces (Lafaurie et al., 1994; Chatzimarkou et al., 
2022). In contrast, the main limitation of the LSM, despite its ability to 
capture a smoother free surface, lies in its non-conservative treatment of 
mass for both liquid and gas phases, as well as the requirement for 
re-initialisation. As a result, phenomena such as wave breaking, spray 
formation, and air entrapment may not be accurately captured (Wang 
et al., 2009).

To address these issues, a coupled LSM and VOF methods (CLSVOF) 
has been introduced (Sussman and Puckett, 2000). This hybrid approach 
has been applied in the modelling of breaking waves by Wang et al. 
(2009) and Chatzimarkou et al. (2022), as well as in simulations of wave 
breaking near the stern of a ship entering the water (Chen et al., 2022b).

Both the VOF and LSM have undergone significant development over 
the past two decades, with examples found in Muzaferija (1998), Ubbink 
and Issa (1999), Olsson and Kreiss (2005), Weymouth, G. D. and Yue 
(2010), Leroyer et al. (2011), Bureš et al. (2021), Ferro et al. (2025). In 
particular, detailed explanations of various improvements made to the 
VOF solvers in OpenFOAM are provided by Huang et al. (2022b).

Fig. 11. Wave profiles, turbulence levels, and structural responses of a flexible wall under the high-aeration impact (Hu and Li, 2023). © Elsevier.

Fig. 12. Cavity flow and free surface around a single stepped planing hull 
advancing at a beam Froude number of 1.46, captured using (a) a LSM and (b) a 
VOF model. Adapted from Park et al. (2022). © Elsevier.
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An illustrative comparison of free-surface flow around a planing hull, 
captured using LSM and VOF models, is shown in Fig. 12. Additionally, 
an example of a breaking wave modelled using CLSVOF and VOF is 
presented in Fig. 13. Finally, it should be noted that other models have 
also been developed to capture the free surface, some of which are 
unique to OpenFOAM solvers; further details can be found in Huang 
et al. (2022b).

3.2. Assumption for the solid body

3.2.1. Mechanical behaviour idealisation
In the absence of plastic and hyperelastic behaviour, a flexible solid 

body responding to hydrodynamic forces can be idealised as an elastic, 

viscoelastic, viscous, or porous medium (e.g., poroelastic or porous 
viscoelastic). The choice of idealisation depends on the rheological 
properties of the solid body and the nature of the fluid–structure 
interaction.

Under an elastic behaviour assumption, the solid body undergoes 
reversible deformation in response to hydrodynamic loads. Elastic 
models are commonly employed to study both static and dynamic re
sponses: for instance, uniform flows acting on flexible marine propellers 
can be considered as inducing static responses, while unsteady or non- 
uniform flows may cause dynamic effects such as ship springing or 
flexural vibrations in floating ice shelves. This idealisation has been 
applied in diverse contexts, including ship hydroelasticity, VLFS, flex
ible coastal mats, and the motion of marine vegetation under wave 

Fig. 13. Snapshots of a breaking wave simulated using the VOF and CLSVOF models, as presented by Chatzimarkou et al. (2022). © Elsevier.

Table 4 
Different approaches used to idealise the mechanical behaviour of the solid body in the FFSI problems covered in this review paper.

Mechanical behaviour Wave-structure interaction Ship 
hydroelasticity

Flexible 
slamming

Marine 
propellers

Marine 
vegetation

Wave-mud 
interactions

Elastic ✓ (e.g. VLFS) ✓ ✓ ✓ ✓ ✓ (very soft seabed)
Viscoelastic ✓ (e.g. sea ice) – – – ✓ ✓
Porous Elastic/ 

Viscoelastic
✓ (e.g. perforated breakwaters and sea 
ice)

– – – ✓ ✓

Viscous ✓ (e.g. sea ice) – – – – ✓

S. Tavakoli et al.                                                                                                                                                                                                                                Ocean Engineering 342 (2025) 122545 

13 



loading.
Viscoelastic behaviour, in contrast, captures both elasticity (recov

erable) and viscosity (dissipative) responses. The behaviour is particu
larly appropriate for sea ice, soft seabeds and muddy bottoms that 

dissipate wave energy through internal friction and molecular 
rearrangement.

Viscoelastic behaviour of solid bodies, such as ice covers and muddy 
seabeds (e.g. Huang et al., 1992), is primarily identified through phys
ical observations, upon which idealised viscoelastic models are then 
developed. For instance, Shakeel et al. (2020) conducted rheological 
tests on natural cohesive sediments from the Port of Hamburg, revealing 
distinct viscoelastic behaviour characterised by two yield stresses (see 
also Yang and Yu, 2018). Ice cover has similarly been characterised as a 
viscoelastic material in the work of Marchenko et al. (2021), who re
ported the viscosity and elasticity of ice formed in an ice tank, based on 
wave–ice interaction experiments.

To build FFSI models for wave-mud or wave-ice interactions, a 
simple idealised model that represents viscoelastic behavior of the ma
terial is required. These simple idealised models typically use spring
–dashpot systems (e.g., KV and Maxwell models; see Flügge, 1975 for 
more technical information) to simulate the combined elastic and 

Table 5 
Different elemental idealisation used for modelling FFSI problems covered in this paper (C: common, NC: Not common, OC: occasionally common).

Problem 1D beam 
idealisation

1D Thin-walled 
beam 
idealisation

Plate 
idealisation

N-Pendula 
idealisation

Multi-Rigid- 
Body 
idealisation

Discrete 
element 
idealisation

Truss 
idealisation

Full 3-D Geometry 
(solved via FEM, FVM, 
meshless methods, etc.)

Wave–structure 
interactions

C NC C NC C OC OC C

Ship 
hydroelasticity

C C NC NC C NC NC NC

Flexible slamming C NC C NC NC NC NC C
Flexible marine 

propellers
OC NC OC NC NC NC NC C

Marine vegetation OC NC OC C NC NC NC OC
Wave-mud 

interactions
C NC C NC NC NC NC OC

Fig. 14. Two examples of beam idealisation for a structure. (a) shows a beam 
idealisation of ship structure, and (b) shows beam idealisation of flat bottom 
slamming of ships.

Fig. 15. Two examples of plate idealisation for a structure. (a) shows a plate idealisation for a thin structure interacting with water waves, and (b) shows plate 
idealisation for a panel of a flexible wedge entering water.

Fig. 16. Idealisation of a very flexible vegetation stem using the N-pen
dula model.
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viscous behaviour of seabed materials. Some examples include the 
wave–ice interaction models developed by Tavakoli and Babanin 
(2023), which are based on both KV and Maxwell formulations, as well 
as the wave–mud interaction model by Liu and Chan (2007), which uses 
the KV approach.

The flexible body may also be idealised as a porous medium, 

assuming the structure allows internal fluid flow through interconnected 
pores. This results in additional dissipation due to fluid–solid in
teractions. In porous media, fluid within the pores is often governed by 
Darcy’s law (Darcy, 1856) for low-Reynolds number flows (e.g. Chwang 
and Chan, 1998; Kim et al., 2000), or the Forchheimer extension for 
inertial flows. The solid skeleton can be further idealised as poroelastic 
(e.g. Nandi et al., 2024) or viscoelastic porous (e.g. Xu and Guyenne, 
2022), enabling more accurate representations of marine sediments or 
reef substrates. This idealisation is particularly relevant in modelling 
wave attenuation over porous structures such as coral reefs (e.g. Huang 
et al., 2024; Han et al., 2025), brine-channelled sea ice, and deformable 
seabeds (e.g. Jeng and Lin, 2000; Williams and Jeng, 2007).

Finally, a purely viscous assumption may be used to represent the 
solid as a dense fluid, especially in modelling Newtonian or non- 
Newtonian fluid responses of mud or ice. This assumption is 
commonly used in studies of wave–mud (e.g. Dalrymple and Liu, 1978; 
Ng, 2000) and wave–ice interactions (e.g. Keller, 1998) where the ma
terial exhibits flow-like behaviour under wave-induced shear. Other 
constitutive models, such as elastoplastic or hyperelastic formulations, 
may also be applied depending on the material and loading conditions, 
but such topics are beyond the scope of this review. They are referenced 
briefly where relevant (e.g. wave-mud interactions). A summary of the 
different mechanical behaviours that can be assigned to the solid body is 
presented in Table 4.

3.2.2. Elemental idealisation of a flexible solid body
Another important step in the idealisation of the flexible body is 

related to how it is represented as a structural element, which is listed in 
Table 5. Elemental idealisation permits formulating the equations of 
motion for the solid body. Various elemental idealisations can be 
applied, and the most relevant ones are introduced here.

3.2.2.1. Beam idealisation. A 2D/3D structure is simplified into a beam. 
This idealisation works for slender structures. The main assumption that 
holds for this simplification is that the distortion along the beam is 
relatively small compared to the length of the structure, and shear de
formations are assumed to be very small. This is a very common practice 
in modelling flexible wave-structure interactions, global ship hydro
elasticity, and 2D water entry problems. An example of beam ideal
isation for modelling a flexible ship hydroelasticity problem is shown in 
Fig. 14. Different beam models such as Euler–Bernoulli Beam Theory, 
Timoshenko Beam Theory, and Tapered Beam Theory are commonly 
used in the literature (see Timoshenko, 1953; Elishakoff, 2020).

Fig. 17. Idealisation of ship by using DMB model.

Fig. 18. Idealisation of an ice cover by using a discrete element model.

Fig. 19. Net of a fish cage idealised using a truss model.
Fig. 20. 3D idealisation of 17th-century warship Vasa by Afshar et al. (2021)
by using FEM. © Elsevier.
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3.2.2.2. 1D thin-walled beam idealisation. 1D thin-walled beams have 
three distinct dimensions, each differing in magnitude. The wall thick
ness of these beams is assumed to be significantly smaller than the other 
dimensions. The cross-sectional dimension is considerably smaller than 
the beam length, and they are also termed “long prismatic shells” 
(Vlasov, 1961). A distinctive feature of 1D thin-walled beams is their 
tendency to undergo longitudinal extension when subjected to torsional 
moments (e.g. antisymmetric responses of ships). See Senjanović and 
Grubišić, 1991, as an example of a thin-walled beam model for idealising 
the global dynamic response of a ship.

3.2.2.3. Plate idealisation. Plate theories assume that one dimension of 
the structure is much smaller than the other dimensions, i.e., a thin 
structure. Hence, the body is idealised as a plate. In most of the theories, 
the structure is assumed to have small deflections compared to its width. 
Two examples of plate idealisation for a thin body exposed to water 
waves, and a 3D wedge entering water are shown in Fig. 15. Kirchhoff- 
Love Plate Theory (Reddy, 2007) and First-order Shear Deformation 
Theory (Reissner, 1945; Mindlin, 1951) are the most common ones that 
used in the literature. This approach of idealisation is also referred to as 
shell idealisation, which can be geometrically extended to circular, cy
lindrical, spherical, or conical shells when curvilinear coordinate sys
tems are used to formulate the FFSI problem (e.g. Khabakhpasheva 
et al., 2024).

3.2.2.4. N-pendula idealisation. A flexible body is assumed to be 
composed of a finite number of pendulum segments, and motions of 
each segment are solved using a local force balance, hence the model 
would be called a local force-balance model (Fig. 16). Fluid forces are 
calculated at the nodes. N-pendula idealisation can be very common in 
modelling very flexible structures, such as marine vegetation (e.g. 

Marjoribanks and Hardy, 2014), though it has also been used in 
modelling wave energy converters (e.g. Yurchenko and Alevras, 2013).

3.2.2.5. Multi-rigid-body idealisation. A flexible structure is idealised as 
a multi-rigid-body system connected via elastic beams, as shown in 
Fig. 17. Each rigid body represents a segment of the overall structure, 
moving as a rigid body but treated individually, with freedom in six 
degrees of freedom. The elastic beams connecting rigid bodies enable 
relative motion between them, representing the flexibility of solid 
bodies. This approach maintains displacement and rotational continuity 
between adjacent modules. Two distinct types of multi-rigid-body 
models have been used to date: Discrete Module Beam (DMB) models 
(e.g., Zhang and Lu, 2018) and Macro-Submodule Division, MBD, (e.g., 
Chen et al., 2023a). The former uses a single transverse division. The 
latter, however, considers a second direction, which allows multiple 
transverse discretisation across the structure.

3.2.2.6. Discrete element idealisation. The solid object may also be ide
alised as discrete elements (e.g. Fig. 18), with their motions governed by 
particle dynamics. These elements can fully or partially occupy a portion 
of the fluid domain and may collide with each other. Using such ideal
isation necessities the introduction of friction and damping terms in the 
modelling. This approach is commonly used in modelling the perfor
mance of ships in pack ice or ice loads on marine structures. More 
recently, this method has been applied to idealise the structural motions 
of an ice sheet covering water (e.g. He et al., 2022).

3.2.2.7. Truss idealisation. A truss is made up of elements that are 
connected to each other by joints. Each element of a truss is only sub
jected to axial loads that give rise to tension or compress stresses. 
Trusses can be either defined in a plane, or in space. The junction node of 

Fig. 21. First four dry mode shapes of a thin circular flexible plate.

S. Tavakoli et al.                                                                                                                                                                                                                                Ocean Engineering 342 (2025) 122545 

16 



a truss defined in a plane would have two transitional degrees of 
freedom, and that of a truss defined in space would have three transi
tional motions. In some FFSI models such as those idealising dynamic 
motions of flexible fish cage, truss elements are favoured (e.g. Moe et al., 
2010; Li et al., 2013). Fig. 19 shows an example of the use of a truss 
model for idealisation of a net of a fish cage, the floating structure of 
which is idealised using a beam model.

3.2.2.8. 3D geometry idealisation. The last option to model a flexible 
structure is to use the full 3D geometry of the body. The full 3D model 
would represent the actual shape of the structure. However, the struc
ture can either be modelled as a 3D solid volume (e.g. Huang et al., 
2019) or, alternatively, the 3D geometry can be idealised, with different 
elements of the structure represented by some of the topologies 
described earlier (mixed topology), possibly combined with localised 3D 
solid volumes, though the connections between the elements need to be 
mathematically defined (e.g. Afshar et al., 2021). For example, when a 
ship hull girder is modelled as a 3D geometry using a mixed topology 
approach, the outer and inner shells are set to be shells, and the frames 
can be treated as beams.

In the case where a 3D solid volume is modelled, the governing 
equations are the balance of linear momentum in the continuum and 
needs to be solved over the full 3D solid domain without further ideal
isation, and in the mixed topology case, the governing equations for 
each element type are integrated into a single system of equations. When 
solving the problem for the full 3D geometry, either by considering the 
3D solid volume or by an elemental idealisation of different parts of it, 
the equations governing the motions of the structure need to be solved 
numerically, which is most often done using FEM, though FVM-based 
approaches also exist (Cardiff and Demirdžić, I., 2021).

Fig. 20 shows the FE model of a 3D ship structure, developed by 
Afshar et al. (2021) on the basis of elemental idealisation. It is worth 
noting that in mixed topology idealisation, solid elements can still be 
used for localised components; however, the entire body is not repre
sented solely by a 3D solid discretisation (see Fig. 20). Meshless methods 
can also be used for solving equations governing solid dynamics, though 
this is outside the scope of the present review paper (e.g. Lin et al., 2014; 
Leroch et al., 2016).

3.2.3. Nonlinearities
Nonlinearity in solid mechanics arises from a distinct set of as

sumptions that may need to be considered when formulating FFSI 
problems in marine environments, depending on the mechanical 
behaviour of the solid body. Nonlinearity can originate either from the 
material properties (e.g., Liu et al., 2022a) or from geometric properties 
(Benjamin et al., 1999; Yoo et al., 2017). Materials exhibiting nonline
arity may display hyperelastic, plastic, elastoplastic, or other non-elastic 
behaviours. These phenomena are not covered in this review.

Geometric nonlinearity, on the other hand, must be introduced into 
the model when deformations are large. This is very common in the case 
the body is relatively very flexible (e.g. Su and Cesnik, 2011; Hasan 
et al., 2023; Gao et al., 2025), and due to the presence of external hy
drodynamic loads that may result in nonlinear strain-displacement re
lations which dynamically vary over time. Nonlinear geometry can lead 
to changes in stiffness and may also result in buckling or instability. The 
importance of nonlinearity in marine structures has been emphasised 
since the 1980s by the ISSC (Pedersen, 1985), and the use of nonlinear 
FEM for strength analysis of marine structures is now documented in the 
recommendations of various classification societies (e.g., Det Norske 
Veritas, 2013; American Bureau of Shipping, 2021).

3.3. FSI modelling approach

3.3.1. Frequency domain, time domain and reduced-order modelling
Fluid and solid dynamics problems can be solved in either the Ta
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frequency or time domain. To solve a problem in the frequency domain, 
harmonic components must be identified (Newman, 1977; Mei et al., 
2005). In fluid dynamics, excitation frequencies (e.g., wave frequencies) 
are the modes, whereas in the solid dynamic problems, the dominant 
modes of vibration must be identified either numerically (mostly often 
using FEM) or analytically (e.g. Kashiwagi, 1998; Meylan and Squire, 
1996; Riyansyah et al., 2010). Fig. 21 shows the first four modes of a dry 
circular elastic plate.

In contrast, solving a problem in the time domain is achieved via a 
step-by-step evaluation of the dynamic response over time, and is 

referred to as a full order model (FOM) (Shi and Mei, 1996; Liu and 
Sakai, 2002). Some approaches bridge the frequency and time domain 
solutions by using frequency-domain solutions to reconstruct the 
time-domain response (e.g. Reinhard et al., 2013; Ilyas et al., 2018; 
Singh et al., 2023; Ucar et al., 2025). Such approaches are classed as 
highly reduced-order methods (HROM). In fluid dynamics, HROM are 
commonly achieved using weakly nonlinear inviscid approaches, such 
as nonlinear strip theory. For solid dynamics, modal analysis is widely 
adopted by HROM (modal superposition), which ultimately yields the 
time-dependent response of the solid body (e.g. Khabakhpasheva and 
Korobkin, 2013).

If both the fluid and solid problems are solved in the frequency 
domain, nonlinear effects cannot be captured, and there is no need to 
track the evolution of the fluid–solid interface over time, as all quantities 
are assumed to vary harmonically. Table 6 summarises the main dif
ferences between frequency-domain and time-domain approaches, 
along with the four possible modelling pathways based on the chosen 
simulation domain.

3.3.2. Wet mode versus dry mode analysis of FFSI problem
If vibration modes of the solid body are required, two different types 

of modes, “dry modes” (e.g. Newman, 1994; Senjanović et al., 2008) and 
“wet modes” (e.g. Humamoto and Fujita, 2002; Loukogeorgaki et al., 
2012), can be used for the analysis of an FFSI problem. Dry modes are 
calculated for a solid body fully surrounded by air (also termed in 
vacuo), whereas wet modes are calculated by assuming that the solid 
body is surrounded by water, thereby incorporating added mass effects. 
Fig. 22 illustrates the difference between wet and dry mode calculations 
for a flexible ship, idealised as an elastic beam.

The choice between dry and wet mode analysis depends on the 
specific problem, the key outputs expected from the model, and the 
topology of the structure. However, wet mode analysis is generally more 
comprehensive. The concept of wet and dry modes has been introduced 
in ship hydroelasticity since its early development, but a comprehensive 
study distinguishing between dry and wet modes for ships is presented 
by Hirdaris et al. (2003). Table 7 summarises the importance of wet and 
dry modes for various problems. A comparison of wet and dry modes of 
flexible marine propellers is also presented by Li et al. (2020c).

Fig. 22. An illustration of the difference between the concept of dry and wet modes of a flexible ship. The left side represents the ship in vacuum, where only 
structural stiffness and inertia determine the vibration characteristics, yielding free modes. The right side depicts the ship floating in water, where hydrodynamic 
effects modify the structural response. Added mass (shown by a) alters the effective inertia, damping (shown by b) accounts for energy dissipation due to wave 
radiation, and restoring forces (shown by c) influence the oscillatory behaviour, resulting in wet modes. This distinction is crucial for understanding fluid-structure 
interaction in hydroelasticity and ship motion analysis. Here w is the vertical displacement along the ship, EI is the ship rigidity, and ρA gives sectional displaced area.

Table 7 
Importance of considering wet modes in the identification of elastic modes for 
different problems, with examples of both dry and wet mode analyses reported 
in the literature.

Problem Importance of wet 
mode analysis

Examples of 
wet mode 
analysis

Example of dry 
mode analysis

Flexible wave- 
structure 
interactions

Wet modes are better 
to be considered.

Humamoto 
and Fujita 
(2002)

Newman (1994)

Global ship 
hydroelasticity

Dry modes were 
mostly used in past, 
but most recent studies 
favour use of wet 
modes.

Hirdaris et al. 
(2003)

Hirdaris et al. 
(2003), 
Senjanović et al. 
(2008)

Flexible 
slamming

In the early stage of the 
slamming (inertia 
phase), dry modes are 
dominant, but in the 
whipping stage, the 
solid body responses in 
the wet modes.

Faltinsen 
(1997)

Kvalsvold and 
Faltinsen (1993, 
1994)

Flexible marine 
propellers

If the propeller is fully 
submerged, wet are 
preferred to be used.

Young (2008) Ghassemi et al. 
(2012), no added 
mass is 
considered

Marine 
vegetation

Wet modes are 
dominantly used.

Wei et al. 
(2024d)

N/A

Wave-mud 
interactions

While the fluid-solid 
interface of mud is 
fully wet, there is not 
much wet analysis 
available.

Nothing 
special is 
found

Mohapatra and 
Sahoo (2011)
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3.3.3. Integration of fluid and solid dynamics solvers
Fluid and solid dynamic solvers can be integrated or disintegrated. If 

they are integrated as a single system, where fluid and solid dynamic 
equations are solved together, the approach is called monolithic. The 
main advantage of monolithic approaches is reduced concern about the 
instability of computational algorithms. Linear ship hydroelasticity and 
flexible wave–structure interaction models are mostly built using 
monolithic approaches (examples of monolithic solvers are Colomés 
et al. (2022) and Agarwal et al. (2024)).

The alternative approach is known as the partitioned method, fluid 
and solid motion equations are solved separately. The solution of fluid 
and solid motion problems is transferred to each other through the fluid- 
solid interface. This dynamic evolution of governing equations may 
introduce computational problems, and establishing a stable framework 
for fluid-solid coupling becomes challenging. Fig. 23 shows the general 
difference between both methods.

3.3.4. Fluid-solid interface tracking
An approach to modelling an FFSI problem, from a mesh perspective, 

is to track the fluid–solid interface, which is mostly required when the 
fluid problem is solved over time. One class of methods is the body-fitted 
approach, in which the fluid domain is explicitly influenced by the dy
namic or static responses of the solid body. The fluid mesh conforms to 
the structure and deforms as the solid body moves (El Aouad et al., 
2022). The fluid–solid interface is typically tracked using the Arbitrary 
Lagrangian–Eulerian (ALE) approach (e.g. Sarrate et al., 2001; Donea 

et al., 2004; Kalliontzis, 2022). Using this approach, the mesh must be 
updated at each time step, which may require frequent remeshing. This 
can become computationally expensive and may lead to numerical in
stabilities when interface deformations are large.

In contrast, non-body-fitted approaches treat the solid body as being 
embedded within the fluid domain, without requiring the fluid mesh to 
conform to it (Mittal and Iaccarino, 2005). Instead, the influence of the 
solid is introduced via source terms added to the fluid equations (e.g. 
Peskin, 2002; Taira and Colonius, 2007). This class of methods is 
commonly referred to as Immersed Boundary Methods (IBM), as seen in 
various works in the literature (e.g. Jenkins and Maute, 2016; Tseng and 
Ferziger, 2003). In IBM, no remeshing is required, which makes the 
method well-suited to problems involving large deformations (Tian 
et al., 2014; Tschisgale et al., 2020. As noted by Zhang et al. (2004), IBM 
methods offer mesh simplicity, automatic interface tracking, and are 
highly compatible with modular partitioned coupling strategies. They 
are particularly popular in applications such as modelling flexible ma
rine vegetation and flexible stems exposed to wave and current-induced 
flows (e.g. Prüter et al., 2025; Chen and Li, 2025), but they have also 
recently used for modelling the water entry problem by Di et al. (2024)
and wave-structure interactions (fixed structure) by Luo et al. (2024).

3.3.5. Coupling options
When employing a partitioned method to formulate a flexible fluid- 

structure interaction problem, an important consideration is whether to 
establish mutual coupling between the fluid and solid solvers. This 

Fig. 23. A simplistic comparison between partitioned and monolithic approaches for FFSI modelling of an ideal fluid flowing around an elastic Euler–Bernoulli beam. 
When using the partitioned approach (left), fluid and solid domains are solved separately, with information exchanged at the fluid–structure interface through 
displacement and pressure coupling. When using monolithic method (right), the fluid and structural equations are simultaneously solved as a single nonlinear system, 
with an internal solver iteration to establish consistent interface conditions at each time step.
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decision primarily hinges upon the extent of the motion of the solid 
body.

A decoupled approach in designing an FFSI model or algorithm for 
solving problem neglects the influence of the solid motion on the fluid 
and assumes no momentum exchange across the fluid-solid interface 
over time. This method is particularly suitable when the motions of the 
solid are small. Conversely, a coupled approach accounts for the effects 
of the solid on the fluid domain, which favoured when the motions of the 
solid are relatively significant. This is a common practice in viscous 
modelling of ship hydroelasticity (flexible motions are not fed back to 
the fluid domain, e.g., Wilson et al., 2008).

Coupled fluid-solid methods can be classified into loosely coupled 
fluid-solid interaction modelling and tightly (fully) coupled FFSI 
modelling (e.g. Huang et al. (2019). This former a very common practice 
in modelling flexible slamming using LS-Dyna solver (e.g. Wang et al., 
2021), and the latter provide superior accuracy.

There is also a third method which is referred to as semi-implicit 
method. A part of the fluid mesh is frozen and is considered in itera
tion until the convergence on both sides of the fluid and solid is estab
lished (e.g. Sy and Murea, 2008).

4. Physical tests and observations

This section reviews advancements in physical testing and observa
tions of the flexible motions of solid bodies in the ocean. Experiments, 
for sure, provide an early understanding of physical phenomena and 
may yield valuable data for the validation of mathematical and 
computational models developed to solve such problems. Additionally, 
empirical or parameterised equations can be derived from experimental 
data, which may be directly implemented in climate models. While this 
review emphasises small-scale physical experiments conducted in lab
oratories (e.g., tanks, basins, cavitation tunnels), physical observations 
can also be made in real-world environments. This is more common for 
oceanic and coastal processes (e.g., Robin, 1963; Wadhams, 1972, 1978; 
Meirelles and Vinzon, 2016), although ship strain measurements may 
also be collected in the field (Andersen and Jensen, 2014).

A review of studies addressing each individual problem is presented 
in this subsection. However, for the problem of wave–structure inter
action, we focus solely on wave interactions with ice, as this represents 
the interaction of a highly flexible body with waves. Readers interested 
in a review of experiments on wave–structure interactions are referred 
to Zhang and Schreier (2022).

When conducting experiments, both point measurements, either 
contact or non-contact, and field mapping techniques (such as Particle 
Image Velocimetry, PIV) may be employed. The choice between point- 
based or field-based measurements depends on the specific objectives 
of the study.

4.1. Wave-ice interactions

The early physical observations of wave-ice interactions were made 
through field measurements. The dispersion of waves in ice-covered 
water was initially observed by Ewing et al. (1934) and subsequently 
measured by Crary et al. (1952). Later, comprehensive field measure
ments of wave attenuation in the marginal ice zone (MIZ) commenced in 
the 1960s (Robin, 1963; Wadhams, 1972, 1975, 1979; Wadhams et al., 
1988). The wave energy decay in ice fields was later observed to result 
from various mechanisms, including wave reflection by the ice, ice-ice 
collisions (Li et al., 2020b), the viscoelastic behaviour of the ice 
(Squire and Allan, 1977), and shear stresses arising from the nonlinear 
nature of the fluid (Kohout et al., 2011; Skene et al., 2015; Tavakoli and 
Babanin, 2021).

Wave-ice interaction tests can generally be categorised into two main 
types. The first focuses on investigating the dispersion and attenuation 
of waves as they travel through an extended ice cover, which may 
represent consolidated ice (i.e. long ice sheet), segmented ice covers, 

Table 8 
A summary of wave-ice interaction tests.

Reference Reported 
parameters

Facility Finite 
length

Relatively 
long 
length

Tested cover/ 
floe

Martin and 
Kauffman 
(1981)

Wave 
attenuation 
and 
dispersion

Flume ​ ✓ Grease ice

Squire 
(1984)

Wave 
attenuation

Flume ​ ✓ Grease ice

Meylan 
(1993)

Wave 
reflection 
and/or 
transmission 
coefficients

Flume ✓ ​ Elastic floe

Newyear 
and 
Martin 
(1997)

Wave 
attenuation

Flume ​ ✓ Grease ice

Sakai and 
Hanai 
(2002)

Wave 
dispersion

Flume ​ ✓ Segmented 
elastic cover

Wang and 
Shen 
(2010)

Wave 
attenuation 
and 
dispersion

Basin ​ ✓ Grease ice

Montiel 
et al. 
(2013a, 
2013b)

Modal 
analyses

Basin ✓ ​ Elastic discs

Toffoli 
et al. 
(2015)

Wave 
reflection 
and/or 
transmission 
coefficients

Flume ✓ ​ Elastic 1D floe

Meylan 
et al. 
(2015a)

Modal 
analyses

Basin ✓ ​ Elastic 2D floe

Bennetts 
et al. 
(2015)

Wave 
reflection 
and/or 
transmission 
coefficients

Basin ✓ ​ Elastic 2D floe

Sutherland 
et al. 
(2017)

Wave 
attenuation

Flume ​ ✓ Elastic covers

Nelli et al. 
(2017)

Wave 
reflection 
and/or 
transmission 
coefficients

Flume ✓ ​ Elastic 1D floe

Sree et al. 
(2017, 
2018)

Wave 
attenuation 
and 
dispersion

Flume ✓ ✓ Viscoelastic 
covers

Dolatshah 
et al. 
(2019)

Wave 
attenuation 
and ice 
breakup

Flume ​ ✓ Freshwater 
ice

Bennetts 
and 
Williams 
(2015)

Wave 
attenuation

Basin ​ ✓ Array of 
elastic discs

Rabault 
et al. 
(2019)

Wave 
attenuation

Flume ​ ✓ Grease/ 
pancake ice

Yiew et al. 
(2019)

Wave 
attenuation 
and 
dispersion

Flume ​ ✓ Grease ice/ 
consolidated 
ice cover/ 
grease- 
pancakes/ 
segmented 
cover

Cheng et al. 
(2019)

Wave 
attenuation 

Ice 
Basin

​ ✓ Segmented 
scaled ice 
cover

(continued on next page)
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grease ice, grease ice-pancake ice, frazil ice, or pancake ice (e.g. Martin 
and Kauffman, 1981; Sree et al., 2018).

Several methods exist for creating this ice cover. Ice can be formed 
directly in the tank (e.g. Dolatshah et al., 2019; Yiew et al., 2019), 
purchased as ice cubes from a supermarket (e.g. Dolatshah et al., 2019a, 
b), or represented using a polymer sheet placed on the water (e.g. Sree 
et al., 2018). When forming ice in the tank, one approach involves 
spraying ice onto the surface to create an ice layer, as practised in the 
Aalto Ice Tank (e.g. Passerotti et al., 2022). Alternatively, the tank 
environment can be cooled to sub-zero temperatures, allowing ice to 
form naturally, a method previously employed at the University of 
Washington and the University of Melbourne (e.g. Dolatshah et al., 
2019).

The mechanical properties of ice generated through these two 
methods can vary significantly. Ice formed by spraying typically exhibits 
a lower Young’s modulus. Yet ice formed under sustained sub-zero 
conditions may reach a Young’s modulus of approximately 3 GPa (e.g. 
Dolatshah et al., 2019). However, given the scaled nature of laboratory 
experiments, achieving a Young’s modulus equivalent to natural sea ice 
may be relatively high for a scaled-down test. In tanks maintained at 
sub-zero temperatures, the combined influence of waves and wind can 
lead to the formation of grease ice or grease ice-pancake mixtures 
(Martin and Kauffman, 1981; Rabault et al., 2019).

Long polymer plates have also been used to represent ice covers in 
laboratory tests (artificial ice). Owing to their lower elastic modulus, 
these materials can be well-suited for scaled-down experiments (e.g. 
Sree et al., 2017, 2018). Similarly, elastic discs can be placed on the 
water surface over a defined area to mimic pancake ice (e.g. Bennetts 
and Williams, 2015).

In the second group of experiments, the focus is on studying the 
interaction between a flexible ice floe and water waves, where the length 
of the floe is comparable to the wavelength. In these experiments, wave 
reflection and transmission coefficients are measured alongside the 
elastic motions of the flexible body (e.g. Nelli et al., 2017).

In both types of experiments, water surface elevation is measured 
using probes or wave gauges, and the flexible motion of the ice floe/ 
cover can be measured via strain gauges or accelerometers. The 

overwash on the upper surface of the ice floe can also be measured by a 
wave gauge (e.g. Bennetts et al., 2015). Field measurements of the fluid 
flow around the ice are very limited and have only been reported in one 
of the studies conducted by Rabault et al. (2019).

While the focus of most studies is on wave decay along the ice and the 
flexible motion of the ice, along with wave reflection/transmission by 
the ice, other experimental studies in the field of wave–ice interaction 
may also be conducted. These can relate to ice drift (e.g. Meylan et al., 
2015b), ice rafting (Dolatshah et al., 2019a,b), and ice–ice collision 
(Yiew et al., 2017). However, although these studies are affected by 
flexible motion of ice cover/floe, they do not directly investigate FFSI, 
and for this reason, they are not covered in the present review paper.

The main parameters that need to be considered when scaling flex
ible ice depend on the specific focus of the experiment. Assuming that a 
flexible cover, whether an elastic sheet, a viscoelastic polymer, or arti
ficial ice, is generated on the water surface, the scaling of elasticity can 
be achieved using dimensionless numbers that govern fluid-structure 
interactions. An elasticity number is introduced as per 

G̃=

̅̅̅̅
G
ρs

√ /
̅̅̅̅̅̅̅
ghs

√
, (4-1) 

where G is the shear modulus of the solid cover, ρs is the density of solid 
cover, g is gravitational acceleration and hs is the thickness of the solid 
cover. This parameter has been utilised by Yu et al. (2019a) to present 
dimensionless dispersion relationships for ice-covered oceans. Another 
important non-dimensional number is the Reynolds number for waves 
propagating through a viscoelastic cover, which characterises the ratio 
of inertial forces to viscous forces within the cover (Yu et al., 2019a). It is 
given by 

R̃= hs
̅̅̅̅̅̅̅
ghs

√ /
νs, (4-2) 

where νs is kinematic viscosity of ice. The wavenumber and wave 
attenuation rate are normalised to facilitate comparison across different 
scales as 

k̃ = khs, and α̃ = αhs. (4-3) 

Wave frequency is normalised as 

ω̃=ω
̅̅̅̅̅̅̅̅̅
h/g

√
. (4-4) 

Other non-dimensional numbers, such as wave steepness, are also of 
significant importance. In problems where the focus is on wave reflec
tion and transmission by a single ice floe, wave reflection and trans
mission coefficients need to be introduced. Additionally, RAOs of elastic 
modes, caused by vertical bending moments, should be presented as a 
function of the ratio of wavelength to the length of the ice cover (e.g. 
Meylan et al., 2015a). Tests will be introduced in the rest of this 
sub-section, a detailed summary of which is outlined in Table 8.

4.1.1. Long ice cover tests
Long ice cover tests have been conducted since the 1980s and are 

often considered more traditional compared to wave interaction ex
periments with single floes. However, performing such tests is consid
erably more challenging due to the requirement to generate ice within 
the tank. The earliest related experiments were designed and carried out 
in a wave flume at the University of Washington by Martin and Kauff
man (1981). Grease ice covers were produced by maintaining sub-zero 
temperatures under the combined influence of waves and wind. The 
authors reported the corresponding attenuation rates across different 
frequencies. Subsequently, Squire (1984) along with Newyear and 
Martin (1997) conducted another series of tests in the same tank. A 
simple schematic of the wave interaction test with grease ice is sketched 
in Fig. 24a. A series of other tests with grease ice and grease ice-pancake 
formations were performed by Wang and Shen (2010), Rabault et al. 

Table 8 (continued )

Reference Reported 
parameters 

Facility Finite 
length 

Relatively 
long 
length 

Tested cover/ 
floe

and 
dispersion

Parra et al. 
(2020)

Wave 
attenuation

Flume ​ ✓ Grease ice/ 
consolidated 
ice cover

Sree et al. 
(2020)

Wave 
attenuation 
and 
dispersion

Flume ​ ✓ Segmented 
viscoelastic 
covers

Passerotti 
et al. 
(2022)

Wave 
attenuation

Ice 
basin

​ ✓ Freshwater 
scaled ice

Toffoli 
et al. 
(2022)

Wave 
attenuation

Basin ✓ ✓ Array of 
elastic discs 
and Elastic 2D 
floe

Brown et al. 
(2022)

Elastic 
motions

Flume ✓ ​ Elastic 1D floe

Huang et al. 
(2022a)

Wave 
reflection 
and/or 
transmission 
coefficients

Basin ✓ ​ Elastic 2D floe

Behnen 
et al. 
(2025)

Wave 
reflection 
and/or 
transmission 
coefficients

Flume ✓ ​ Elastic 1D floe
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(2019), Yiew et al. (2019) and Parra et al. (2020).
Consolidated ice cover tests have been conducted more recently. An 

illustrative schematic of such a type of test is shown in Fig. 24b. As 
mentioned earlier, using flexible covers to represent ice has become a 
common practice for such experiments. The earliest study was per
formed by Sutherland et al. (2017). Sutherland et al. (2017) placed three 
different elastic covers on the surface of a flume and tested the wave 
attenuation rates for each cover. The authors did not report wave 
dispersion, as the effects of elasticity on wave dispersion within such a 
low-frequency range was hypothetically believed to be negligible. 
Similar tests on viscoelastic covers were later conducted by Sree et al. 
(2017, 2018). Both wave attenuation rates and wave dispersion were 
measured and reported. The authors noted that overwash might also 
influence dispersion, although they did not report the overwash depth. 
Similar tests were conducted on naturally formed ice by Dolatshah et al. 
(2019) and Yiew et al. (2019).

Later, Passerotti et al. (2022) undertook an experimental study to 
examine the interaction between irregular waves and ice covers in the 

40m by 40m Aalto Ice Tank. The study focused on the temporal evolu
tion of the ice edge, the progression of the breaking front, floe size 
distribution, and the evolution of the wave spectrum in terms of wave 
energy, mean wave period, and spectral bandwidth as waves propagated 
into the ice cover. A wave energy attenuation coefficient was derived, 
following a power-law dependency on frequency.

Tests on segmented ice (Fig. 24c) date back to the early 2000s. Credit 
goes to Sakai and Hanai (2002), who hypothesised that segmenting an 
elastic ice cover into smaller floes would influence wave dispersion. 
Initial experiments measured the dispersion of waves propagating into 
an unsegmented elastic cover with a length of 8m. Subsequent tests 
involved segmenting the cover into smaller elastic pieces, with the 
smallest segments measuring 0.25min length. Similar tests were later 
conducted by Sree et al. (2020). And a series of test on segmented ice 
cover formed in an ice basin was conducted by Cheng et al. (2019).

The first test on an array of elastic discs exposed to water waves, 
representing pancake ice, was conducted by Bennetts and Williams 
(2015). Two different disc concentrations were tested. The wave 

Fig. 24. Schematic of common wave-ice interaction tests: (a) grease ice, (b) ice sheet, (c) segmented ice cover, (d) elastic ice discs.
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transmission coefficients for both configurations were reported as 
functions of wave periods and wave amplitudes. Toffoli et al. (2022)
later presented and analysed results from irregular wave tests conducted 
with both disc concentrations. A top-view schematic of the wave inter
action with elastic discs is shown in Fig. 24d.

The results of the tests mentioned above have significant applications 
in global wave modelling and in advancing the understanding of wave 
physics within marginal ice zones. However, they did not include 
directional waves across the various ice covers studied in the experi
ments discussed in this subsection.

4.1.2. Ice floes
Model tests on the interaction of ice floes with water waves are more 

recent than to those focusing on wave interactions with long ice sheets 
or grease ice. These experiments first emerged in the 1990s, but there 
was a hiatus until they resumed in the early 2010s. This set of experi
ments targeted both 1D and 2D floes.

The 1D floe experiments were conducted by placing a finite-length 
plate on the water, covering the entire width of the flume (Fig. 25). In 

contrast, the 2D experiments are conducted by placing a flexible thin 
plate or elastic disc in a wide basin. While these tests share similarities 
with ship hydroelasticity experiments, or flexible wave-structure in
teractions, such as those carried out by Yago and Endo (1996), the key 
characteristic that makes them unique and particularly relevant to 
wave-ice interactions is the very shallow draught of the ice floe. This 
shallow draught allows for the potential emergence of overwash.

The first set of experiments mimicking wave interaction with a single 
elastic ice floe was conducted by Meylan (1993), representing a 1D 
elastic floe. After two decades, another series of 1D experiments on wave 
interaction with a single 1-m-long ice floe was conducted by Toffoli et al. 
(2015). The authors demonstrated that overwash-induced energy 
dissipation occurred at higher steepness values, suggesting that linear 
potential flow models may not be suitable for accurately modelling such 
wave-ice interaction under such forcing conditions. Later, Nelli et al. 
(2017) conducted a similar set of tests, this time comparing effects of an 
ice floe on wave motions under free-to-drift and restricted-drift condi
tions. Other recent 1D floe experiments in wave flumes were carried out 
by Brown et al. (2022) and Behnen et al. (2025).

Fig. 25. Schematic of wave-ice interaction tests for ice floes.

Fig. 26. Schematic of a flexible ship test in a towing tank.
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A series of tank tests examining the elastic responses of a floating disc 
exposed to regular waves was performed and analysed by Montiel et al. 
(2013a, b). In Montiel et al. (2013a), only the vertical motions at various 
points on the disc were presented and analysed. The modelling and 
analysis of the elastic motions of discs were further detailed in Montiel 
et al. (2013b).

The first experiments on 2D plates were conducted by Bennetts et al. 
(2015), who investigated wave transmission and reflection using two 
different 1 m × 1 m flexible plates in a wave basin. The study demon
strated that flexural motion significantly contributes to wave reflection, 
thereby reducing the wave transmission coefficient. The RAOs of the 
first four elastic modes of the plates were also reported by Meylan et al. 
(2015a). The results of tests with irregular waves were later presented 
by Toffoli et al. (2022). A very recent 2D ice floe experiment was carried 
out by Huang et al. (2022a).

4.2. Flexible ship tests

A major challenge when testing flexible ship models is the concurrent 
scaling of structural and fluid aspects. In an ideal maritime world, we 
would be able to perform perfect Froude scaling of all aspects, and since 
viscous effects are less important in ship hydroelasticity, this would be 
perfectly sufficient. Indeed, the external geometry of the ship must be 
Froude scaled, so that its interaction with the gravity waves is correct. 
However, if all the structure was Froude scaled as well, it would mean 
that: 

a) All structural elements, however small, are reproduced at model 
scale.

b) The thickness of all elements scales linearly, as do all other 
dimensions.

c) The elastic modulus of the material scales linearly as well.

The first point is already quite problematic: traditional 
manufacturing methods do not allow to produce such level of detail, 
even if the cost of the model was not an issue. The advance of additive 
manufacturing allowed the introduction of significantly more structural 
detail than before (see Grammatikopoulos et al. (2020); Grammatiko
poulos et al. (2021); Keser et al. (2023)). Nevertheless, the second point 
is still a limitation, as there is a minimum thickness which can be pro
duced. Additionally, models with small wall thickness are increasingly 
fragile, which can rapidly become an issue during handling and testing. 

The third point is perhaps the most crucial limitation, as the limited 
range of materials which can be used for such applications would result 
in very few (and specific) scaling factors being available, which can also 
come in contradiction with the capabilities of testing facilities, in terms 
of maximum model size and scaling of forward speed and waves.

It is evident that this process is quite restricting, leading virtually all 
researchers to the use of the so-called “distorted” models (Harris and 
Sabnis, 1999). The term refers to scaled models where unimportant 
aspects are not scaled (which is already the case with the lack of Rey
nolds scaling), and less important aspects can be less accurately scaled, 
assuming that the impact of these deviations can be quantified. An 
example of that is the common use of segmented models for ship 
hydroelasticity (Fig. 26): the external shell of the ship is manufactured 
as rigid segments, which are linked together by a somewhat artificial 
stiffness source, usually either a backbone/beam (e.g. Dessi and Mariani 
(2008)) or a series of flexible joints (e.g. Lavroff et al., 2013). In both of 
these cases, the stiffness distribution along the length of the ship can be 
uniform or non-uniform, with the former generating a more distorted 
model. In pursuit of a more detailed response, some researchers use 
continuous models, often manufactured from polyurethane (or similar) 
foam, which tend to include the external shell, the main deck, and the 
transverse bulkheads of the vessel (e.g. Houtani et al., 2018). The 
aforementioned additively manufactured models, which include signif
icantly more structural detail, have been a recent development and they 
still appear sparsely in the literature. Further discussion regarding the 
different types of models used in hydroelastic experiments of ships were 
recently published by Grammatikopoulos (2023).

4.3. Flexible slamming tests

Flexible slamming tests are conducted to measure dynamic response 
or hydrodynamic loads during the water entry process, or they may also 
report velocity and pressure field around the section entering the water 
(e.g. Panciroli and Porfiri, 2015). Conducting these tests is challenging 
due to large structural deformations and the extremely short duration of 
impact events. Capturing localised variables, such as impact pressure, 
requires high sampling rates (e.g. Van Nuffel, 2014). This necessitates 
advanced instrumentation and precise experimental setups to ensure 
accurate and reliable data. Fig. 27a illustrates a schematic view of a 
traditional drop test system. Depending on the experimental objectives, 
various instruments can be employed to accurately measure the required 
data. A comprehensive list of flexible slamming tests is presented in 

Fig. 27. A schematic view of tank experiments; a) slamming test setup of a 3D section b) a 2D view of symmetric and asymmetric impact.
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Table 9 
An overview of experimental studies measuring impact induced loads and structural responses (NR: Not Reported, NA: Not Applicable, PVC: Polyvinylchloride, GFRP: 
Glass fibre reinforced plastics, PE: Polyethylene, PP: Polypropylene). This table is an updated and extended version of that presented in Hosseinzadeh et al. (2023a).

Authors Tank dimension 
(m)

Structure 
dimension (m)

Deadrise 
(deg.)

Mass 
(kg)

Material Plate 
thickness 
(mm)

Impact velocity, 
Drop height (m/ 
s, m)

Test 
Condition

Structure

Peseux et al. 
(2005)

1.2 × 1 R = 0.32 (Cone) 42461 NR Aluminium, Steel 0.5,1,1.5, 
25

2–8 m/s Symmetric Rigid and 
Flexible

Yettou et al. 
(2006)

30.0 × 2.0 ×
1.0

1.2 × 1.2 25 94, 112, 
130, 148

Plywood 19 1.0 and 1.3 m Symmetric Rigid

Tveitnes et al. 
(2008)

NR 0.3 × 0.6 0–45 2.8–5.2 PVC sheet with 
aluminium

10 0.24–1.19 m/s 
(Constant 
Velocity)

Symmetric Rigid

Lewis et al. 
(2010)

5.8 × 0.75 ×
0.59

0.944 × 0.735 ×
0.22

25 23.4 and 
33.4

Plywood 18 0.5 and 0.75 m Symmetric Rigid

Huera-Huarte 
et al. (2011)

Slingshot 
Impact Testing 
System

0.3 × 0.3 (Flat 
plate)

0.3–25 38 Sandwich panel ​ Up to 5 m/s Symmetric Rigid

Luo et al. (2012) 24 × 8 × 8 2.88 × 3.36 × 1.3 22 3250 Steel 3, 4 0.3–2.5 m Symmetric Flexible
Panciroli et al. 

(2012)
1.6 × 1 × 0.6 0.3 × 0.25 15–35 NR Aluminium (6068- 

T6), GFRP
2, 4 0.5–3 m Symmetric Flexible

Stenius et al. 
(2013)

3.5 × 1.3-1.4 1 × 0.5 10 and 20 18.3, 
10.1, 
31.9

GFRP 9.5, 2.5,3 0.5–7.0 m/s Symmetric Flexible

Panciroli and 
Porfiri (2014)

NR 0.2 × 0.15 30 0.48 Aluminium (6061- 
T6)

1 0.25–1.0 m Symmetric Flexible

Van Nuffel 
(2014)

1 × 1 × 0.6 Cylindrical and Flat 
plate

NA various Steel, Aluminium, 
Ertalon, PVC, 
GERP, PE, PP

various 0.1–1.2 m Symmetric Flexible

Allen and Battley 
(2015)

3.5 m diameter 
cylindrical 
water tank

1.03 × 0.58 10 NR Fibre, Composite 
Panel

varios 
thickness

1.0–6.0 m/s Symmetric Flexible

Swidan et al. 
(2016)

Servo-hydraulic 
Slam Testing 
System (SSTS)

0.5 × 0.638 ×
0.327 (Catamaran 
hull form)

NA 14.8 Glass reinforced 
plastic

10 2.5–5 m/s Symmetric Rigid

Barjasteh et al. 
(2016)

1.122 × 0.572 
× 0.681

0.53 × 0.41 Various 44 Steel 8 0.2–0.75 m Symmetric 
and 
Asymmetric

Rigid

Eastridge and 
Taravella 
(2017)

30.8 × 4.6 ×
2.4

1.45 × 1.19 × 0.53 20 186.9 Aluminium (5086- 
H116)

6.35 0.15–0.61 m Symmetric Flexible

Korkmaz and 
Güzel (2017)

1.7 × 1.0 × 1.2 Cylinder and 
Sphere

NA 11, 12, 
16

Aluminium, 
Acrylic, UPVC

2, 4, 10 0.05–4 m Symmetric Flexible

Shams et al. 
(2017)

0.8 × 0.32 ×
0.1

0.203 × 0.193 25 NR Aluminium 0.6 1.25 m/s Symmetric Flexible

Hassoon et al. 
(2017)

3 × 2 × 1.1 0.5 × 0.25 10 3.7, 6, 8 Composite Panels 8, 13 4.0–10.0 m/s Symmetric Flexible

Sun and Wang 
(2018)

4 × 4 × 2 1.6 × 1.2 (Flat 
Plate)

0 112 Steel 2.5 0.5–2.0 m Symmetric Flexible

Russo et al. 
(2018)

0.8 × 0.32 ×
0.35

0.19 × 0.2 37 0.89 Balsa wood panel NA 0.5 m Asymmetric Rigid

Wang et al. 
(2019)

13.7 × 2.4 ×
1.35

1.22 × 0.38 (Flat 
plate)

0 NR Polycarbonate and 
Aluminium (6061- 
T6)

12.7 and 
7.94

3.1, 4.1, 5.1 m/s Oblique Rigid and 
Flexible

Dong et al. 
(2019)

108 × 7 × 3.5 1.5 × 0.9 × 0.75 45 553 Aluminium, Steel 4, 5 0.25–1.0 m Symmetric Flexible

Tödter et al. 
(2020)

6 × 1.5 × 0.75 0.3 × 0.3 × 0.2 
(Flat Plate)

0 18.5, 
20.3

Aluminium (5083), 
POM

4.7,12 0.52–1.04 m/s Symmetric Flexible

Duan et al. 
(2020)

30 × 4 × 1 0.3 × 0.7 0–40 282 Aluminium, Steel 1, 2, 4,10 0.1–1.0 m Symmetric Flexible

Seo and Shin 
(2020)

3.5 × 4 × 5 2 × 1.2 × 0.28 10 340 Steel 3, 5, 8 1.0 and 1.7 Symmetric Flexible

Mai et al. (2020) 35 × 15.5 × 3 0.25 × 0.25 (Flat 
Plate) and 0.56 ×
0.6 (truncated 
vertical wall)

NA 52 Aluminium 12 1–7 m/s Symmetric Flexible

Ren et al. (2021) 4.4 × 2.4 × 1.2 0.635 × 0.57 ×
0.409

20 40.65 Aluminium (6061- 
T6), Composite

3.17,12.7 0.079–0.508 m Symmetric Flexible

Iafrati et al. 
(2021)

470 × 13.5 ×
6.5

1.25 × 0.650 (Flat 
plate)

NA 850, 950 Aluminium (2024- 
T3), Composite

0.8, 1.65, 3 30–47 m/s Oblique Flexible

Hosseinzadeh 
and Tabri 
(2021a)

60 × 5 × 3 1.5 × 0.94 × 0.45 20–30 55 Aluminium (5083- 
H111)

4 0.25 m Symmetric Flexible

Spinosa and 
Iafrati (2021)

470 × 13.5 ×
6.5

1 × 0.5 (Flat Plate) 0 NR Aluminium (2024- 
T3)

0.8,3,15 Horizontal 
Impact

Symmetric Flexible

(continued on next page)
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Table 9, detailing the geometry of the impacting body, the nature of the 
slamming event, mechanical properties, and the dimensions of the test 
tank used. Note that this table is an extension of the one presented in 
Hosseinzadeh et al. (2023a).

4.3.1. Symmetric flexible slamming tests
One of the earliest experiments on the slamming of deformable 

bodies was conducted by Chuang (1970). Free-fall drop tests of rigid and 
elastic flat plates with wedge sections were carried out to investigate the 
effects of air entrapment and structural elasticity on hydrodynamic 
pressure during impact. In subsequent experiments, Chuang (1973)

Table 9 (continued )

Authors Tank dimension 
(m) 

Structure 
dimension (m) 

Deadrise 
(deg.) 

Mass 
(kg) 

Material Plate 
thickness 
(mm) 

Impact velocity, 
Drop height (m/ 
s, m) 

Test 
Condition 

Structure

Meziane et al. 
(2022)

hydraulic shock 
test-rig

0.56 × 1.1 × 0.34 30 47.26 Aluminium (6061- 
T651)

5 Up to 10 m/s 
(Constant 
Velocity)

Symmetric Flexible

Liu et al. (2022b) NR 1.1 × 0.9 × 0.542 
(Truncated stern)

NA 256 Fiberglass 8 0.25–0.9 m Symmetric Rigid

Chen et al. 
(2023b)

108 × 7 × 3.5 1.5 × 0.9 × 0.75 45 553 Steel 5 0.1–1.0 m Symmetric Flexible

Hosseinzadeh 
et al. (2023a)

60 × 5 × 3 1.5 × 0.94 × 0.45 Non- 
prismatic

55, 82.5 Aluminium (5083- 
H111)

4 0.25–2.0 m Symmetric Flexible

Pan et al. (2024) 15 × 5 × 3 Trimaran section 35, 70 NR Steel 1.0, 2.0 1.5–5.26 m/s Symmetric Flexible
Xie et al. (2024a) NR 1.2 × 0.8 × 0.316 

(Flat plate)
NA 784 Steel 2 and 4 0.25–0.7 m Asymmetric Flexible

Hosseinzadeh 
and Tabri 
(2024)

60 × 5 × 3 1.5 × 0.94 × 0.45 Non- 
prismatic

55 Aluminium (5083- 
H111)

4 0.25 and 0.5 m Asymmetric Flexible

Table 10 
A summary of flexible marine propeller tests.

Reference Propeller Diameter 
(meters)

Number of 
Blades

Material Test section Measuring tool Test type

Maljaars et al. 
(2017)

0.34 2 Glass-epoxy laminate Turning lathe DIC Static loading

Kumar et al. 
(2019)

0.45 3 CFRP and Aluminium Towing tank Load cell and Height gauge Static loading

Rokvam et al. 
(2021)

0.6 (height) Single blade CFRP (carbon fibre-reinforced 
polymer)

Cavitation 
tank

DIC and Strain gauges Static loading

Seaver et al. 
(2006)

0.6096 1 CFRP Water tunnel FBG sensors and Dynamometer Steady elastic

Lin et al. (2009) 0.305 5 Composite Cavitation 
tank

Photography Steady elastic

Hara et al. (2011) 0.68 and 0.25 3 Polyvinyl chloride (CFRP and 
PVC)

Cavitation 
tank

Tracing laser beam and Dynamometer Steady elastic

Paik et al. (2013) 0.25 5 Carbon/epoxy and Glass/epoxy Cavitation 
tank

Dynamometer, PIV, Hydrophone Steady elastic

Taketani et al. 
(2013)

0.25 5 Aluminium, Dry-Carbon, Nylon 
Powder

Cavitation 
tank

Propeller dynamometer and Acrylic 
window (wire-meshed screen)

Steady elastic

Savio (2015) 0.25 4 Aluminium and Plastic Towing tank Digital stereo imaging system Steady elastic
Maljaars et al. 

(2018)
0.34 2 Bronze and epoxy Cavitation 

tank
DIC Steady elastic

Kawakita (2019) 0.25 5 Aluminium and Resin Cavitation 
tunnel

Wire mesh system and Propeller 
dynamometer

Steady elastic

Savio et al. (2020) 0.25 4 Aluminium and Casting resin 
epoxy

Towing tank Dynamometer Steady elastic

Ding et al. (2022) 0.22 4 Composite Towing tank FBG sensors Steady elastic
Shiraishi et al. 

(2023)
0.22 and 0.25 5 Aluminium and Carbon-filled 

nylon
Cavitation 
tunnel

Charge-coupled device (CCD) camera Steady elastic

Savio et al. (2024) 0.25 4 Aluminium and Casting resin 
epoxy

Cavitation 
tunnel

S-PIV, S-DIC, Propeller dynamometer Steady elastic

Young et al. 
(2016)

0.61 and 0.3048 6 and 5 Composite and Aluminium Cavitation 
tunnel

LDV and High-speed camera Dynamic 
response

Javdani et al. 
(2016)

1.9 5 NR Water tank FBG sensors Dynamic 
response

Zondervan et al. 
(2017)

NR 5 Composite Wave Basin DIC Dynamic 
response

Tian et al. (2017) 0.25 7 Bronze and Plastic Water tunnel LDV, Wake screen, Accelerometer Dynamic 
response

Grasso et al. 
(2019)

1 2 Composite Cavitation 
tunnel

DIC Dynamic 
response

Maljaars et al. 
(2020)

1 4 Nickel–aluminium bronze (NAB) 
and Composite

Sea trials Stereo camera system Dynamic 
response

Zou et al. (2017) 0.317 5 Aluminium alloy Water tank Strain gauges and Accelerometer Dynamic 
response

Ducoin et al. 
(2023)

1.2 1 Carbon fibre fabric Towing tank LDV and FBG sensors Dynamic 
response
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observed a reduction in impact pressure for flexible bodies, attributing 
this to the effect of elasticity. Later, Aarsnes (1994) conducted full-scale 
measurements of slamming-induced strains, which were subsequently 
reviewed by Faltinsen (2000).

Experiments continued in the following decades, with two particu
larly notable studies conducted in the 2000s and 2010s. The first was 
carried out by Peseux et al. (2005), who were the first research team to 
conduct free-fall tests on cone-shaped flexible bodies. They investigated 
the effects of structural flexibility on hydrodynamic pressure during 
impact. Later, Stenius et al. (2013) employed a Servo-hydraulic Slam 
Testing System (SSTS) to study the hydroelastic slamming of three 
different composite panels with a deadrise angle of 10-degrees. They 
analysed hydroelastic effects by comparing deflections and strains from 
constant-velocity experiments on both rigid and elastic bodies with 
corresponding rigid reference solutions obtained via a numerical model.

4.3.2. Asymmetric and oblique flexible slamming tests
Apart from the symmetric cases, which are the dominant ones listed 

in Table 9, asymmetric (heeled) and oblique slamming tests have also 
emerged over time. The setup for the former can be seen in Fig. 27b. 
Oblique condition tests are typically conducted at high horizontal 
speeds to replicate the ditching of seaplanes (e.g. Iafrati et al., 2021). 
Performing such tests is more challenging compared to symmetric water 
entry, as a non-symmetric flow pattern must be accurately reproduced in 
the experimental setup.

A notable experimental study on the water entry of flexible asym
metric wedges was conducted by Shams et al. (2017), who investigated 
the impact behaviour of a highly flexible body at various heel angles. 
Another significant contribution to flexible ditching tests was made by 
Iafrati et al. (2021), who carried out two extensive experimental cam
paigns. The test setup was specifically designed at the National Research 
Council (NRC) of Italy and was defined by Dr. Alessandro Iafrati. 
Recently, a series of drop experiments under oblique impact conditions 
was conducted by Xie et al. (2024a) to investigate the effects of slam
ming loads on flexible thin-walled structures. The experiments covered a 
range of drop heights and inclination angles. The results showed that, 
despite lower loads on the leeward side, the stress responses remained 
comparable to those on the windward side.

4.3.3. From point sensors to full-field imaging in flexible slamming tests
Full-field imaging of the fluid flow around a flexible body entering 

water, as well as the solid displacement of the structure itself, have also 
been incorporated into flexible water entry/slamming tests. A pioneer
ing study in this area was conducted by Panciroli et al. (2015), who used 
PIV to measure the fluid field around curved wedges during water entry. 
Subsequently, Panciroli and Porfiri (2015) applied this technique to 
measure the velocity field around a flexible aluminium structure.

More recently, Ren et al. (2021) investigated hydroelastic slamming 
effects on flexible wedges. They employed a comprehensive set of in
struments, including accelerometers, pressure sensors, strain gauges, 
and a stereoscopic digital image correlation (S-DIC) system, to measure 
the kinematic motions of flexible body, spray root propagation, hydro
dynamic pressure, and strain responses.

4.3.4. Repeatability and uncertainty of flexible slamming tests
Studies have also been conducted to improve understanding of the 

repeatability and uncertainty associated with flexible water entry ex
periments. The first study addressing this aspect was conducted by Lewis 
et al. (2010). The authors performed an uncertainty analysis on the 
recorded data during water entry tests to ensure the accuracy and reli
ability of the measurements. Other notable studies were conducted by 
Van Nuffel et al. (2013, 2014). In the former, the authors found that, due 
to the short duration of impact events, pressure should be measured at 
rates above 300 kHz to accurately capture peak values. They recom
mended a sampling rate above 8 kHz for slamming force measurements 
and stressed the need for precise dynamic sensor calibration.

4.3.5. Future research direction
Several aspects of flexible slamming remain not fully understood and 

can be further explored through experimental testing. These include the 
detailed mechanisms of fluid-structure interaction, the influence of 
material properties on impact dynamics, and the effects of varying heel 
angles on slamming loads. Additionally, the use of new technologies in 
experimental setups, such as advanced imaging techniques and high- 
speed data acquisition systems, enables more accurate sampling of 
impact pressures and structural deflections.

4.4. Flexible marine propeller tests

In the physical model testing of flexible marine propellers, thrust 
force, torque, deformations, and the natural frequencies of the blades 
are key parameters that are measured. Tests are conducted under uni
form or non-uniform flow conditions. They may be designed to measure 
either performance or steady and dynamic responses, while also 
allowing for the measurement of other properties such as fluid flow 
patterns, pressure, and sound pressure levels of rotating propellers (e.g. 
Paik et al., 2013).

Scaling is of great importance when conducting tests in towing tanks 
or cavitation tunnels. (Motley and Young, 2012). The performance of the 
propeller can be identified by the thrust coefficient, torque coefficient, 
and advance coefficient, which are respectively presented as follows: 

KT =
T

ρwD2n2D4 , (4–5) 

KQ =
Q

ρwD2n2D5 , (4–6) 

JA =
VA

nD
. (4–7) 

In the above equations, T, Q and VA represent thrust, torque, and 
advance speed, respectively, and D denotes the propeller diameter. 
Here, n is the rotational speed of the propeller (rotation per second). The 
structural related coefficients (Young, 2010) are also expresses as 

αE =
E

ρn2D2 , (4–8) 

αBT =
GJ
EI

, (4–9) 

αC =
K
EI

, (4–10) 

αρ =
ρw

ρs
. (4–11) 

Here, E is the elastic modulus of the propeller, G is the shear modulus of 
the propeller, and K is the effective bending–twisting coupling rigidity. 
More details on scaling laws for flexible propellers are presented in 
Young (2010).

In the context of hydroelastic analysis of marine propellers through 
physical tests, three major clusters of tests can be identified in the 
literature. The first type of tests is performed to understand the elastic 
behaviour of a propeller subjected to a static point load (e.g. Rokvam 
et al., 2021). The second set of tests focuses on the elastic motions, 
deflection, and changes in the pitch of a flexible propeller under steady 
loads (uniform flow pattern). These tests can be conducted either in 
cavitation tunnels or towing tanks (e.g. Lin et al., 2009). The third 
cluster of tests is dynamic in nature. In these tests, scholars focus on the 
dynamic response of propellers subjected to non-uniform flow condi
tions (e.g. Maljaars et al., 2020). Free vibration tests, conducted to 
measure the natural frequency of the propeller, are also reported in the 
literature (Javdani et al., 2016). A detailed list of experimental tests on 
flexible marine propellers is provided in Table 10.
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4.4.1. Static tests
In static experiments, a propeller is placed in a cavitation tank and 

subjected to a static fluid load, with deflections measured using strain 
gauges or cameras. The work of Rokvam et al. (2021) is an example of 
such experiments. The load was applied to the propeller blade by sus
pending metal weights from two specific loading points. The authors 
employed DIC to measure the deflection of the blade. Additionally, 
strain gauges were attached to the blade to measure the strain devel
oping in the propeller blade. Two other sets of experiments applying 
static loads to composite propellers were conducted by Maljaars et al. 
(2017) and Kumar et al. (2019). In the study conducted by Maljaars et al. 
(2017), deflections were measured using the DIC method.

4.4.2. Uniform flow and steady elastic deformation
In these tests loads are generated under a uniform flow regime, and 

as stated the main driver of these tests is the need to understand the self- 
adaptation behaviour of composite propellers. In the literature, one of 
earliest experimental studies on the hydroelasticity of flexible composite 
propellers under dynamic load is the work of Chen et al. (2006a). The 
deflection of the flexible composite propellers was monitored using 
high-speed cameras.

Another experimental study on composite propellers was conducted 
by a team of researchers from the Naval Research Laboratory (Seaver 
et al., 2006). In these tests, fibre Bragg grating (FBG) sensors were used 
to measure the strains developing in a composite propeller, with ex
periments carried out in a water tunnel under uniform flow conditions. 
The research by Seaver et al. (2006) appears to be the first (at least 
publicly available) instance where the FBG method was used to measure 
the structural response of flexible marine propellers.

Another experimental study was later conducted by Lin et al. (2009), 
who tested three different composite propellers. These tests were per
formed in a cavitation tank. Propeller performance was measured for all 
cases at moderate rotational speeds, while blade tip deflection was 
assessed by comparing images taken during the tests, superimposing the 
deflected and undeflected blade shapes. Other similar tests were con
ducted by Hara et al. (2011), Paik et al. (2013), and Taketani et al. 
(2013).

Some other tests were conducted by Maljaars and Dekker (2014) and 
Maljaars et al. (2018) between 2014 and 2018. Firstly, Maljaars and 
Dekker (2014) conducted experimental tests on the performance and 
blade deflections of composite propellers subjected to steady flow. A 
notable innovation in their experiments was the use of a correlation 
technique to measure tip displacements and axial deformations at the 
mid-chord points of the propeller. Later, Maljaars et al. (2018) extended 
their experiments to validate a potential-based flow model they devel
oped for simulating fluid flow around flexible propellers. They noted 
that experiments on larger scales or with highly flexible composite 
blades would be preferable, as these could potentially reduce the un
certainties associated with the measurements.

A set of experimental tests on the performance and deflection pat
terns of flexible propellers in uniform flow was conducted by Savio 
(2015) at the MARINTEK towing tank. Savio (2015) used a DSI system to 
measure the deflection pattern across the flexible propeller blades. 
Later, Savio et al. (2020) conducted a more comprehensive study on the 
performance of three different propeller designs under uniform flow 
conditions. In a follow-up study, Savio et al. (2024) extended their 
previous work by measuring the wake flow of one of the propellers using 
PIV. Savio et al. (2024) concluded that no specific fluid flow pattern 
could be directly correlated to the elasticity of the blades. Another set of 
experiments was carried out by Savio and Koushan (2019).

Other recent experiments on flexible propellers in a uniform flow 
pattern can be found in the research conducted by Kawakita (2019), 
Ding et al. (2022), and Shiraishi et al. (2023). Interestingly, Kawakita 
(2019) tested reverse rotation conditions and observed unstable vibra
tions in the propeller, representing a unique set of physical tests con
ducted to date.

4.4.3. Non-uniform flow and dynamic responses
Non-uniform flow tests first require the generation of a specific flow 

pattern. This is typically achieved by positioning the propeller behind 
the ship and conducting tests in towing tanks. The appendages attached 
to the ship can induce vortices, resulting in unsteady flow that may 
expose the propeller to non-uniform conditions. It can also be caused by 
placing a wake screen on the path of the flow.

One of the earliest non-uniform flow tests was carried out by Chen 
et al. (2006a). The authors reported that, under the effects of 
non-uniform flow, the performance of a no-twisting propeller was 
decreased, while that of a self-twisting propeller was increased. In par
allel, Seaver et al. (2006) conducted non-uniform flow tests and 
measured the strains in a propeller blade using a fibre Bragg 
grating-based sensor network. It was observed that the strains measured 
over a very short period exhibited nearly sinusoidal patterns near the 
hub, whereas farther out, the temporal pattern of strain became more 
complex, resembling square waves.

Zondervan et al. (2017) and Maljaars et al. (2020) applied the DIC 
technique to measure the hydro-structural performance of a propeller 
positioned behind a model ship. Specifically, Maljaars et al. (2020)
addressed the uncertainties associated with the experiments before 
validating a numerical potential-based flow model developed to simu
late the hydroelastic behaviour of flexible propellers. Other non-uniform 
flow tests were conducted by Grasso et al. (2019) and Tian et al. (2017), 
with the former employing PIV to measure the fluid motion around the 
flexible propeller.

More recently, a distinct investigation into the dynamic response of a 
composite propeller was carried out by Ducoin et al. (2023). The authors 
examined the dynamic response of a propeller blade in a towing tank, 
testing various carriage speeds without any rotational motion while 
considering different angles of attack. They reported the strains 
(measured via fibre Bragg gratings) experienced by the blade, as well as 
the fluid forces acting on the propeller. The time histories of the strains 
were also analysed through spectral analysis.

4.5. Marine vegetation tests

Due to the challenges in numerically modelling the dynamic re
sponses of flexible vegetation canopies in waves and currents, model 
tests are commonly used to understand the hydrodynamic loads and 
structural responses of the vegetation, as well as wave attenuation 
resulting from the interaction between vegetation motion and fluid flow.

4.5.1. Key parameters
Three key dimensionless parameters have been defined by Luhar and 

Fig. 28. Model test of artificial kelp blades under forced oscillations in a wave 
flume at NTNU Trondheim to understand the flow around the blades and the 
dynamic responses of the blades.
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Nepf (2011, 2016), namely the buoyancy number B defining the ratio of 
plat buoyancy force to the restoring force due to plant rigidity, the 
Cauchy number Ca defining the ratio of hydrodynamic force to the 
restoring force due to plant rigidity, and the length ratio L defining the 
ratio of vegetation length (l) to wave orbital excursion Aw = Uw

ω =

UwTw/(2π), with Tw as wave period, Uw as fluid-particle velocity and ω 
as the wave angular frequency. Those three parameters are defined as 
following: 

B= |Δρ|gVp,Ca =
ρAU2

maxl2

EI
, L =

l
Aw

, (4–12) 

Here, Δρ is the difference between the water density (ρ) and that of the 
plant (ρp

)
. g is the gravitational acceleration. Vp is the volume of the 

vegetation element. E is the elastic modulus, and l is the second moment 
of area. A is the plant frontal area without reconfiguration.

In case of combined wave and current, the Cauchy number can be 

redefined using the maximum horizontal velocity Umax = Um + Uw 
(Luhar and Nepf, 2016). For vegetation that has higher density than that 
of the fluid, the buoyancy number may also be named as equivalent 
weight number. The length ratio L is equivalent to the 
Keulegen-Carpenter (KC) number.

4.5.2. Morphology and mechanical property
Physical or numerical models that aim to replicate flow-vegetation 

interactions require the morphological and mechanical characteristics 
of vegetation found in coastal waters. However, this information re
mains insufficient. The three dimensionless parameters mentioned 
earlier define the scaling laws that should be followed when performing 
model tests to extrapolate the behaviour of full-scale vegetation. Unlike 
manmade structures, where mechanical properties are known before 
construction, vegetation properties vary. To design laboratory experi
ments that are geometrically and dynamically similar to marine vege
tation, appropriate materials must be selected to ensure that the Cauchy 

Table 11 
A summary of the field observations of wave-mud interaction.

Study Location Wave Type Observed Dissipation Wave decay Mechanism/ 
Physical observation

Gade (1958) Louisiana coast Long waves Up to full attenuation Viscous dissipation
Wells and Coleman 

(1981)
Suriname coast Solitary-like waves ~90 % energy loss over 20 km Mud interaction

Mathew et al. (1995) SW India NR Complete attenuation with mudflats, <25 % 
without

Mudflats effects are observed

Forristall and Reece 
(1985)

Mississippi Delta Wind waves (nonlinear, wave height- 
dependent)

Increased with wave height Nonlinear attenuations are 
observed

Sheremet and Stone 
(2003)

Louisiana inner 
shelf

Short and high-frequency waves Significant damping Challenges long-wave-only 
assumption

Elgar and 
Raubenheimer 
(2008)

Louisiana shelf Sea (4s), swell (7s), infragravity (14s) >70 % energy flux reduction Energy transfer across spectrum 
is observed

Meirelles and Vinzon 
(2016)

Cassino Beach, 
Brazil

Wave periods of 3.75–18.7 s Significant damping Fluid mud interaction

Traykovski et al. 
(2015)

Louisiana shelf Peak wave period of 7–10 s Greatest dissipation during high energy Transition from turbulent to 
laminar flow in fluid-mud layer

Sheremet et al. (2011) Atchafalaya 
inner shelf

Seas between 0.5 and 1 m significant height 
and swells that peaked 1.5 m significant 
height

Strong dissipation Wave-bed coupling

Safak et al. (2017) Atchafalaya 
Shelf

Broad-spectrum waves during storm with 
the spectral peak of 0.13 Hz

Maximal during hindered-setting fluid mud phase 
(post-storm), secondary peak during bed- 
reworking

Mud-induced dissipation 
reverses nonlinear energy 
cascade

Rogers and Holland 
(2009)

Cassino Beach, 
Brazil

Wind waves (typical periods 8–12 s) Significant nearshore damping; overprediction 
without mud physics

Viscous dissipation in fluid mud 
layer

Winterwerp et al. 
(2012)

Wadden Sea Peak wave period of 4 s Wave damping Viscous dissipation in fluid mud

Liu et al. (2022c) Yellow River 
delta

Significant wave periods of 4.21–8.60 s Increased fluid mud thickness Wave-induced liquefaction

Fig. 29. A schematic of wave-mud interaction tests.
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and buoyancy numbers remain within the same range as those of the full 
scale.

One possibility is to take vegetation samples from the ocean. Ex
amples of this approach can be found in Vettori and Nikora (2017) and 
Lei et al. (2021). However, a challenge with this approach is that marine 
vegetation, such as seaweed, may degrade quickly if not stored or 
transported properly, leading to significantly different mechanical 
properties.

Another approach is what most of the work reported in the literature 
has followed. Different materials have been used in different research 
groups. For instance, Polyethylene was used by Vettori and Nikora 
(2017), while HDPE and silicone foam were used by Luhar and Nepf 
(2011).

4.5.3. Deformation of vegetation (reconfiguration)
Fluid loads, such as drag forces, cause deformation (also referred to 

as reconfiguration in the literature) of the vegetation blade. Reconfi
guration reduces drag through two mechanisms: first, it decreases the 
frontal area of the vegetation, and second, the reconfigured shape tends 
to be more streamlined (De Langre, 2008). To quantify the reduction of 
drag loads due to reconfiguration, Luhar and Nepf (2011) proposed the 
concept of effective blade length (lel_ele). For uniform currents, the 
authors have developed a simplified model to predict lel_ele and the 
horizontal drag force.

Experimental tests have been conducted with different types of 
ambient flows, including: 

• Current only (e.g. Luhar and Nepf, 2011; Lei et al., 2021; Vettori and 
Nikora, 2021)

• Waves (e.g. Zhu et al., 2020a; Zhu et al., 2022)
• Uniform oscillatory flows (e.g. Leclercq and de Langre, 2018)
• Combined wave and current (e.g. Zhang and Nepf, 2022, 2024)

An example of model tests in oscillatory flow is shown in Fig. 28.

4.6. Wave-mud interactions

4.6.1. Field observations
Muddy substrates have long been recognised for damping ocean 

waves through viscous dissipation. As such, various researchers have 
attempted to measure wave damping over muddy bottoms in the field 
since the 1950s. The earliest study was conducted by Gade (1958), who 
measured wave decay along the Louisiana coast. Similarly, Wells and 
Coleman (1981) carried out field observations along Suriname’s muddy 
coast and reported that approximately 90 % of wave energy was lost 
over a 20-km stretch of muddy seabed.

Subsequent field observations were conducted in the following years, 
including those by Mathew et al. (1995), Forristall and Reece (1985), 
Sheremet and Stone (2003), and Elgar and Raubenheimer (2008). In the 
former, the authors measured the decay of short-period sea waves (4 s) 
and observed the transfer of energy from swell waves to long-period (14 
s) infragravity waves, which exhibited the highest dissipation rates. 
Other notable field observations can be found in the studies by Sheremet 
et al. (2011), Meirelles and Vinzon (2016), Traykovski et al. (2015), 
Safak et al. (2017), Rogers and Holland (2009), Winterwerp et al. 
(2012), and Liu et al. (2022c). A detailed list of notable field observa
tions is presented in Table 11.

4.6.2. Laboratory experiments
Laboratory experiments on wave-mud interactions are conducted in 

tanks, where waves are physically generated by a wave maker, propa
gated over a muddy bottom, and then absorbed at the opposite end of 
the tank. In different tests, either real mud (e.g. Gade, 1958) or artificial 
mud (e.g. Sakakiyama and Byker, 1989) is placed on the tank bottom. If 
the objective is to determine wave energy decay, waves are measured at 

Table 12 
An overview of experimental studies measuring wave-mud interactions (NR: Not Reported).

Study Mud type Mud rheology Bulk 
density

Mud viscosity 
(Pa ⋅ s)

Mud 
thickness 
(m)

Water depth 
(m)

Wave type Wave period 
(s)

Damping 
coefficient 
(m− 1)

Gade (1958) Natural mud Newtonian 1.75 2667 <0.82 1.22 Monochromatic 
wave

8 0.005–0.023

Sakakiyama 
and Byker 
(1989)

Commercial 
kaolinite

Viscoelastic 1.23 0.4–19.87 0.09–0.095 0.3 Monochromatic 
wave

0.6–2.0 0.005–0.2

Maa and 
Mehta 
(1990)

Commercial 
kaolinite/ 
natural mud

Viscoelastic 1.12–1.16 26–1150 0.11–0.15 0.182–0.287 Monochromatic 
wave

1.0–1.9 0.02–0.18

De Wit and 
Kranenburg 
(1996)

Commercial 
kaolinite/ 
kaolinite and 
muscovite

Non-Newtonian 1.31/1.57 3.55/0.33-0.7 0.2 0.3 Monochromatic 
wave +current

1.5 0.03/0.02

Zhao et al. 
(2006)

Natural mud Viscoelastic 1.19–1.4 1–23 0.06–0.12 0.2–0.38 Monochromatic 
wave +current

0.82–1.61 0.019–0.139

Soltanpour 
and 
Samsami 
(2011)

Commercial 
kaolinite/ 
natural mud

Viscoelastic and 
viscoplastic

1.77/1.75 4-4300/50- 
8000

0.08 0.181–0.24 Monochromatic 
wave

0.7–1.4 0.033-0.251/ 
0.036-0.180

Hsu et al. 
(2013)

Commercial 
kaolinite

Non-Newtonian 1.42 1.64–10.59 0.06 0.3 Monochromatic 0.6–2.1 0.022–0.071

Soltanpour 
et al. (2014)

Commercial 
kaolinite

Viscoelastic NR 29–9000 0.1 NR Irregular wave 
+current

0.781–0.850 0.015–0.211

Almashan and 
Dalrymple 
(2015)

Commercial 
kaolinite

Viscoelastic 1.25–1.35 7.6–8.4 0.1 0.44 Wave groups 0.60–0.66 0.009–0.031

Soltanpour 
et al. (2018)

Commercial 
kaolinite

Viscoelastic NR NR 0.11 0.3 Monochromatic 
wave +current

0.7–1.7 0.02–0.27

Aleebrahim 
and Jamali 
(2023)

Commercial 
kaolinite

Newtonian 1.12 0.0014–0.002 0.06 0.2 Monochromatic 
wave

1.05–1.14 NR

Robillard 
et al. (2023)

Natural mud Elastoviscoplastic 
and thixotropy

1.19 0.06–115 0.08 0.19 Monochromatic 
wave

1.25–1.6 0.099–0.163
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various locations along the bottom, and their decay rate is calculated (e. 
g. Maa and Mehta, 1990). However, if the focus is also on mud transport 
induced by waves, both direct and indirect methods must be employed 
to quantify mud erosion and deposition. Tests may also be conducted 
under the influence of currents, introducing wave-current-mud in
teractions. Consequently, a specialised method may be required to 
generate a current in the tank, which can be circulated and returned. 
Currents are typically generated using valves installed on the tank bed. A 
schematic of a typical wave-mud interaction is shown in Fig. 29.

In wave-mud interaction tests, the key parameters influencing these 
experiments are the thickness of the muddy layer and its viscosity. It is 
important to note that the viscosity of mud is determined based on its 
rheological behaviour, which characterises its flow properties.

The earliest experiments on wave-mud interactions date back to the 
1950s were conducted by Gade (1958). This study focused on wave 
attenuation and marked the beginning of experimental research on 
wave-mud interaction tests. In these tests, natural mud was placed on 
the bottom of a tank, and wave attenuation caused by the mud was 
measured. Not many tests on wave attenuation were conducted during 
the 1960s and 1970s, with significant experimental work resuming in 
late 1980s and early 1990s. A notable study was carried out by Saka
kiyama and Byker (1989). They tested wave propagation over an arti
ficial muddy cover, and measured wave damping and mud 
transportation. The other significant experimental work of that era was 
conducted by Maa and Mehta (1990), who investigated wave decay 
rates over both commercial kaolinite and natural mud for various wave 
periods. The authors found that the degree of bed consolidation and 
sediment composition influenced wave attenuation coefficients.

Currents were absent from experiments conducted before the mid- 
1990s. However, their coexistence with waves can influence sediment 
transport dynamics, as fluid flow above the mud layer may create 
distinct shear flow patterns. This gap in tank testing was first addressed 
by De Wit and Kranenburg (1996). They designed a set of experiments to 
test wave-current-mud interactions. Commercial kaolinite and a 
kaolinite-muscovite mixture were used to simulate mud behaviour, 
whilst both waves and currents were generated in the tank. The authors 

reported findings on wave damping, turbulence intensity, and mud 
transport. Following this, Zhao et al. (2006) conducted another set of 
experiments to simulate wave-mud-current interactions in a tank.

In another set of experiments conducted in 2011, Soltanpour and 
Samsami (2011) experimentally investigated the rheological behaviour 
and wave attenuation of Hendijan mud (Hendijan is a city close to 
Persian Gulf) and commercial kaolinite, finding that both exhibited 
similar viscoelastic and viscoplastic behaviours. Later, other tests were 

Table 13 
A summary of the common approaches used for solving flexible wave–structure interaction, with their advantages and limitations listed.

Method The main feature Advantages Limitations Example of 
Applications

Its capability in 
modelling 
nonlinearity

Its capability in 
modelling 
complex 
geomerties

Domain 
tyoe

Wiener–Hopf Semi-infinite domain 
solution via Fourier 
analysis

Semi-analytical; 
precise in linear 
cases

Limited to semi-infinite 
geometries

Ice–wave 
interaction

Poor Low Semi- 
infinite

Perturbation Expands solution in 
small parameters

Good for weakly 
nonlinear problems

Fails in strong 
nonlinearities

WEC analysis Moderate Moderate General

Fourier transform Wave decomposition 
into frequencies

Effective for 
periodic problems

Not suitable for 
irregular waves

Flexible risers, 
wave tanks

Poor Moderate Infinite

Eigenfunction 
matching

Orthogonal mode 
expansion with 
interface continuity

Accurate for 
piecewise problems

Slow convergence for 
complex shapes

Floating plates, ice 
floes

Poor Moderate Layered

Green’s Function 
+ Integral 
equations

Integral equations 
using Green’s theorem

Good for complex 
boundaries

Difficult to compute 
kernels

Submerged 
barriers

Poor High Infinite

Variational method Energy minimisation 
principles

Powerful general 
framework

Computationally 
expensive

Sea ice dynamics Moderate High General

Modal analysis Decomposition into 
vibration modes

Efficient for linear 
analysis

Limited to finite linear 
domains

Ice sheets, floating 
platforms

Poor Low Finite

BEM Boundary-only 
discretisation using 
Green’s functions

Efficient for 
unbounded 
domains

Limited internal 
resolution

Porous plates, 
offshore structures

Moderate High Unbounded

FEM Full domain 
discretisation with 
variational methods

Handles complex 
geometry, 
materials

Requires full meshing; 
sensitive to mesh 
quality

Flexible 
structures, 
pipelines

High Very High General

Linear GN theory Extends potential 
theory for shallow 
water

Captures mild 
nonlinearity in 
shallow regimes

Limited beyond mild 
nonlinearity

Subsurface 
structures, 
bathymetric 
effects

Moderate Moderate Shallow 
water

Fig. 30. Perturbed flexible thin plate with thickness d(y) = h0 + h1(y); Singh 
and Gayen (2023a). © Elsevier.
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carried out Hsu et al. (2013) and Almashan and Dalrymple (2015). A 
summary of the experiments of wave-mud interactions is outlined in 
Table 12.

The progress in wave-mud interaction tests has been gradual but very 
promising. Our knowledge of wave attenuation by mud, and mud 
transportation is mature enough that we can implement the results in 
regional wave modelling. Future research should focus on developing 
nonlinear wave models and incorporating non-Newtonian rheology to 
better predict wave-mud interactions. Aleebrahim and Jamali (2023)
experimentally investigated the resonant interaction between surface 
and interfacial waves. The formation and amplitude of quasi-standing 
interfacial waves can influence the density profile and sediment mix
ing within a fluid mud layer. Robillard et al. (2023) underscored the 
importance of considering both short-term and long-term rheological 
responses in wave attenuation predictions. Short-term responses can be 
modelled using simple frameworks with rheometric data, but long-term 
predictions require accounting for thixotropic behaviour and 
time-dependent changes in mud properties. Developing comprehensive 
models incorporating these factors is crucial for accurate and reliable 
predictions of wave attenuation over mud-laden shores.

5. Non-viscous models

This section reviews the FFSI models developed for the problems 
introduced in Section 2, under the assumption of inviscid flow. Most of 
these models are built using the potential flow approach. However, some 
studies solve the problem for Euler equations. In the final sub-section of 
the present section, a number of viscous fluid models for wave–mud 
interactions are also introduced. This is an exception, included because 
these models are analytically developed and therefore align more closely 
with the content of this section, rather than the next section, which fo
cuses on CFD-based studies.

5.1. Flexible wave-structure interactions

The study of flexible wave-structure based on the inviscid flow 
assumption interactions has undergone significant evolution over the 
years mostly using mathematical modelling. Various mathematical 
modelling, ranging from analytical methods to advanced numerical 
simulations, have been developed so far.

Historically, Dean (1945) and Ursell (1947) were among the earliest 
researchers to develop exact solutions for the problem of water-wave 
diffraction by two-dimensional flat rigid plates. However, despite their 
contributions, the literature presenting exact solutions has been very 
limited, with significant emphasis placed on semi-analytical or numer
ical approaches. But the initial works focusing on hydroelasticity con
cepts are contributions from Bishop and Price (1979) and Mei and Tuck 
(1980) (2-dimensional problems) and Wu (1984) (3-dimensional 
models). A series of work led by Bishop et al. was focusing on the global 
ship hydroelasticity problem, which will be introduced in more detail in 
sub-section 5.2, as they are more closely related to ship hydroelasticity. 
In the rest of this sub-section, various widely employed mathematical 
techniques used for modelling flexible wave-structure interaction 
problems within the framework of potential flow theory are introduced. 
Details of each approach with their strength and limits are outlined in 
Table 13.

5.1.1. Wiener–Hopf method
The Wiener–Hopf method (Noble, 1959; Lawrie and Abrahams, 

2007) is a powerful analytical technique utilised in various fields of 
applied mathematics and engineering to solve a wide range of boundary 
value problems (BVPs). At its core, the method aims to solve linear in
tegral equations by employing complex variable theory and Fourier 
analysis. In practical terms, the Wiener–Hopf method is often applied to 
problems involving semi-infinite domains, where the domain can be 
divided into two regions with distinct boundary conditions. By 

transforming the original problem into the Fourier domain, the equa
tions are simplified. The key step involves solving the kernel equation, 
which enables the separation of the transformed equations into solvable 
components. Subsequently, inverse Fourier transforms are applied to 
obtain the solutions in the original spatial domain, providing valuable 
insights into the physical phenomena under study. The method offers a 
straightforward semi-analytical approach to addressing problems that 
are conventionally resolved using numerical techniques.

The Wiener–Hopf method was initially employed to tackle the 
challenge of linear wave scattering by a floating thin elastic semi-infinite 
plate in the work of Evans and Davies (1968). However, this attempt did 
not yield a complete solution. Eventually later, the problem was solved 
by other researchers using the same technique (Balmforth and Craster, 
1999; Tkacheva, 2001; Chung and Fox, 2002). Subsequently, the solu
tion for a semi-infinite submerged elastic plate, utilising the Wie
ner–Hopf method, was achieved by Williams and Meylan (2012). Other 
studies on flexible wave-structure interactions that consider the use of 
Wiener–Hopf method include Kanoria et al. (1999), Abrahams (2002), 
Tkacheva (2003), Cunbao et al. (2007), Zhao et al. (2008, 2015b).

The Wiener–Hopf method has some limitations. Its efficacy is 
contingent upon the factorisation of the kernel function, which can be 
complex and non-trivial for certain geometries and boundary condi
tions. Moreover, the applicability of the method is primarily restricted to 
semi-infinite domains. Nonlinear dynamics, pervasive in realistic wave- 
structure interactions, often lie beyond its analytical scope, necessitating 
resorting to numerical methods. Furthermore, the mathematical rigor 
required for its application, involving advanced concepts in complex 
variable theory, may make it inaccessible to non-specialists. Addition
ally, the dependence on Fourier transforms implies that irregular or non- 
periodic boundary conditions may not be adequately addressed using 
this method.

For future research on this method, its application can be extended to 
finite or irregular geometries by developing advanced kernel factorisa
tion techniques. Further, its use can be investigated for solving nonlinear 
wave-structure interaction problems, potentially by combining it with 
numerical methods to handle higher complexity.

5.1.2. Perturbation method
Perturbation methods involve solving equations by systematically 

expanding the solution in terms of a small parameter, typically denoted 
as ε (Fig. 30). The small parameter represents a deviation from a known 
or simple solution. Perturbation methods are used when the problem can 
be divided into a dominant part (usually a known solution) and a smaller 
perturbation part. The primary objective is to analyse the behaviour of 
waves and structures by introducing small perturbations to an idealised 
system, allowing for the systematic study of their effects. In the context 
of water wave-structure interactions, perturbation methods involve 
breaking down the problem into a simpler, known solution (usually an 
unperturbed system) and a series of corrections introduced gradually.

The works by Shaw (1985), and Liu and Yue (1998) are examples of 
early studies that employed perturbation expansions to analyse the 
behaviour of waves in the vicinity of various types of structures. The 
method has also been applied to various water wave problems while 
considering the effects from variable bottom topographies in the 
absence of any structure (Alam et al., 2009; Couston et al., 2017). The 
method also sees applications to study potential flow past flexible 
structures with non-uniform structural properties, where the boundary 
condition on the flexible structure is a differential equation with vari
able coefficients (Singh and Gayen, 2023a). With applications to harness 
ocean wave energy using wave energy converters, the method has been 
employed by many researchers (Michele et al., 2018, 2020; Michele and 
Renzi, 2019).

The application of perturbation methods, while advantageous in 
many scenarios, encounters limitations that must be acknowledged. 
Firstly, their utility diminishes when confronted with strongly nonlinear 
problems or situations characterised by substantial perturbations. 
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Additionally, achieving convergence of the perturbation series poses a 
notable challenge, particularly for higher-order terms. This convergence 
issue jeopardises the accuracy of the solution obtained through pertur
bation methods, thereby warranting careful consideration of their 
feasibility in addressing flexible wave-structure interaction problems.

In future the method can be refined by developing more robust 
perturbation expansions to improve convergence for higher-order terms, 
especially in strongly nonlinear flexible wave-structure interactions. The 
method can be explored for use in multiscale problems related to wave 
energy converters or systems with highly irregular wave environments.

5.1.3. Fourier transform method
The Fourier transform method is a mathematical approach used to 

analyse flexible wave-structure interaction problems by expressing 
waves as a sum of sinusoidal components. It enables the representation 
of wave behaviour and structural responses in the frequency domain. By 
representing these quantities in the frequency domain, the method fa
cilitates the analysis of wave-structure interactions across different fre
quencies, allowing engineers to assess dynamic characteristics, 
resonances and springing. The method allows for the examination of 
resonance phenomena, frequency-dependent behaviour, and energy 
transfer mechanisms between waves and structures. The Fourier 

Transform method is often applied to linearised equations governing the 
problem.

Rienecker and Fenton (1981) were the first to apply the Fourier 
method to study the steady water waves problem. Later, Soltanahmadi 
(1992) obtained the natural frequency of a flexible riser system using 
this method. Since then, many other significant studies based on the 
Fourier method can be found in literature (Balmforth and Craster, 1999; 
Kuznetsov et al., 2002; Mei et al., 2005; Porter and Evans, 2007; Hal
liday et al., 2011; Montiel, 2012; Chen et al., 2022a; Paprota, 2023).

The method is constrained by two primary factors. The method as
sumes linear behaviour of both the waves and the structures, which may 
not hold true for certain extreme conditions or materials. It works best 
for analysing regular waves with known frequencies and wave heights. 
Also, the efficiency of the Fourier transform method remains hindered 
by the time-consuming computation of the added mass at infinite fre
quency, the memory-effect function, and the convolution integral.

The Fourier transform method can be further improved for irregular 
and non-periodic waveforms, expanding its applicability to real ocean 
conditions. Also, incorporating nonlinearities and broader material 
properties into the Fourier analysis can enhance its use in practical en
gineering applications like flexible marine structures.

5.1.4. Eigenfunction expansion and matching method
Eigenfunction expansion method (Linton and McIver, 2002) capi

talises on the properties of eigenfunctions, which are solutions to linear 
potential flow problems and form an orthogonal set. The method allows 
the expansion of arbitrary functions such as the velocity potential or 
structural displacements in terms of these orthogonal eigenfunctions. 
Then, a matching method is employed to ensure continuity of solutions 
across different regions of the problem domain, such as the fluid domain 
and the structure. It involves matching the solutions obtained from the 
eigenfunction expansion within each region and at their interfaces. The 
eigenfunction expansion is employed to represent the solution within 
each region, while the matching method ensures the compatibility of 
solutions across regions and interfaces. A general sketch of the matching 
method is shown in Fig. 31.

The problem related to wave scattering by a semi-infinite floating 
elastic plate using the eigenfunction matching method was first solved 
by Fox and Squire (1994), while that for a submerged semi-infinite 
elastic plate using this method by Hassan et al. (2009). Later, Kohout 
and Meylan (2009) utilised this approach to tackle multiple floating 

Fig. 31. A general sketch of the matching method used for solving the flexible wave-structure interaction.

Fig. 32. Contour region for application of Green’s integral theorem for a two- 
plate system.
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elastic plates with arbitrary boundary conditions. The matched eigen
function technique can be readily adapted to incorporate the influence 
of waves arriving at an oblique angle (Fox and Squire, 1994). Conse
quently, the majority of matched eigenfunction approaches account for 
the presence of angled incident waves. Likewise, there are other sig
nificant studies for investigating potential flow past elastic structures 
based on the matched eigenfunction expansion method (Teng et al., 
2001; Khabakhpasheva and Korobkin, 2002; Lin and Lu, 2013; Cho, 
2021; Pu and Lu, 2023).

This method has its own limitations. The convergence of the 
expansion series may be slow, especially if a large number of eigen
functions are required, impacting the accuracy of the solution. Further, 
representing complex geometries may require a large number of 
eigenfunctions, leading to computational challenges.

In future, faster convergence techniques can be developed for 
eigenfunction expansions to reduce the computational burden for 
complex geometries. The idea of investigating the integration of eigen
function expansion methods with numerical simulations can be explored 
for more generalised geometries and boundary conditions.

5.1.5. Green’s function and integral equations technique
Named after the mathematician George Green, this method involved 

solving the Laplace equation with appropriate boundary conditions to 
determine the velocity potential in the fluid domain. Green’s function 
represented the response of the fluid to localised sources or forcing 
functions, such as the presence of a structure. By convolving the Green’s 
function with the boundary conditions, the velocity potential (and hence 
the flow field) around the structure could be obtained. This method is 
particularly useful for determining the flow field in the vicinity of 
complex geometries and for calculating wave-induced loads on struc
tures. An example of the application of Green’s integration for solving a 
two-plate system is shown in Fig. 32.

The integrated method of integral equations and Green’s function 
(Heins, 1948; Thorne, 1953; Jaswon and Symm, 1977) involves 
formulating integral equations using Green’s integral theorem and 
appropriate Green’s function associated with the problem. Integral 
equations arise from the application of Green’s functions to boundary 
value problems. These integral equations relate the unknown quantities, 
such as the fluid velocity or structural displacement, to known boundary 
conditions and external forcing functions.

Meylan (1995) was the first to solve the problem of wave scattering 
by an elastic plate by employing the integrated method of integral 
equations and Green’s function. Prior to that the method was utilised to 
tackle rigid structures. Later, the mathematical technique of Meylan 
(1995) was modified to use a free surface Green’s function rather than 
the free space Green’s function, which not only satisfied by the Laplace’s 
equation but also the fluid domain boundary conditions, for elastic 
plates problems (Thorne, 1953; Mandal and Chakrabarti, 2000; Sahoo, 
2012; Koley et al., 2015; Kaligatla et al., 2015; Chakraborty et al., 2016; 
Kundu et al., 2018; Singh et al., 2022). This method offers a distinct 
advantage over existing techniques like the least square approximation 
method and eigenfunction expansion method found in literature. It of
fers easy applicability in handling wave interactions with partially 
flexible plates or membrane barriers, regardless of whether the water 
depths are finite or infinite.

Calculating Green’s function can be computationally demanding, 
especially for complex geometries or situations where closed-form so
lutions are challenging to obtain. Green’s function methods are inher
ently limited to linear wave-structure interactions and may not capture 
highly non-linear effects. Implementing integral equations can be 
numerically challenging, and convergence issues may arise, particularly 
in situations with discontinuities or complex boundary conditions. The 
accuracy is sensitive to the quality of discretisation, and meshing 
irregular geometries can be challenging.

For enhanced research, the method can be extended to study 
nonlinear wave-structure interactions by incorporating advanced 

Green’s functions that capture nonlinearity. Likewise, more efficient 
numerical techniques for Green’s function computations can be devel
oped, particularly for irregular geometries and complex boundary 
conditions.

5.1.6. Variational methods
Variational methods are based on the principle of minimising or 

maximising certain functionals to obtain solutions to differential equa
tions. In the context of wave-structure interaction, variational methods 
seek solutions that minimise the total potential energy of the system, 
subject to appropriate boundary conditions. In linear potential wave 
theory, the governing equations for the fluid flow are derived from 
variational principles, such as the principle of minimum potential en
ergy. These principles state that the actual fluid motion is such that the 
total potential energy of the system is minimised, given the constraints 
imposed by the geometry of the domain and the boundary conditions.

The method typically involves expressing the velocity potential in 
terms of a trial function and then minimising the corresponding energy 
functional. The derivation of the free surface gravity water wave equa
tions can be achieved efficiently through Luke’s variational principle 
(Luke, 1967; Whitham, 1967) or its dynamical equivalent proposed by 
Miles (1977). These methodologies offer concise and insightful ap
proaches to understanding the dynamics of surface waves in fluid sys
tems. Luke’s variational principle encapsulates the entire problem 
within a single functional, providing a comprehensive framework for 
analysing the behaviour of water waves. By minimising this functional, 
one can derive the governing equations that describe the evolution of 
surface waves under the influence of gravity and other pertinent factors. 
Other prominent studies carried out using variational method for 
studying hydrodynamic response of sea-ice can be seen in the works of 
Fox and Squire (1994), Porter and Porter (2004), Bennetts et al. (2007, 
2024).

Variational methods may become computationally demanding for 
complex problems, requiring careful consideration of variational for
mulations and solution techniques. The accuracy heavily depends on the 
appropriateness of the chosen variational model, and deviations from 
model assumptions can lead to inaccuracies.

For future exploration, investigating more efficient solution strate
gies for large-scale variational formulations can help reduce computa
tional costs. Also, one can think of extending the application of 
variational methods to study more complex, nonlinear wave-structure 
interactions, including those in turbulent flow regimes.

5.1.7. Modal analysis method
The modal analysis method provides a systematic approach for un

derstanding water wave-structure interactions by simplifying complex 
systems into fundamental modes of vibration (refer to sub-section 
3.3.1). It is particularly useful in linear potential wave theory. Early 
works on the application of modal analysis method to hydroelasticity 
problems can be found in the work of Bishop and Price (1979) and Wu 
(1984), related to ship hydroelasticity that shares similarity with flexible 
wave-structure interactions. The method of modal analysis is widely 
employed to solve such problems (Michele et al., 2020, 2022, 2024; 
Zhang et al., 2018; Singh and Gayen, 2023b). When using a model 
analysis approach, stresses emerging in the solid body are achieved by 
combining the stress contributions from each of the modes (Malenica 
et al., 2008; Yang and Gu, 2015; Lee et al., 2021; Meylan, 2021).

Modal analysis is strictly applicable in the linear regime, limiting its 
use for strongly nonlinear problems or situations where the linear po
tential wave theory breaks down. Interactions between modes can be 
complex, and neglecting certain interactions may lead to inaccuracies in 
the analysis. While much of the research on analysing floating ice sheets 
relies on the modal expansion method, it is worth noting that this 
approach is applicable only to structures of finite dimensions (Sahoo 
et al., 2001).

Combining analytical techniques with numerical simulations seems 
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to be a promising direction for future research in wave-structure in
teractions. Thus, the modal analysis method can be extended to fully 
nonlinear systems to improve its applicability in real-world marine en
gineering problems. Further, the influence of irregular waves and 
multidimensional wave interactions on the modal behaviour of complex 
structures, such as floating ice sheets and wave energy converters can 
also be investigated.

5.1.8. BEM
BEM gained prominence in the latter half of the 20th century. BEMs 

discretise the boundary of the structure, leading to efficient and accurate 
solutions for wave-structure interactions. The governing Laplace equa
tion was solved on the boundary of the structure using Green’s function 
or fundamental solutions. BEM offers advantages in terms of computa
tional efficiency, as it avoids the need for discretising the entire fluid 
domain and only requires meshing the boundary of the structure.

Considering various fluid assumptions, the three-dimensional hy
drodynamics can be efficiently addressed using BEMs (Kim et al., 2013; 
Lee et al., 2020). Also, analytical solutions for the hydroelastic problem 
of an offshore submerged porous-elastic plate have been derived utilis
ing BEM by Cho and Kim (2000).

BEM has limitations when applied to potential water wave theory 
and elastic structures. The method often requires high computational 
resources to model large domains with intricate wave behaviours, 
making it less efficient for real-time simulations or large-scale studies. 
Although BEM relies on surface discretisation, which is advantageous 
for problems with complex geometries, it may encounter difficulties in 
accurately representing volumetric effects or interior stresses.

Hybrid applications that combine the BEM and FEM may also be 
used. Such modelling approaches efficiently handles the unbounded 
fluid domain by discretising only the boundaries, whereas FEM excels in 
capturing the structural response of complex, nonlinear, or heteroge
neous materials. Such hybrid modelling approach enables accurate and 
computationally efficient simulation of the FFSI problems. For instance, 
Cho and Kim (2000) applied BEM for fluid interaction with a submerged 
porous-elastic plate, while FEM was used to model the structural flexi
bility. Such hybrid frameworks are particularly beneficial in multi
physics problems where fluid and structural complexities must be 
addressed simultaneously without the prohibitive cost of full-domain 
discretisation.

Future research could focus on coupling BEM with other computa
tional methods, such as FEM or CFD, to better simulate complex phe
nomena like fluid-structure interaction, thermal effects, and nonlinear 
material behaviour. Expanding BEM’s applicability to time-domain 
simulations could improve its usefulness for dynamic wave-structure 
interaction problems, particularly in real-time simulations of ocean 
energy devices or offshore structures.

5.1.9. FEM
FEM have been adapted to model wave-structure interaction 

problems, where the motion of flexible structures is coupled with po
tential flow calculations. This approach allows for the analysis of com
plex interactions between waves and flexible structures, including the 
dynamic response of offshore platforms, mooring systems, and under
water pipelines. In this approach, the fluid domain is discretised into 
finite elements, and the governing Laplace equation is solved numeri
cally using variational methods. FEM can handle complex geometries 
and unstructured meshes, making it suitable for simulating wave- 
structure interactions in realistic environments (Wang and Wu, 2011). 
Initially, Kim and Bai (1999) and Kim et al. (2003) provided finite 
element formulations for modelling free surface waves using potential 
flow theory.

While using the FEM, accurately modelling open boundaries or un
bounded domains, such as those encountered in ocean wave propaga
tion, can be computationally demanding and prone to errors. Further, 
FEM typically requires discretisation of the entire domain into finite 
elements, which can be computationally intensive and may lead to 
inaccuracies, especially in regions with high stress gradients or material 
nonlinearities.

Accuracy in FEM simulations heavily depends on mesh quality. Fine 
meshing near high-gradient regions (e.g., near structural edges or sin
gularities) improves solution fidelity but increases computational cost. 
Poorly resolved meshes may cause numerical instability and misrepre
sentation of stress fields. Recent studies explore adaptive mesh refine
ment (AMR) and unstructured meshing to strike a balance between 
efficiency and accuracy. FEM-BEM hybrid models also help reduce the 
need for high-resolution meshing in the entire fluid domain. FEM could 
be further explored in multi-phase flow simulations, especially for wave- 
structure interactions where air and water interact (e.g. wave breaking 
or foam formation).

5.1.10. Linear Green–Naghdi theory
Linear Green–Naghdi (NG) theory enhances the linear potential 

wave theory by incorporating corrections that account for moderately 
non-linear effects. It is applied to wave-structure interactions where the 
linear theory may not provide sufficient accuracy. It is suitable for 
describing the interaction of waves with coastal structures in shallow 
water. The theory provides a more accurate representation of wave- 
structure interactions in shallow water conditions, capturing the ef
fects of finite depth and wave nonlinearity.

Green et al. (1974), and Green and Naghdi (1976) introduced a novel 
approach for investigating nonlinear wave transformation in shallow 
water, drawing inspiration from continuum models commonly utilised 
in structural mechanics. It is a significant non-linear wave theory. This 
theory is constructed upon the concept of the directed or Cosserat sur
face, which represents a deformable surface embedded within a 
Euclidean three-dimensional space. At each point of this surface, a 
deformable vector, referred to as a director, is assigned. Although the 
Cosserat surface possesses three-dimensional characteristics, it solely 
relies on two spatial dimensions and time.

Fig. 33. Application of the strip theory in solving dynamic motions of a floating cylinder.
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Refining GN theory for shallow water environments could improve 
predictions of wave-structure interactions in regions with significant 
bathymetric effects or in systems involving interactions between surface 
waves and subsurface structures. Integrating GN theory with FSI models 
could enhance the prediction of the dynamic response of flexible or 
deformable structures interacting with nonlinear waves, which is crucial 
for wave energy devices or offshore structures exposed to harsh 
environments.

5.2. Global ship hydroelasticity

The models developed for global ship hydroelasticity may be viewed 
as any simple or advanced model that couples/combines any 2D, 2.5D or 
3D potential flow model with any 1D (beam theories) or 3D structural 
model to solve the problem either in frequency or time domain (Shin 
et al., 2015). The 2D potential flow models are typically based on strip 

Fig. 34. Panels generated on the wet part of a floating box.

Fig. 35. A diagram illustrating linear and weakly nonlinear ship motion models that can be built under inviscid-based fluid assumption. The down-left illustration 
represents the basis of a linear model, where the wetted surface is approximated using the calm waterline, neglecting instantaneous variations due to waves. The 
down-right illustration depicts the weakly nonlinear model, which accounts for the dynamic changes in wetted surface as the ship interacts with waves.

Table 14 
Early 2D models developed to solve global ship hydroelasticity.

References Hydrodynamic 
model

Solid 
dynamic 
model

Notes

Bishop et al. (1977, 
1980), Bishop and 
Price (1976a), 
1976b)

Strip theory 1D beam The first set of 
hydroelastic models 
developed by Bishop 
et al.

Wu et al. (1993) 2.5D theory 1D beam Start of using 2.5D 
model.

Hermundstad et al. 
(1999)

2.5D theory 3D FEM Use of 2.5D model for 
a multi-hullform

Skjørdal and Faltinsen 
(1980)

Slender body 
theory

1D beam One of the only 
slender body based 
models.
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theory (e.g. Salvesen et al., 1970 or Gerritsma and Beukelman, 1967) or 
slender body theories. When the 2D strip is used, the ship is typically 
divided into a finite number of strips (Fig. 33), often 20 sections (e.g. 
Aksu, 1993).

The 2.5D theory models sits somewhere between 2D strip theories 
and 3D models and are built upon the foundations of strip theory. 
Sectional forces are calculated by setting a three-dimensional boundary 
condition for the free surface, permitting the inclusion of forward speed 
effects in the modelling of sectional forces. This approach was initially 
proposed by Faltinsen and Zhao (1991a, 1991b) and classified as a 
modified strip theory, and is usually termed 2.5D strip theory 
(Hermundstad, 1995).

Slender-body models, often classified as two-dimensional, offer a 
more physically grounded modelling framework and can be employed to 
overcome the limitations of traditional strip theory. These models offer 
the advantage of capturing longitudinal disturbance effects and 
addressing forward-speed influences, which are not fuly represented in 
2D strip theory models (Newman, 1964). The 3D potential flow models, 
on the other hand, solve the problem in a fully three-dimensional fluid 
domain. These models may require panelisation either on the wetted 
surface of the ship alone (Fig. 34), or on both the wetted surface and the 
free surface. Non-viscous models can be configured to exhibit varying 
degrees of nonlinearity, ranging from weakly nonlinear (sometimes 
referred to as partly nonlinear) to weakly scattered nonlinear models.

Nonlinearities associated with the ship hydroelasticity model can be 
introduced through the free surface boundary conditions often activated 
using perturbation methods or by directly incorporating them into the 
body motion equations. Nonlinearities can also be incorporated into the 
model by accounting for the temporal change of the wetted surface 
(Fig. 35). If its effects on hydrostatic, Froude–Krylov, added mass, or 
damping forces are considered, the model is referred to as weakly 
nonlinear. Including body motion effects in diffraction and radiation 
makes the model body-exact nonlinear, leading to smoothly scattered 
nonlinearity.

The structural analysis of the ship, however, can be modelled using 
1D analysis or 3D analysis (FEM modelling of the ship structures). It is of 
note that flexible ships are not modelled typically as 2D plates. 1D 
modelling of a ship as a beam is a widely accepted approach and has 
been predominantly used for ships since the 1920s (Inglis, 1929). 3D 
dimensional modelling of the ship structure is typically applied to 
non-conventional vessels, such as catamarans.

5.2.1. 2D potential flow models

5.2.1.1. linear 2D models. It should not be a surprise that the very early 
model that was developed for ship hydroelasticity was built based on a 
2D potential flow model, and 1D beam model (the lower dimension for 
fluid and solid domains can have) for a pure linear condition. This model 
was developed by Bishop et al. (1977) for stationary conditions. The 
two-dimensional fluid flow model was developed using the strip theory 
concept. The one-dimensional beam was idealised using non-uniform 
Timoshenko beam theory under a free-free boundary condition. This 

early study specifically considered rigid modes and symmetric elastic 
modes (e.g. two-node vertical bending mode) of the beam identified in 
vacuo (i.e. dry modes), and the response of the elastic ship to the wave 
was achieved via a model superposition.

The model developed by Bishop et al. (1977) initiated a new research 
stream in naval architecture and ocean engineering, prompting many 
researchers to develop models that either advance previous approaches 
or offer greater practicality and ease of use. Later, similar models were 
developed for flexible ships exhibiting responses in antisymmetric 
modes (coupled horizontal and torsional bending; Bishop and Price, 
1976a; Bishop et al., 1980) and in asymmetric modes (coupled vertical, 
horizontal, and torsional bending; Bishop and Price, 1976b). The credit 
for taking the first steps towards modelling transient responses also goes 
to Bishop et al. (1978), who used convolution methods to model the 
transient responses of a flexible ship. A similar study was conducted by 
Belik et al. (1980).

The linear 2.5D theory was firstly adopted for modelling hydroelastic 
motions of high-speed ships by Wu et al. (1993) and Hermundstad et al. 
(1994). They further extended the early 2.5D model developed by Fal
tinsen and Zhao (1991a, 1991b) to consider symmetric modes of elastic 
ships. Later, Hermundstad et al. (1999) applied 2.5D theory to model the 
hydroelastic responses of a catamaran. Slender body theory has also 
been used in modelling hydroelastic responses of the ships. An early 
example is the work of Skjørdal and Faltinsen (1980), and another one 
conducted in the 1990s is work of Wu et al. (1991). A summary of early 
linear 2D models is listed in Table 14.

Table 15 
High-order strip theories (quadratic terms) developed to solve global ship 
hydroelasticity.

Study Ship 
model

Solid 
model

Notes

Jensen and Pedersen 
(1979, 1981)

Strip 
theory

1D 
beam

One of the first nonlinear strip 
theory model.

Vidic-Perunovic and 
Juncher Jensen 
(2005)

Strip 
theory

1D 
beam

Extension of Jensen and 
Pedersen (1979, 1981) model 
for bidirectional waves.

Jang et al. (2007) Strip 
theory

1D 
beam

Springing analysis to symmetric 
and asymmetric responses.

Table 16 
A list of weakly nonlinear 2D models developed for solving global ship 
hydroelasticity.

Studies Ship 
model

Solid 
model

Memory 
effects 
Included?

Notes

Yamamoto et al. 
(1978).

Strip 
theory

1D 
beam

No One of the first weakly 
nonlinear models.

Toki et al. (1983) Strip 
theory

1D 
beam

No Improvements to 
Yamamoto et al. (1978).

Tao and Incecik 
(2000)

Strip 
theory

1D 
beam

No Water entry models of 
by Stavovy and Chuang 
(1976) alongside Ochi 
and Motter (1973) were 
used for slamming load 
prediction.

Xia et al. (1987) Strip 
theory

1D 
beam

Yes Momentum variation 
was used for prediction 
of slamming load.

Gu et al. (1989) Strip 
theory

1D 
beam

Yes ​

Park and Temarel 
(2007)

Strip 
theory

1D 
beam

Yes A quasi-static approach 
is used for prediction of 
green water loads (see 
Baarholm and Jensen, 
2004).

Söding (1982) Strip 
theory

1D 
beam

Yes high-order differential 
equations are used.

Schlachter (1989) Strip 
theory

1D 
beam

Yes high-order differential 
equations are used.

Wang and Xia 
(1992) and Xia 
et al. (1998)

Strip 
theory

1D 
beam

Yes high-order differential 
equations are used.

Rajendran et al. 
(2016) and 
Vijith and 
Rajendran 
(2023)

Strip 
theory

1D 
beam

Yes Nonlinear radiation and 
diffraction are 
considered.

Wang et al. 
(2020b)

Strip 
theory

1D 
beam

Yes Partial nonlinearity on 
radiation and 
diffraction.

Peddamallu et al. 
(2024).

Strip 
theory

1D 
beam

Yes A CFD model is used to 
predict slamming loads.
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5.2.1.2. Non-linear 2D models. The early version of any 2D model such 
as those developed using pure 2D strip theories in the 1970s were linear 
in nature. The linear 2D models are believed to accurately predict heave 
and pitch motions, as well as the resulting loads, under low to moderate 
wave climates (Rajendran et al., 2016), but they have significant limi
tations in large waves and at higher forward speeds.

In rough sea conditions, where one of the key assumptions of the 2D 
method, that the relative motions of the ship with respect to the water 
surface are small, breaks down, particularly at the fore part of the ship 
(Wu and Moan, 2005). Hence, the significant hydrodynamic forces in 
these regions are not expected to be captured by a linear model, a 
phenomenon observed to emerge in various model-scale and full-scale 
experiments (e.g. Smith, 1966, noted that the sagging moments of a 
ship were much higher than the hogging moments in extreme wave 
climate, suggesting the presence of nonlinearities). To address these 
limitations, efforts were made to develop nonlinear 2D hydroelastic 
models, which require solving the problem in the time domain.

The first approach to develop a nonlinear model is to upgrade the 2D 
strip theory to a nonlinear framework by incorporating contributions 
from nonlinearities associated with the sectional forces. Hence, this 
approach permits the direct incorporation of nonlinear contributions 
from steep waves (i.e., nonlinear waves). Such modelling is useful in the 
statistical analysis of the dynamic responses of flexible ships in non- 
Gaussian seas (e.g., Jensen, 1991).

Notably, the first steps towards modelling nonlinear hydroelastic 
motions of ships using strip theory, observed in the late 1970s, were 
based on this approach. Jensen and Pedersen (1979) developed a 
nonlinear 2D strip theory considering symmetric modes of a flexible 

ship. Their work employed a perturbation approach, incorporating 
quadratic terms to account for the nonlinearities associated with wave 
forces, non-vertical sides of the ship, and the variations in hydrodynamic 
forces during the vertical motions of the ship. Thus, this model repre
sented a second-order nonlinear strip theory. Vidic-Perunovic and 
Juncher Jensen (2005) further developed this method to model 
springing of elastic ships in bidirectional wave fields.

Another high-order strip theory model, which considered both 
symmetric and asymmetric hydroelastic responses of a flexible ship, was 
developed by Jang et al. (2007). While such models would enable us to 
consider nonlinearities, their application would still be limited to 
moderate waves if they are developed up to the second-order nonline
arity (Tao, 1996). In summary, this pathway has not been extensively 
explored by the naval architecture community, and researchers were 

Tale 17 
A summary of the 3D models of ship hydroelasticity.

Study Method Fluid problem Linear or nonlienar? Solid model Case study

Hirdaris et al. (2003) Frequency domain BEM Linear 3D FEM and 1D beam Container ship
Bingham et al. (2001) Frequency domain BEM Linear 3D FEM Trimaran
Iijima et al. (2008) Time domain BEM Weakly nonlinear 3D FEM S175 and 5250 TEU Container 

Ship
Senjanović et al. (2009b) Frequency domain BEM Linear 1D thin-walled beam Barge
Hu et al. (2012) Time domain BEM Weakly nonlinear 1D beam Ore Carrier
Das and Cheung (2012a) Frequency domain BEM with Double-body flow Linear 3D FEM Wigley hull
Kim et al. (2013) Time domain BEM Weakly nonlinear 3D FEM Barge, 6500 and 1000 TEU 

Container Ship
Yang et al. (2018) Time domain BEM (TDGF) and BEM (IORM) Weakly nonlinear 3D FEM Bulk Carrier
Ren et al. (2018) Time domain 

(HROM)
BEM Weakly nonlinear 3D FEM 8500 and 10000 TEU Container 

Ship
Datta and Guedes Soares 

(2020)
Time domain BEM (TDGF) Weakly nonlinear 1D beam S175 Container Ship

Park et al. (2019) Time domain BEM Weakly nonlinear 3D FEM Wigley hull and 18000 TEU 
Container Ship

Chen et al. (2019a) Time domain 
(HROM)

BEM Weakly nonlinear 3D FEM 13000 TEU Container Ship

Heo and Kashiwagi 
(2019)

Time domain High-order BEM Weakly nonlinear 1D beam Wigley hull

Jiao et al. (2021a) Time domain 
(HROM)

BEM Weakly nonlinear 3D FEM, Timoshenko 
Beam

Naval ship

Lee et al. (2020) Time domain Higher-order BEM Weakly nonlinear Higher-order shell 
FEM

Wigley hull

Zhang et al. (2021d) Time domain 
(HROM)

3D hydrodynamic model (time 
domain)

Weakly nonlinear 1D beam 21000 TEU Container Ship

Riesner and el Moctar 
(2021a,b)

Time domain 
(HROM)

BEM with nonlinear effects of 
forward speed

Weakly nonlinear 1D beam Container Ship

Yang et al. (2021) Time domain BEM (IORM) Weakly nonlinear 3D FEM 20000 TEU Container Ship
Hong et al. (2021) Frequency domain BEM Linear (forward speed 

inclusion)
1D beam Barge and Modified Wigley hull

Bakti et al. (2021) Frequency domain BEM Linear (forward speed 
inclusion)

DMB Modified Wigley hull

Duan et al. (2022) Time domain (Taylor Expansion) BEM Weakly nonlinear 1D beam 6750 TEU Container Ship
Wang et al. (2022a) Time domain (Taylor Expansion) BEM Weakly nonlinear Transfer Matrix 

Method
S175 and 6750 TEU Container 
Ship

Tang et al. (2023) Time domain BEM Weakly nonlinear 1D beam Ultra-large Container Ship
Lu et al. (2023) Time domain BEM Weakly nonlinear 3D FEM 21000 TEU Container Ship
Zhou et al. (2024, 

2024b),
Frequency domain FDM Linear 1D beam Barge and Wigley hull

Tale 18 
List of available codes that solve global ship hydroelasticity using a 3D model
ling approach.

Available codes Developer/Reference Other comment

HydroE-FD Lloyd’s Register Group 
Ltd

Waveload-FD is the 
rigid body code

WAMIT Lee and Newman (2006) ​
WISHFLEX-beam and 

WISHFLEX-3DM
Kim et al. (2009a), Kim 
and Kim (2016)

WISH is the rigid body 
code

Hydroflex Das and Cheung (2012b) ​
THAFTS and NTHAFTS Hu et al. (2012) ​
ITU-wave Kara (2015, 2022) ​
Oceanwave3D-seakeeping Zhou et al. (2024, 2024b) ​

S. Tavakoli et al.                                                                                                                                                                                                                                Ocean Engineering 342 (2025) 122545 

38 



mostly keen to follow the other approach. The high-order strip theory 
models are listed in Table 15.

The second path ahead of us is to incorporate nonlinearity into the 
motions. This can be achieved by deciding whether to include memory 
effects in the model, to account for the instantaneous wetted area/im
mersion in the calculation of: (I) restoring forces and Froude–Krylov 
forces, and/or (II) sectional added mass and damping forces, or to 
include body-exact nonlinear radiation and diffraction forces. The ad
vantages of a body-exact model over a weakly nonlinear one are dis
cussed by Rajendran et al. (2011, 2012, 2015), who pointed out that 
weakly nonlinear models may overestimate the peak hogging moments 
in extreme sea conditions.

The first generation of weakly nonlinear 2D models was developed in 
the absence of memory effects. The earliest model in this category was 
created by Yamamoto et al. (1978). This model incorporated nonlinear 
restoring forces and Froude–Krylov forces, while also calculating the 
instantaneous added-mass and damping coefficients. Additionally, 
slamming and wet-deck loads were accounted for. The validity of the 
model was demonstrated through modelling the hydroelastic responses 
of a model-scale containership with a length of 3 m by Fukasawa et al. 
(1981). This model was later partially improved by Toki et al. (1983)
and subsequently tested by Mizokami et al. (2001), who showed that the 
Toki et al. (1983) model could effectively capture the vertical bending 
moment of a 4900-TEU container ship, compared with a unified 
enhanced slender-based model developed by Kashiwagi et al. (2000). 
Tao and Incecik (2000) developed another similar weakly nonlinear 
model.

The second generation of weakly nonlinear models was developed by 
incorporating memory effects. The linear fluid forces are mostly derived 
from convolution integrals based on the impulse response function 
(Cummins, 1962). The time-domain modelling is directly related to how 
the dynamic response of a flexible ship evolves over time based on past 
inputs and permits consideration of linear memory effects. In such an 
approach, linear fluid forces are represented as a convolution of past 
wave elevations and the impulse response function, permitting a direct 
calculation of forces based on historical data. When such an approach is 
used, nonlinear effects are typically treated separately or incorporated 
within the time-domain simulation, and they are not fully integrated 
into the fundamental equations of motions (heave and pitch modes). 
Following this approach, Xia et al. (1987) used the convolution 
approach to model the hydroelastic responses of the symmetric modes of 
a ship. Nonlinear contributions from the hydrostatic restoring force and 
Froude-Krylov forces were included. Similar nonlinear two-dimensional 
model based on strip theory were developed by Gu et al. (1989) and Park 
and Temarel (2007).

Another generation of weakly nonlinear models are developed using 

high-order differential equations. In these models, instead of tracking 
the entire history of the motion, high-order differential equations are 
used to capture the essential past interactions through higher-order 
terms, simplifying the problem, reducing computational effort. This 
approach was pioneered by Söding (1982), followed by Schlachter 
(1989) and Wang and Xia (1992) along with Xia et al. (1998).

The latest generation of nonlinear strip theories, incorporating 
memory effects, was developed by Rajendran et al. (2016). This model is 
classified as a body-exact type and was initially designed for modelling 
rigid body motions of ships by considering nonlinear radiation and 

Fig. 36. Wave field around a flexible barge exposed to head sea with a wavelength equal to its length. This figure is presented in Kim et al. (2013). Panel (a) shows 
the results of BEM-FEM model, and panel (b) shows the results of WISH-FLEX code. © Elsevier.

Fig. 37. Stress and deformations along a 6500 TEU container ship found 
through running BEM-FEM code by Kim et al. (2013). The longitudinal Froude 
Number is 0.04 and encounter frequency is nearly equal to the first mode of the 
ship. © Elsevier.
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diffraction (Rajendran et al., 2015). It was later extended to account for 
the elastic, symmetric response of ships in head sea (Rajendran et al., 
2016), and symmetric responses of elastic ships in oblique waves (Vijith 
and Rajendran, 2023). A hybrid version of this model was later devel
oped by Peddamallu et al. (2024). A summary of the nonlinear 2D 
models is listed in Table 16.

5.2.2. 3D potential flow models
The need to use a 3D model for global ship hydroelasticity under a 

potential flow arises from the need to model 1) more complicated 
hullforms, and 2) to consider three-dimensional evaluation of fluid 
motion and advanced speed, both of which can be hardly captured via a 
2D/2.5D modelling approach.

Modelling can be done in frequency domain (e.g., Das and Cheung, 
2012b), or time domain (e.g., Kim et al., 2014). Similar to 2D problems, 
nonlinearities associated with the upper layer of water, and the body 
hydrodynamics can be taken into account. The choice of the solution 
method would affect the panel generation. Under a choice of Rankine 
Source Method (e.g. Kim et al., 2014), panels are required to be gener
ated on the water surface, and the wet part of the flexible ship, and a 
damping zone is required to dampen the waves. A list of studies based on 
3D modelling of ship hydroelasticity is presented in Table 17, and the 
corresponding numerical codes are outlined in Table 18.

5.2.2.1. Early models. The first 3D foundation for hydroelastic model
ling of elastic ships was introduced by Bishop et al. (1986). The fluid 
problem was solved through Green’s integrals, and the structural 
problem was solved using a 3D FEM. The model would provide a model 
analysis for the dynamic responses of the ship. Hence, following this 
research, different frequency domain models, based on Green’s inte
gration, were developed (e.g. Riggs et al., 2007).

The most famous modal analyses in the 2000s were performed by 
Hirdaris et al. (2003), Senjanović et al. (2008, 2009a). Hirdaris et al. 
(2003) coupled a BEM code (Green’s function based pulsating source 
distribution) with 1D and 3D FEM models for idealisation of ship 
structure and then analysed hydroelastic motions of the ship with large 
open hatch and closed decks. The code used for modal analysis of the 
flexible ship was called HydroE-FD. Dry and wet modes were both 
calculated. This study provided a very deep understanding of the way 
the 1D or 3D approaches would be used for structural modelling, and 
whether wet or dry mode concepts need to be considered. Senjanović 
et al. (2008, 2009a, 2009b) performed a series of global hydroelastic 
studies on ships, and applied a hydroelastic restoring coefficient 
formulated by Malenica et al. (2003) to develop 3D frequency-based 
linear hydroelastic models.

In another work, Ijima et al. (2008) developed a one-way FSI 
methodology for structure analysis of elastic ships by considering 
hydroelasticity by utilising a time-domain three-dimensional panel 
method. Nonlinear components of pressure that could potentially in
fluence hydrodynamic forces, particularly in cases where discrepancies 
arise between sagging and hogging moments due to the forward speed 
and fluctuations of the wetted surface were considered.

5.2.2.2. Emergence of fully coupled 3D FFSI models. A new generation of 
3D two-way FSI models for simulating dynamic responses of ships 
exposed to water waves began development in the late 2000s in Seoul 
National University (SNU). These models were built on the foundation of 
the Rankine Source Method and aimed to solve the hydroelastic re
sponses of flexible ships in the time domain under linearised boundary 
conditions. Initially, Kim et al. (2009a) developed a time-domain 
method for simulating a flexible, beam-like ship in waves at zero 
speed for linearised boundary conditions. The code was subsequently 
expanded to include forward speed effects under a double-body flow 
consideration (Kim et al. 2009b, 2010, 2013) for head sea and oblique 
wave conditions, and a very similar weakly nonlinear model was also 

developed by Kim et al. (2014). For examples of the simulations run by 
the BEM–FEM code developed by Kim et al. (2013), see Figs. 36 and 37, 
which respectively show the wave field around a barge, and the stresses 
and deformations along a flexible 6500 TEU containership exposed to 
head waves. The versions of the codes developed at SNU that idealise 
ship structure using a 1D Vlasov-beam idealisation are referred to as 
WISHFLEX-beam, while those that employ a 3D FEM idealisation are 
termed WISHFLEX-3DM (Kim and Kim, 2014, 2016). Recent updates on 
the code can be found in Park et al. (2017, 2019), and similar studies are 
conducted by Shin et al. (2015), Lu et al. (2023).

Das and Cheung (2012b) introduced another 3D fully coupled FSI 
model for flexible ships exposed to water waves, that would use a 
double-body approach for consideration of steady fluid flow by intro
ducing a wave-scattered method in frequency domain (developed in Das 
and Cheung, 2012a). The model would solve the problem in a frequency 
domain, and developed software was named Hydroflex. The method 
however does not take into account the body nonlinear effects and does 
not take into account slamming and green water effects, though it can be 
further developed to consider these effects. This remains as a future 
research opportunity.

5.2.2.3. Convolution-based time-domain hydroelastic models. Since late 
2010, a series of 3D time-domain hydroelastic models have been 
developed that utilise convolution integrals to apply 3D frequency 
domain. Notable examples of these models are presented in Chen 
(2017), Chen et al. (2017, 2019a), Im et al. (2017), Ren et al. (2018), 
Zhang et al. (2021d), and Sengupta et al. (2016, 2023). However, these 
models do not account for the steady fluid flow generated by the forward 
movement of the flexible ship.

5.2.2.4. Incorporating nonlinear forward-speed effects in 3D hydroelastic 
models. Other types of hydroelastic solvers have been developed by 
considering the non-linear forward movement of the ship, rather than 
using the double-body approach initially employed by Kim et al. 
(2009a), and Das and Cheung (2012b).

This shift toward development of such models was motivated by the 
desire to account for the potential effects of forward speed on the trim 
and sinkage of the vessel, which would be overlooked under a linear
isation of forward-speed movement. Sӧding (2009) developed a 
hydroelastic model that solves the potential flow around a ship exposed 
to regular waves by considering the non-linear forward movement of the 
vessel using a hybrid method. Later by including the damping due to 
radiated waves, Riesner and el Moctar (2018) developed an improved 
model that solves the problem for two different wave sets: short and long 
waves.

In the next step, Riesner and el Moctar (2021a, b) advanced the 
model by developing a weakly non-linear hybrid model that couples the 
non-linear steady forward movement of the ship with the linearised fluid 
flow around a flexible ship exposed to waves. Riesner and el Moctar 
(2021a,b) simulated hydroelastic responses of a 333 m long 
post-Panamax containership, which was previously tested by Maron and 
Kapsenberg (2014). Another 3D hydroelastic model, termed the For
ward Speed Correction Method (FSCM), with consideration of forward 
speed, was developed by Yang et al. (2020, 2021).

5.2.2.5. Additional time-domain rankine-based models for springing.
Several other time-domain Rankine-based models have been developed 
to analyse ship dynamic responses or springing. For instance, Shao and 
Faltinsen (2012) created a weakly nonlinear model that utilised a 
three-dimensional high-order BEM to calculate second-order ship 
springing effects. Other examples include the studies of Duan et al. 
(2022), based on an earlier model developed by Wenyang (2012), and 
Wang et al. (2022a).
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5.2.2.6. Recent advancements in computational efficiency and domain 
reduction. More recently, Yang et al. (2019, 2020) introduced an Inner 
and Outer Regions Matching (IORM) Method for 3D modelling of 
hydroelastic motions in ships using the Rankine Source Method. This 
approach aimed to reduce the computational domain by minimising the 
surfaces where panels need to be generated. A virtual matching surface 
was established, and the radiation conditions were designed to be 
satisfied in the outer region.

5.2.2.7. More advanced nonlinear models. Wu et al. (1997) developed a 
3D nonlinear hydroelasticity model that incorporates both the 
first-order wave potentials and their corresponding responses to eval
uate the second-order hydrodynamic actions on flexible floating struc
tures. Similar studies were carried out by Tian and Wu (2006), Hu et al. 
(2012), and Ni et al. (2020). The related linear and nonlinear codes 
developed at the China Ship Scientific Research Center are called 
THAFTS and NTHAFTS, respectively (Hu et al., 2012). A very recent 

nonlinear model is presented in Tang et al. (2023).

5.2.2.8. Models developed on the basis of transient green functions. In 
contrast to time-domain solutions that utilise a direct or indirect FSI 
coupling method, such as the Rankine Source method employed by Kim 
et al. (2013), or those that transfer frequency domain solutions to the 
time domain via convolution integrals (e.g. Riesner and el Moctar, 
2021a), some time-domain solutions are based on transient Green’s 
functions. These approaches are widely applied in seakeeping analyses 
of ships, as demonstrated by studies from Kara (2011), Datta et al. 
(2011, 2013), and Sengupta et al. (2016).

These models typically require only the panelisation of the wet hull 
of the flexible floating body. A notable early example in this field is the 
work of Wang and Wu (1998), who modelled the dynamic responses of 
an elastic ship using both a transient Green function and a frequency 
domain panel method. Their findings indicated that the transient Green 
function approach provided more accurate predictions of micro strains. 

Table 19 
A summary of inviscid-based flexible water entry models developed over time.

Reference Modelled body 2D or 
3D

Vertical Oblique Fluid model Solid Model

Meyerhoff (1965a, b) Wedge 2D ✓ ​ Wagner-type solution 1D beam model (modal superposition)
Kvalsvold and Faltinsen 

(1993, 1994)
Horizontal Plate (Wet- 
deck slamming)

2D ✓ ​ Wagner-type solution 1D beam model (modal superposition)

Kvalsvold and Faltinsen 
(1995)

Horizontal Plate (Wet- 
deck slamming)

2D ✓ ​ Wagner-type solution 1D beam model (modal superposition)

Faltinsen (1997) Horizontal Plate (Wet- 
deck slamming)

2D ✓ ​ Wagner-type solution 1D beam model (modal superposition)

Faltinsen (2000) Horizontal Plate (Wet- 
deck slamming)

2D ✓ ​ Wagner-type solution 1D beam model (modal superposition)

Lu et al. (2000) Wedge 2D ✓ ​ BEM FEM
Bereznitski (2001) Wedge 2D ✓ ​ Euler Equations (FVM) FEM
Korobkin et al. (2006) Wedge 2D ✓ ​ Wagner-type solution FEM
Sun (2007) Cylindrical shell 2D ✓ ​ BEM 1D beam model
Stenius et al. (2007, 2011) Wedge 2D ✓ ​ Euler Equations (FEM) FEM
Wang and Guedes Soares 

(2011, 2018)
Wedge and horizontal 
plate

2D ✓ ​ Euler Equations (FEM) FEM

Reinhard et al. (2013) Inclined Plate 2D ​ ✓ Wagner-type solution 1D beam model (modal superposition)
Khabakhpasheva and 

Korobkin (2013)
Wedge 2D ✓ ​ Wagner-type solution 1D beam model (modal superposition)

Lv and Grenestedt (2013, 
2015)

Wedge 2D ✓ ​ Point Pressure Load 1D beam model (Fourier sine integral 
transformation in space and a Laplace–Carson)

Datta and Siddiqui (2013, 
2016)

Wedge 2D ✓ ​ Wagner-type solution (with 
radiation)

1D beam model (modal superposition)

Shams and Porfiri (2015) Wedge 2D ✓ ​ Wagner-type solution FEM
Wang et al. (2016) Horizontal Plate (Wet- 

deck slamming)
2D ​ ✓ Wagner-type solution 1D beam model (modal superposition)

Shams et al. (2017) Wedge 2D ✓ ​ Wagner-type solution FEM
​ ​ ​ ​ ​ ​ ​
Jalalisendi and Porfiri 

(2018)
Wedge 3D ✓ ​ Wagner-type solution 1D beam model (modal superposition)

Kafshgarkolaei et al. (2019) Wedge 2D ✓ ​ Wagner-type solution Euler-Bernoulli beam (orthonormal polynomial 
series expansion method)

Yu et al. (2019b) Stiffened wedge 2D and 
3D

✓ ​ Wagner-type solution 
(MLM)

1D beam model (modal superposition)

Zhu et al. (2020b) Rectangular plate 3D ✓ ​ Spatially uniform 
distributed pulse loads

modal superposition method and Lagrange’s 
equation

Sun et al. (2021) Wedge 2D ✓ ​ Wagner-type solution 
(MLM)

1D beam model (modal superposition)

Feng et al. (2021a) Wedge 2D ✓ ​ Wagner-type (MLM) 1D beam model (modal superposition)
Feng et al. (2021b) Wedge 2D ✓ ​ BEM 1D beam model (modal superposition)
Zhang et al. (2021b) Wedge 2D ✓ ​ BEM 1D beam model (modal superposition)
Wang et al. (2021) Horizontal plate 2D ✓ ​ Euler Equations (FEM) FEM
Wang et al. (2022c) Plate 3D ✓ ​ Load simplification 2D plate (modal superposition)
Wang et al. (2022b) Horizontal plate 2D ✓ ​ Euler Equations (FEM) FEM
Ren et al. (2023) Wedge 2D ✓ ​ Wagner-type solution FEM
Korobkin et al. (2023) Elastic plate 2D ✓ ​ Wagner-type solution 1D beam model (modal superposition)
Abrahamsen et al. (2023) Concrete shell 3D ✓ ​ Wagner-type solution concrete shell (modal superposition)
Hosseinzadeh et al. (2023b) Wedge 3D ✓ ​ Euler Equations (FEM) FEM
Feng et al. (2024) Wedge 2D ✓ ​ Wagner-type solution 

(MLM)
1D beam model (modal superposition)

Khabakhpasheva et al. 
(2024)

Conical shell 3D ✓ ​ Wagner-type solution conical shell (modal superposition)
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Very recent examples are the studies carried out by Kara (2015), Sen
gupta et al. (2017), Pal et al. (2018), Datta and Guedes Soares (2020), 

Show et al. (2022), Yang et al. (2018, 2019, 2021), and Kara (2022).

5.2.2.9. FDM-based modelling. In contrast to all BEM-based 3D models 
developed for global ship hydroelasticity, FDM has also been employed 
more recently by Zhou et al. (2024, 2024b), who further developed the 
OceanWave3D-Seakeeping model to simulate the flexible motion of 
ships in waves. The model is limited to linear conditions, with both the 
fluid and structural problems solved in the frequency domain. This 
presents opportunities for further improvement of the code.

5.3. Flexible water entry

The water entry problem is inherently complex and occurs over a 
very short timescale, as discussed in Sub-section 4.3. Modelling the 
problem under the assumption of an inviscid fluid presents significant 
challenges. One of the primary difficulties lies in accurately capturing 
the spray root formation along the surface of non-flat objects during the 
water entry process. This sub-section systematically reviews the models 
developed to solve flexible water entry problem. A detailed list of the 
studies is presented in Table 19.

5.3.1. A very brief review of rigid water entry models
Before reviewing the gradual development and evolution of inviscid- 

based models for flexible water entry problems, a brief introduction to 
the earliest models developed for idealising rigid body water entry is 
presented. There is broad agreement among researchers in the field of 
sea loads that the two classical studies by von Kármán (1929) and 
Wagner (1932), as illustrated in Fig. 38, mark the beginning of the 

Fig. 38. Water entry models from (a) von Kármán (1929) and (b) Wagner (1932). The wetted contact length is denoted with and deadrise angle is denoted with β. w 
is the water entry speed. Spray root formation in the contact region is shown in the magnified section.

Fig. 39. Flat-disc approximation for solving water entry problem. Here Φ 
represents velocity potential, − L and L denote the longitudinal positions of the 
wetted region of the disc The parameter w represents the water entry speed. The 
no-flux boundary condition is applied on the wall of the disc, i.e., ∂yΦ = − w.

Fig. 40. A schematic of a hydroelastic water entry model developed by 
Meyerhoff (1965a). The body entering water consists of a rigid mass (yellow) 
with two elastic beams (red) that deforms upon water pressure. The downward 
velocity w represents the entry speed, and c denotes the wetted contact length, 
that increases as the immersion increases and can be found using Wag
ner model.

Fig. 41. The general idea of the flexible slamming model developed by 
Kvalsvold and Faltinsen (1993, 1994). Here, we represents the displacement of 
the beam, and ηw shows the water surface distance from the beam.
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theoretical models developed for solving water entry problems in the 
next decades. The formulations presented in these two studies were 
developed for the simplest case, a 2D water entry problem.

The model developed by von Kármán (1929), known as the von 
Kármán momentum theory, is an asymptotic model that idealises the 
water entry of flat and nearly flat bodies (i.e., wedges with very small 
deadrise angles) under perfectly linearised free surface and body 
boundary conditions. This model assumes no water rise emerges along 
the walls of solid body entering water. In contrast, Wagner (1932)
developed a model based on a flat-disc approximation (see Fig. 39), 
which accounts for the piled-up water (water rise or spray root) on the 
wall of the solid body.

Since its introduction, the Wagner model has undergone significant 
developments, often involving modifications to the body boundary 
conditions (e.g. Dobrovol’skaya, 1969) or the free surface boundary 
conditions (e.g. Howison et al., 1991; Logvinovich, 1973; Zhao et al., 
1996; Zhao and Faltinsen, 1993; Korobkin, 2004). Korobkin (2004)
presented the Original Logvinovich Model (OLM), the Modified Logvi
novich Model (MLM), and the Generalised Wagner Model (GWM). All 
these models were developed for the initial water entry process (no wet 
chine condition). However, Tassin et al. (2014) mathematically showed 
how a wet chine condition can be incorporated in MLM.

5.3.2. Introduction of flexible slamming for wedges
Historically, the introduction of flexibility, slamming, and hydro

elasticity in water entry research dates back to the early 1960s, with 
Meyerhoff (1965a, b) pioneering the field (Fig. 40). Meyerhoff (1965a, 
b) modelled the water entry of a wedge with elastic walls and solved the 
fluid problem using the Wagner model. However, the approach was 
limited to the early stage of water entry which is very reasonable for the 
first work in this field. The elastic wall of the wedge was idealised as a 
Euler–Bernoulli beam model and dry modes considered in formulation 
of problem. A similar model was later developed by Vasin (1993).

5.3.3. Second generation of slamming models emerged in the 1990s: flat 
plates

The second generation of flexible slamming models emerged in the 
1990s, nearly three decades after Meyerhoff’s (1965a, b) pioneering 
work. This new approach, developed by Kvalsvold and Faltinsen (1993, 
1994), focused on slamming on wet decks, a hydroelastic problem 
highly relevant to catamaran wet deck impacts, but also applicable to 
bottom slamming. This is because the authors modelled the flexible 
slamming of a flat plate, which is different from what was modelled by 
Meyerhoff’s (1965a, b).

The core idea in Kvalsvold and Faltinsen (1993, 1994) was that the 
dynamic response of a thin body impacting water could be modelled 
using a beam representation, shown in Fig. 41, with hydrodynamic 
forces determined by solving the fluid flow around the impacting object 
(a modelling approach similar to that of Meyerhoff (1965a, b)). For flat 
plate slamming, this required calculating the instantaneous wetted area, 
which was achieved using the Wagner model. The models were first 
developed by considering dry modes. Later, Faltinsen (1997) introduced 
a two-phase framework to the problem, distinguishing between the 
structural inertia phase and the free vibration phase. For the former, dry 
modes were used, and for the latter, wet modes were used. Similar 
models were later developed by Wang et al. (2016) and Reinhard et al. 
(2013).

5.3.4. Mathematical models for flexible water entry models of 2D wedges: 
wagner-type solutions and other simplifications

Following the introduction of flexible slamming of flat plates in the 
1990s, 2D mathematical modelling of flexible water entry gradually 
emerged as a research direction and continues to evolve. Most models 
adopt an Euler–Bernoulli beam idealisation for the wedge wall, 
employing the Wagner-type water entry models to represent fluid mo
tion around the object (e.g. Khabakhpasheva and Korobkin, 2013; 
Shams and Porfiri, 2015; Shams et al., 2017; Yu et al., 2019b; Feng et al., 
2024). The solid motion was solved by using model super positioning or 
FEM.

A significant contribution in this research direction is that of 

Fig. 42. Multi-material ALE simulation of the FFSI water entry of a 3D wedge, performed by Hosseinzadeh (2023). Snapshots (a)–(d) illustrate different stages of the 
water entry process. Snapshot (a) shows the pre-entry stage, and snapshot (d) captures the initial penetration of the wedge into the water. The full simulation results 
and analysis are presented in Hosseinzadeh et al. (2023b).
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Khabakhpasheva and Korobkin (2013). Developing a flexible water 
entry model, they derived an analytical formulation for the added mass 
matrix of elastic modes of a uniform beam representing the elastic wall 
of the wedge under various boundary conditions. The model is con
strained by the dry chine condition and does not account for flow 
detachment from the chine, limiting its application to the early stages of 
the water entry problem of a wedge section. Yu et al. (2019b) developed 
a model (based on the water entry model of Tassin et al. (2014)) to also 
consider the wet chine condition. Other similar models are presented in 
Feng et al. (2024) and Sun et al. (2021a,b).

Shams and Porfiri (2015) later developed a flexible water entry 
model by deriving an "exact" solution to the boundary value problem of 
hydroelastic impact for flexible wedges. The water entry depth, speed, 
and acceleration are prescribed functions measured in experiments, 
which limits the application. Shams et al. (2017) subsequently extended 
this model to account for both water entry and exit of a wedge dropped 
into water.

Other flexible water entry models based on Wagner-type solution can 
be found in Korobkin et al. (2006), Datta and Siddiqui (2013, 2016), 
Kafshgarkolaei et al. (2019), Ren et al. (2023), Feng et al. (2021a, 
2021b) to model flexible water entry of wedge sections. Use of load 
simplification models can also be seen in the studies of Lv and Grenes
tedt (2013, 2015), Zhu et al. (2020b) and Wang et al. (2022c).

5.3.5. BEM-based models
BEM has been widely applied in simulating the water entry of rigid 

bodies and has also been used in FFSI modelling of two-dimensional 
water entry problems. The early concept of employing BEM for flex
ible structures dates back to 2000, coinciding with advancements in the 

numerical modelling of rigid water entry using BEM. Drawing from this 
research direction, Lu et al. (2000) introduced the first BEM-based 
model for flexible wedges entering water, developing a BEM–FEM 
approach capable of modelling the hydroelastic response of a wedge 
during the early stage of impact. Later, Sun (2007) introduced a 
BEM–modal superposition model for the dynamic response of a 
two-dimensional cylindrical shell entering water. More advanced 
BEM-based models for flexible water entry have been introduced in 
recent years by Zhang et al. (2021b) and Feng et al. (2021b). Zhang et al. 
(2021b) developed two coupling solutions for the hydroelastic model
ling of flexible wedges at constant vertical velocities, incorporating the 
hydroelastic response during the flow detachment phase.

5.3.6. Beyond 2D modelling
Whilst most research has focused on 2D flexible water entry prob

lems, 3D modelling is also present in the literature, though significantly 
more limited. Interestingly, there has been a recent surge in 3D 
modelling of flexible water entry under inviscid fluid assumptions.

Jalalisendi and Porfiri (2018) presented one of the first models for 3D 
hydroelastic water entry, focusing on the water entry of a flexible 3D 
slender body. Their model coupled a 1D beam model with a fluid dy
namics model that treats the fluid as two-dimensional at each 
cross-section, with integration across 2D sections yielding the overall 3D 
fluid motion around the slender body. Additionally, recent research has 
advanced our understanding of hydroelastic slamming across various 
geometric structures impacting water.

Khabakhpasheva et al. (2024) presented a model capable of pre
dicting deflections and strains of a conical shell with a small deadrise 
angle entering water. It was found that hydrodynamic pressures acting 
on an elastic cone entering water initially lag behind but eventually 
surpass those on a rigid cone as the impact progresses. Other 3D model 
are presented by Korobkin and Khabakhpasheva (2022) along with 
Abrahamsen et al. (2023). In the latter, the authors employed a 
simplified potential flow strip theory combined with a modal method, 
demonstrating significant hydroelastic effects even in large, thick con
crete shells.

5.3.7. ALE-FEM coupling
Another set of flexible water entry models are based on ALE-FEM 

coupling, which has been introduced to the engineering community 
since the early 2000s. The fluid problem is solved for an inviscid air–
water mixture, often incorporating weak compressibility through an 
equation of state. Unlike the previous models introduced in this section, 
the potential flow concept is not used for solving the fluid problem. The 
solid problem, which can represent either a rigid body or a flexible 
structure, is modelled using a structural FE solver.

This modelling framework has been implemented primarily within 
LS-DYNA, using its built-in ALE formulation and penalty-based FSI al
gorithms. However, in the early 2000s, a two-code strategy was also 
employed, in which MSC.Dytran (for the fluid) and LS-DYNA (for the 
structure) were coupled to solve the hydroelastic water impact problem. 
This approach was demonstrated by Bereznitski (2001).

A significant milestone in unified ALE–FEM modelling came with the 
work of Stenius et al. (2007, 2011), who used LS-DYNA to simulate the 
hydroelastic water entry of wedge-shaped sections. The authors have 
also tried to show when and where dynamic response of flexible water 
entry can be considered.

The application of LS-DYNA for simulating the water entry of rigid 
sections was well demonstrated by Wang and Guedes Soares (2011, 
2013a, 2014a, 2014b) in a series of studies. In a separate series of works, 
Wang and Guedes Soares (2013b, 2017, 2018) along with Wang et al. 
(2021, 2022) modelled the dynamic response of 2D flexible wedges and 
plates during water entry using the LS-DYNA solver. More recently, 
Hosseinzadeh et al. (2023b) used LS-DYNA to simulate the hydroelastic 
water entry of 3D wedges and compared the results with those from CFD 
simulations, as will be discussed in Sub-section 6.2. Snapshots of the 

Table 20 
A summary of numerical BEM–FEM and FEM–FEM studies conducted to model 
flexible marine propellers.

Study Problem Fluid flow 
modelling

Structural 
modelling

Notes

Young (2007) Propeller BEM FEM Cavitation 
modelling, 
unsteady flow

Young (2008) Propeller BEM FEM Steady/unsteady 
hydroelasticity

Motley et al. 
(2009); 
Young et al. 
(2010a,b)

Propeller BEM FEM Composite 
propeller design, 
marine renewables

Ghassemi 
et al. (2012)

Propeller BEM FEM Steady, uniform 
flow only

Blasques et al. 
(2010)

Propeller BEM FEM No validation, 
composite 
optimisation

Lee et al. 
(2014)

Propeller BEM FEM Damping, added 
mass, 2-way FSI

Lee et al. 
(2017)

Propeller BEM FEM Tapered blade 
geometry, 
simplified ply

Li et al. (2018) Propeller BEM FEM Time/freq panel 
methods, non- 
uniform, 2-way

Li et al. 
(2020b)

Propeller BEM FEM Parametric 
hydroelastic 
analysis

Li et al. (2021, 
2022b)

Propeller 
and shaft

BEM FEM + 1D 
Beam

6DOF + elastic 
shaft-propeller 
system

Li et al. (2023) Propeller BEM FEM Non-penetration 
boundary condition 
is considered

Zou et al. 
(2017, 
2021)

Propeller 
and shaft

BEM FEM + 1D 
Beam

Rotodynamic, 
bearing model, 
nonlinear Bernoulli

Joe et al. 
(2021)

Propeller FEM FEM Euler Force is 
considered
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simulations by Hosseinzadeh et al. (2023b) are shown in Fig. 42.

5.3.8. Limitation and opportunity for future research
All the discussed semi-analytical models and coupled FFSI solvers 

have been validated through experiments or compared with other nu
merical models, demonstrating their efficiency and accuracy in pre
dicting slamming pressures, strains, and deflections in simpler 
structures. However, as these models are based on the potential flow 
theory, they fail addressing more complex scenarios, such as those that 
involve cavitation, air cushions, air compressibility, and turbulence ef
fects. Air cavitation and air compressibility, however can be partially 
covered by an ALE-FEM mode, but a fully nonlinear simulation that 
considers energy dissipation required CFD modelling which will be 
covered in sub-section 6-2.

5.4. Flexible marine propellers

To model flexible marine propellers, the fluid forces acting on the 
blades can be determined through various methods, each giving the 
fluid forces exerted on the surface of the blades. Several approaches can 
be used for solving the ideal flow around the propeller blade and are 
classified by Young et al. (2016). A list of numerical models that are used 
for doing so is presented in Table 20.

5.4.1. BEMT, LL and LS models
The first group of models used for solving flexible marine propellers 

are based on Blade Element Momentum Theory (BEMT), Lifting Line 
(LL) and Lifting Surface (LS) methods. Any of these methods can be 
coupled with FEM to solve the FFSI of marine propellers. However, they 
may not fully capture the complex fluid dynamics surrounding the 
propeller and may prove inadequate for addressing transient problems. 
A notable early study by Lin and Lin (1996) exemplifies one of the 
pioneering efforts where LS and FEM were integrated in a two-way 
coupling to solve the fluid-structure interaction of flexible propellers. 
Another recent LS-FEM based models was recently developed by Kim 
et al. (2019). Such approaches to solving fluid flow around the propeller 
may also be applicable in the numerical modelling of the rigid responses 
of propellers. Such studies are beyond the scope of the present research 
(for an example of applying the LL model to the numerical modelling of a 
propeller free in six degrees of freedom, see Mao and Young, 2016).

5.4.2. BEM-FEM based models
The second group of models used for solving fluid flow around the 

propeller blade and coupling it with solid motion, is the BEM. In the 
literature, BEM has been widely applied to solve the FFSI of marine 
propellers by various researchers since the late 2000s, although its 
initial use for solving fluid flow around marine propellers dates back to 
the 1970s (Kerwin and Lee, 1978). The application of BEM in solving 
fluid-structure interactions of marine propellers is notably demonstrated 
in the work of Young (2007a,b), where a BEM solver was coupled with a 
FEM solver (ABAQUS). This research sparked up a series of subsequent 
studies, which employed similar approaches to solve the fluid-structure 
interactions of flexible marine propellers.

The first follow-up study by Young (2008) developed steady and 
unsteady hydroelastic simulations of marine propellers using the 
BEM/FEM approach. This paper remains one of the most prominent in 
the field. This numerical approach has since demonstrated its practi
cality and applicability for engineering purposes (Motley et al., 2009; 
Young et al., 2010a). Additionally, the method is relevant in the marine 
renewable energy sector, where it can be employed to analyse the 
hydrostructural behaviour of marine turbines (Young et al., 2010b).

A similar numerical model was subsequently developed by Ghassemi 
et al. (2012), who also coupled BEM and FEM to address fluid-structure 
interactions of flexible propellers, subjected to uniform flow patterns. 
Other studies were later performed by Blasques et al. (2010) and Lee 
et al. (2014, 2017). Notably, the temporal pitch angle predicted by Lee 

et al. (2014) for non-uniform tests aligned more closely with the 
experimental data when hydrodynamic damping was incorporated.

Li et al. (2018) developed a new BEM-FEM coupled method to solve 
the fluid flow around elastic marine propellers operating under 
non-uniform conditions, demonstrating that a two-way fluid-structure 
interaction approach is more accurate and superior to a one-way 
approach. The two-way method requires consideration of added mass 
and damping coefficients, which are neglected in the one-way method. 
The key advantage of this model lies in its ability to account for fluid 
flow nonlinearity. The method was later used for parametric analysis of 
hydroelastic behaviours of marine propellers (Li et al., 2020b). More 
advanced models, building upon the foundation of Li et al. (2018), were 
developed by Li et al. (2021, 2022b, 2023) to solve the dynamic re
sponses of the elastic propeller-shaft system. Additionally, a separate 
group of researchers conducted studies aimed at addressing the same 
problem (Zou et al., 2017, 2019a, 2019b, 2020, 2021).

5.4.3. FEM-FEM based models
The third group of models for flexible marine propellers solve the 

fluid flow around the blades using FEM. Pioneering research in this area 
was conducted by Joe et al. (2021), who developed a FEM–FEM-based 
model to simulate the hydrostructural response of a flexible propeller. 
They developed a FFSI solver for marine propellers by utilising the Euler 
force. Interestingly, the fluid and solid domains were discretised using 
tetrahedral elements, and a perfect linear fluid dynamic problem was 
addressed within the time domain.

5.4.4. Other models
The last model in the literature addressing the hydroelastic behav

iour of flexible propellers with a theoretical foundation was developed 
by Chen et al. (2022b). This model posited that the rotating blades of a 
flexible propeller can be treated as cantilever plates subjected to fluid 
flow, thereby extending the hydrodynamic computation formula origi
nally proposed by Blake and Maga (1975). The equations of motion were 
formulated using velocity as the variable and include parameters such as 
mechanical damping, density, and flexural stiffness. This framework 
embodies a two-way coupling characteristic and effectively addresses 
the fluid-structure interactions of flexible propellers.

5.5. Marine vegetation

The modelling of flexible marine vegetation needs understanding of 
hydrodynamic models used for modelling of the fluid flow around them, 
and structure models used for idealising their motions. Unlike other 
problems described in this section, we first introduce the hydrodynamic 
models, then the structural models, and in the end, we introduce the 
coupled hydrodynamic-structural models.

5.5.1. Hydrodynamic models
To model flexible marine vegetation, each blade or stem of marine 

vegetation can be considered a slender structure. The most compre
hensive hydrodynamic model for a single blade can be found in Leclercq 
and de Langre (2018). This model was inspired by the large-amplitude 
elongated-body theory proposed by Lighthill (1971) to study fish loco
motion. Compared to models based on Morison’s equation, which have 
also been commonly applied in the literature (Luhar and Nepf, 2016; 
Zhu et al., 2019), it is mathematically more consistent, particularly for 
the distributed reactive force along the length of the structure. The 
added mass force, included in Morison’s equation, is only one of three 
contributions to the reactive force. The other two reaction force terms, 
which are ignored in Morison’s equation, may not be negligible when 
the blade is far from perpendicular to the flow direction.

There is limited discussion in the literature on the applicability of the 
standard Morison model. Wei et al. (2024a) used the same compre
hensive model as Leclercq and de Langre (2018) to study the deforma
tion of a single blade under oscillatory flows and reported that the 
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complete model seems to predict deformation better than the results of 
Zhu et al. (2019), where a standard Morison model was applied.

In rational models, the required cross-sectional hydrodynamic co
efficients, namely the added mass and viscous drag coefficients, need to 
be calibrated from model tests or sophisticated CFD modelling. How
ever, there is a lack of experimental data or reliable CFD results that can 
facilitate the practical application of these rational models. This repre
sents one of the biggest challenges in applying rational models 
effectively.

5.5.2. Modelling of structural dynamics
Despite the challenges associated with large structural deformation, 

modelling the structural dynamics of marine vegetation alone is less 
daunting. In the literature, numerous numerical structural models have 
been developed for highly compliant structures with large deformations 
in waves and currents. To address the significant nonlinearity arising 
from large deflections, there are primarily two strategies.

One method involves discretising the governing equations of the 
flexible structure model to derive a nonlinear system of equations, which 
is then solved using the Newton-Raphson method (Mattis et al., 2015; 
Luhar and Nepf, 2016; Chen and Zou, 2019; Zhu et al., 2020a). Another 
technique transforms the nonlinear finite difference scheme into a linear 
one through a time delay approach (Yin et al., 2021a,b, 2022). This 
results in a linear system of equations involving unknowns, such as in
ternal tensions and bending angles of the segments, albeit requiring 
matrix updates and solving at each time step.

Additionally, an approach similar to the N-pendulum model 
(Marjoribanks and Hardy, 2014) or that proposed by Cheng et al. (2019)
divides the structure into multiple segments. The governing equations 
are derived from the local force balance for each segment, which leads to 
a system of equations solvable explicitly according to Newton’s second 
law. To maintain stability in time-domain solutions, the added-mass 
force in the governing equation is approximated using relative acceler
ation rather than its normal component (Chang et al., 2020). However, 

Table 21 
A summary of models developed for flexible marine vegetation exposed to water waves.

Studies Deformation 
Regime

Structural Model Coupling 
Approach

Strengths Limitations

Dalrymple et al. 
(1984)

Small to moderate Rigid vegetation One-way Pioneering study on wave attenuation No flexibility is considered

Kobayashi et al. 
(1993)

Large 
deformation

Rigid or simplified 
flexible blades

One-way Simple and widely used in engineering No dynamic response is 
considered

Zhu et al. (2020a, 
2022)

Small 
deformation

Euler-Bernoulli beam One-way Ideal for small response regimes Limited to small 
deflections

Wei et al. (2024c, d, 
2025a)

Large 
deformation

Truss-spring model Two-way High efficiency and can capture large deflection. It 
is also open-source

Linearised flow model

Fig. 43. Rheological modelling of mud. z denotes the vertical coordinate and μm represents the Bingham-plastic viscosity.
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these models, based on local force balance, do not provide a continuous 
governing equation to fully describe the physical problem.

Recently, Wei et al. (2024b) extended the truss model, successfully 
applied by Kristiansen and Faltinsen (2012, 2015) to study aquaculture 
net cages, to highly compliant seaweed blades. The original truss model 
does not account for the bending moment in the compliant structure. 
The extension by Wei et al. (2024a, b) involves an easy-to-implement 
strategy that adds rotational springs between adjacent trusses.

When applying a time-domain approach to solve the structural dy
namics of submerged flexible structures in water, special care must be 
taken to ensure the stability of the numerical solver. This concern is 
associated with the added-mass term as part of the hydrodynamic loads. 
If an explicit time-marching scheme, such as the Runge-Kutta method, is 
employed, the solution may become unstable. Effective remedies have 
been developed, including using an implicit solver involving iterations 
within each time step (Leclercq and de Langre, 2018) or moving the 
added mass terms to the left-hand side of the time-domain equations to 
stabilise standard explicit approaches (Wei et al., 2024a, 2024b, 2025b).

Due to the nonlinearity caused by large deflections, an implicit 
method typically necessitates solving a nonlinear system of equations, 
often through the Newton-Raphson method (Leclercq and de Langre, 
2018). Alternatively, a semi-implicit approach may yield a linear system 
of equations, albeit with a matrix that must be frequently updated and 
solved based on the blade posture. Models based on local force balance 
and lumped-mass approaches allow fully explicit methods. However, the 
stability condition can be stringent due to the significant difference 
between the body mass of the thin and slender vegetation blade and the 
added mass. To enable time integration with larger time steps and 
optimise computational efficiency, it becomes essential to segregate the 
added mass term from the inertial force, separating the body accelera
tion from the normal component of the relative acceleration between the 
vegetation blade and the flow (Wei et al., 2024a, 2024b, 2025b).

5.5.3. Coupled hydrodynamics and structural dynamics
In existing literature, studies on large deformation of vegetation 

blades predominantly focus on structural dynamics while overlooking 
flow solutions. These models typically use estimated or calibrated added 
mass and viscous drag coefficients to approximate hydrodynamic loads 
from the fluid to the structure. However, the loads exerted by the 
structure onto the fluid alter flow and wave fields. Consequently, hy
drodynamic coupling between neighbouring blades occurs, and up
stream vegetation influences inflow to downstream vegetation. A 
summary of developed models is presented in Table 21.

For small deformations of flexible vegetation, Zhu et al. (2020a, 
2022) derived analytical solutions in the frequency domain to study 

wave attenuation due to structural responses of the vegetation, model
ling structures with a simple Euler-Bernoulli beam equation. However, 
this model’s validity diminishes when considering large waves, which 
induce significant deformations or response patterns beyond what beam 
theory can accurately model.

Inspired by earlier work on wave attenuation by vegetation 
(Dalrymple et al., 1984; Kobayashi et al., 1993), Wei et al. (2024c, d, 
2025b) developed a fully coupled wave-vegetation interaction model 
capable of efficiently solving coupled wave dynamics and flexible 
vegetation motion with large deflections. The flow model uses the 
continuity equation and linearised momentum equations of an incom
pressible fluid, with additional terms within the canopy region ac
counting for vegetation presence. This linearised flow solver is 
unconditionally stable and second-order accurate.

In their approach, the truss-spring model captures vegetation motion 
with substantial deflections, allowing explicit time integration with 
large time steps suitable for highly compliant vegetation. This coupled 
model, integrating the linearised flow solver and truss-spring model, has 
been applied to investigate wave propagation over a heterogeneous, 

Fig. 44. A pictograph of the wave–mud interaction concept used in the 
formulation of dispersion relations for wave propagation over a muddy layer. 
The displacement of the free water surface is denoted with ηw(x, t) and 
displacement of the water–mud interface is denoted by ξm(x, t). This schematic 
serves as conceptual basis for understanding how the dispersion relation can be 
formulated. This figure is inspired by the original one presented in Liu and 
Chan (2007a).

Table 22 
Dispersion relationships developed for wave-mud interaction.

Reference Fluid 
idealisation

Mud 
idealisation

Water-mud 
interface 
modelling

Outputs of 
the model

Gade (1958) Inviscid Newtonian 
Fluid

Shear stress 
continuity

Wave 
dispersion

Dalrymple and 
Liu (1978)

Viscous Newtonian 
Fluid

Velocity and 
shear stress 
continuity

Wave 
dispersion, 
interfacial 
amplitude, 
and velocity/ 
pressure 
profile

Macpherson 
(1980)

Inviscid KV model Vertical 
displacement 
and normal 
stress

Wave 
dispersion 
and 
interfacial 
amplitude

Mei and Liu 
(1987)

Viscous Bingham 
plastic

Yield-based 
stress tracking

Plug/shear 
structure

Maa and Mehta 
(1990)

Viscous KV model Velocity, 
normal stress, 
and shear 
stress 
continuity

Shear stress, 
velocity/ 
pressure 
profile, wave 
damping

Piedra Cueva 
(1993)

Viscous KV model Layered 
model with 
matching

Shear stress, 
velocity 
profile, wave 
damping

Ng (2000) Viscous Newtonian 
Fluid

Two-layer 
Stokes model

Wave 
damping and 
mass 
transport

Liu and Chan 
(2007)

Viscous KV model Normal stress 
and vertical 
velocity 
continuity

Wave 
damping, 
shear stress, 
and velocity/ 
pressure 
profile

Jain and Mehta 
(2009)

Viscous Different 
viscoelastic 
models

Stress balance Wave 
damping and 
mass 
transport

Mei et al. (2010) inviscid KV model Full shear and 
displacement 
coupling

Wave 
damping and 
interface 
displacement

Mohapatra and 
Sahoo (2011)

inviscid Elastic Elastic plate 
coupling

Wave 
dispersion

Rashidi-Juybari 
et al. (2020)

inviscid Elastic 
beam sitting 
on a viscous 
damper

Elastic plate 
coupling

Wave 
dispersion 
and damping
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suspended, and flexible canopy, demonstrating high efficiency and good 
agreement with experimental data on wave attenuation and hydrody
namic loads on vegetation. The source code for this model has been 
publicly released (Wei et al., 2024c), emphasising its accessibility and 
transparency.

Wei et al. (2024c) reported high computational efficiency of their 
solver, noting that for a scenario involving over 400 flexible blades, the 
CPU time required on a single Intel(R) CPU E5-2660 v3@2.60 GHz to 
run full-scale simulations was only 88 s, demonstrating the practical 
applicability of the model.

5.6. Wave-mud interactions

Wave-mud interaction modelling can be approached from two 
distinct pathways, both of which have seen significant progress over 
time. The first pathway can be classed as an analytical research direc
tion, where the primary objective is to develop a dispersion relationship 
for the wave-mud system, which can be used for prediction of wave 
attenuation coefficient. The second pathway pertains to the modelling of 
wave propagation, which can be conducted for both linear and 
nonlinear waves. In wave modelling terminology, this approach is 
referred to as phase-resolving models (not to be confused with phase- 
averaged modelling).

In modelling wave-mud interactions, one of the most important as
sumptions concerns how mud is mechanically idealised, which depends 

on its rheology and the frequency of oscillations (wave frequency). In 
the literature, various behaviours have been proposed for the muddy 
seabed, ranging from a perfectly elastic medium (Dawson, 1978; Dean 
and Dalrymple, 1991; Mallard and Dalrymple, 1977) to an elastic solid 
(Hu et al., 2023; Hu and Li, 2023; Li et al., 2020a), as well as viscous 
(Jiang et al., 1990; Li et al., 2020a; Ng and Mei, 1994), viscoelastic, 
viscoplastic, and viscoelastic-plastic rheological models, as illustrated in 
Fig. 43. The viscous representation can be modelled using both New
tonian and non-Newtonian power-law fluids. In this regard, Hayter and 
Mehta (1982) suggested that 18 parameters are necessary to charac
terise the rheological behaviour of mud.

5.6.1. Dispersion relationships
The art of the wave-mud interaction modelling began with the 

formulation of the dispersion relationship for the wave-mud system in 
the work of Gade (1958). The author idealised the water-mud medium 
as a two-layer system, where gravity waves propagating on the upper 
layer of an inviscid irrotational liquid were hypothesised to flow over a 
laminar, viscous muddy layer (See Fig. 44 as an example). The model 
developed by Gade (1958) sparked a new research direction, leading to 
the development of several wave-mud interaction models. Two decades 
later, Dalrymple and Liu (1978) extended Gade’s model by incorpo
rating the viscosity of the water above the mud. Their model demon
strated that the most significant mud-induced wave damping occurs 
when the mud thickness closely matches the boundary layer thickness. 
Ng (2000) further advanced these models by deriving explicit analytical 
expressions that allowed for a more detailed characterisation of wave 
attenuation. This model has been seen to be the core of some of 
phase-resolving models developed in 2000s and 2010s as will be dis
cussed in 5.6.2.

In the models cited above, flexibility was still absent, as mud was 
treated purely as a viscous layer. However, mud can also exhibit elastic 
responses due to its viscoelastic nature as discussed in Section 3. Mac
pherson (1980) laid the groundwork for incorporating viscoelasticity by 
using the KV model to derive dispersion relations for water waves 
propagating over a viscoelastic seabed. Building on this, Maa and Mehta 
(1990) introduced viscoelastic models where elasticity acted as a 
restoring force and viscosity served as the dissipative mechanism. Later, 
Piedra-Cueva (1993) relaxed the assumption that water was viscous, 
instead modelling it as inviscid.

Following this, Liu and Chan (2007) introduced a thin viscoelastic 
mud layer into inviscid wave models, identifying resonance effects at 
particular frequencies, meaning that the elasticity of the muddy layer 
could either amplify or suppress wave attenuation. The model presented 
in Liu and Chan (2007) is mostly for a viscoelastic thin mud layer, 
though the authors have also introduced pure viscous and pure elastic 
models alongside the main presented model. A similar viscoelastic 
model was later developed by Mei et al. (2010).

The Bingham model, known for representing yield-stress fluids, was 

Table 23 
A summary of phase resolving models developed for wave-mud interactions.

Model Type Fluid Model Mud Model Key Features Studies Strengths Limitations

TRIADS- 
based 
models

Nonlinear mild-slope 
wave model 
(spectral)

Simplified 
damping layer (
Ng, 2000)

Triad interactions (sum/ 
difference), 1D and 2D wave 
evolution with energy 
dissipation

Ng (2000), Kaihatu et al. 
(2007), Safak et al. (2017), 
Tahvildari and Sharifineyestani 
(2019)

Captures nonlinear wave- 
wave interactions; 
efficient for large-scale 
problems

Mud motion is not 
modelled

Shallow 
water 
models

Time-domain 
nonlinear shallow 
water equations

Bingham plastic Fully nonlinear fluid model, 
time-stepping via FDM

Jiang and LeBlond (1993) Captures full nonlinearity 
and viscoplasticity

High 
computational cost

Boussinesq- 
type 
models

Weakly nonlinear 
wave equations 
(frequency/time 
domain)

KV or Maxwell 
viscoelastic 
models

Harmonic energy tracking (
Garnier et al., 2013), 
explicit FFSI (Xia, 2014) 
with multi-layer mud

Garnier et al. (2013), Xia 
(2014)

Tracks energy dissipation 
across harmonics; 
transient simulation 
capability

Limited to weakly 
nonlinear waves

GN Models Fully nonlinear GN 
equations

KV viscoelastic 
model

Nonlinear advection and 
mud feedback; solved in 
time domain

Kostikov et al. (2024) Captures finite-amplitude 
wave effects with 
reasonable efficiency

Ignores horizontal 
shear in mud

Fig. 45. Representation of the phase-resolving long-wave model developed by 
Garnier et al. (2013) for wave-mud interaction. The fluid domain is divided into 
two layers: an upper inviscid liquid layer, motions of which is governed by a 
Laplace Equation and a lower mud layer, motions of which is governed by 
continuity and momentum equations.
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Table 24 
A summary of CFD models used for solving global ship hydroelasticity (in all cases CFD problem is solved using FVM, and hence CFD term is used for all).

Authors Method CFD Solver CSD Solver Coupling Turbulence model Case study

One 
way

Two- 
way

el Moctar et al. (2006) CFD-FEM COMET ANSYS ✓ ​ RNG-k- turbulence 
model

Containerships

Lee et al. (2009) CFD-FEM Tenasi ABAQUS ✓ ​ Menter SAS (Scale- 
Adaptive Simulation)

S175

Wilson et al. (2008) CFD-FEM Tenasi ABAQUS ✓ ​ Spalart-Allmaras one- 
equation turbulence 
model

S175

Oberhagemann et al. (2009, 2010, 
2015)

CFD-FEM Comet ANSYS ✓ ​ Not reported An LNG carrier, and 
18000 TEU container 
ship

Ma and Mahfuz (2012) CFD-FEM CFX ANSYS ​ ✓ Not reported multi-hull ship
Ley et al. (2013) and Ley and el Moctar 

(2014)
CFD-FEM StarCCM+ ANSYS ✓ ​ Laminar Ferry and Ultra Large 

Container Vessel
Dhavalikar et al. (2015) CFD-FEM StarCCM+ ANSYS ✓ ​ SST k-ω Ferry
Takami et al. (2018) CFD-FEM StarCCM+ LS-DYNA ✓ ​ SST K-ω 6,600TEU Container ship
Paik et al. (2009) CFD-FEM CFDShip-IOWA 

version 4/ABAQUS
CFDShip-IOWA 
version 4/ 
ABAQUS

✓ ✓ DES S175

Robert et al. (2015) CFD- 
theoretical 
beam

ICARE N/A ​ ✓ K-ω Wilcox model Barge

Lakshmynarayanana et al. (2015) and 
Lakshmynarayanana and Temarel 
(2019)

CFD-FEM StarCCM+ ABAQUS ​ ✓ SST k-ω Barge and S175

Benhamou et al. (2018) CFD-FEM OpenFOAM Not Reported 
(FEM)

​ ✓ Not Reported 4400TEU Containership

McVicar et al. (2018) CFD-FEM Star-CCM+ ABAQU ✓ ✓ Menter Shear Stress 
Transport (SST)

wave-piercing 
catamaran

Lakshmynarayanana and Hirdaris 
(2020)

CFD-FEM StarCCM+ ABAQUS ✓ ✓ SST k-ω S175

Sun et al. (2021) CFD-FEM StarCCM+ ABAQUS ​ ✓ k-ε 6750-TEU
Pal et al. (2022) CFD-FEM StarCCM+ LSDyna ✓ ​ SST k-ω 6600TEU containership
Liao et al. (2024) CFD-FEM StarCCM+ ABAQUS ​ ✓ the standard k− ε model Trimaran
Jiao et al. (2021a, b) CFD-FEM StarCCM+ ABAQUS ​ ✓ Realizable k-ε S175
Wei et al. (2022, 2023) CFD-DMB OpenFOAM N/A ​ ✓ Blended k-ω/k-ε S175
Ma et al. (2024) CFD-FEM STAR-CCM+ ABAQUS ​ ✓ Realizable k-ε 21000 TEU container 

ship
Xie et al. (2024) CFD-FEM ICFD (LSDyna) LSDyna ​ ✓ Variational multiscale 

approach
Barge and KVLCC2 ship

Xie et al. (2025) CFD-FEM STAR-CCM+ LSDyna ​ ✓ SST k-ω Not a specifically classed
Chen et al. (2024a, 2025), Jiao et al. 

(2025b), Chang et al. (2025)
CFD-FEM STAR-CCM+ ABAQUS ​ ✓ Realizable k-ε two- 

layer turbulence model
S175 and 21000 TEU

Table 25 
A summary of CFD studies that are performed to solve flexible motions of objects interacting with water waves.

Authors Method CFD Solver CSD Solver Coupling Turbulence 
model

Problem

One 
way

Two- 
way

Huang et al. (2019) FVM-FVM solids4foam solids4foam ​ ✓ Laminar Wave-ice interaction
Huang and Li (2022) FVM-FVM solids4foam solids4foam ​ ✓ Laminar Wave interactions with submerged 

breakwater
Tavakoli et al. (2022) FVM-FVM solids4foam solids4foam ​ ✓ Laminar Wave interaction with viscoelastic ice
Brown et al. (2022) FVM-FVM solids4foam solids4foam ​ ✓ Laminar Wave interaction with a thin plate
Zhang et al. (2022) FVM-FVM solids4foam solids4foam ​ ✓ Laminar Wave interaction with breakwater
He et al. (2022) FVM-DEM StarCCM+ StarCCM+ ​ ✓ Laminar Wave-ice interactions with consideration 

of ice breaking
Hu et al. (2023) FVM-FVM solids4foam solids4foam ​ ✓ Laminar Wave interaction with a vertical wall
Hu and Li (2023) FVM-FVM solids4foam solids4foam ​ ✓ stabilised 

turbulence 
model

Wave impact on a vertical wall

Gu et al. (2023) FVM-FEM StarCCM+ ABAQUS ​ ✓ Not reported Wave interaction with floating structures
Sun et al. (2023, 2024a) FVM-FEM OpenFOAM CalculiX ​ ✓ Not reported Wave interaction with vertical plates
Wang et al. (2022b, 2024a), Wei 

et al. (2024a)
FVM-FEM 
(nonlinear)

NEWTANK In-house 
code

​ ✓ Not reported Wave interactions with slender vertical 
bodies

Behnen et al. (2022, 2025) FEM-FEM ICFD LS-Dyna ​ ✓ Laminar Wave-ice interactions
Zhang et al. (2025a) FVM-FEM StarCCM+ ABAQUS ​ ✓ SST k-ω Wave interactions with VLFS

S. Tavakoli et al.                                                                                                                                                                                                                                Ocean Engineering 342 (2025) 122545 

49 



also employed to derive analytical models for predicting wave attenu
ation. This was first done by Mei and Liu (1987), who idealised mud 
using the Bingham model and water using the shallow-water equations. 
In another study, Soltanpour and Samsami (2011) integrated both 
viscoelastic and plastic properties to formulate the dispersion relation 
for the wave-mud system.

While viscoelastic models were widely adopted by scholars 
throughout the 1990s and 2000s, two recent elastic-based models have 
been developed in 2011 and 2020. One such model was introduced by 
Mohapatra and Sahoo (2011), who formulated wave motion over an 
elastic bed extending infinitely in length. Later, Rashidi-Juybari et al. 
(2020) developed another hydroelastic model. In their model, the mo
tion of the elastic bed was formulated using a modified Euler–Bernoulli 
beam theory, with the inclusion of a damping term that generates a 
damping force proportional to vertical velocity. A summary of models 
giving the dispersion relationship is outlined in Table 22.

5.6.2. Phase-resolving models
The phase-resolving models have also been used for solving wave- 

mud interactions under inviscid fluid assumptions. Dispersion relation
ships developed analytically, may be used in such models to well couple 
mud motion and fluid motion, or dispersion of waves may be developed 
via solving the problem (e.g. GN modelling approach).

Four different groups of phase-resolving wave-mud interaction 
models under the inviscid fluid assumption can found in the literature. A 
detailed summary of these models with the relevant references is pre
sented in Table 23. The first set of models are developed on the basis of 
TRIADS modelling approach. In these models, nonlinear mild-slope 
waves are assumed to propagate in the fluid domain, and the evolu
tion of energy for each wave component is formulated by incorporating 
a dissipation rate, along with triad interactions (sum and difference 
interactions between wave modes propagating in the water). Mud- 
induced dissipative terms can be included in the governing equations, 
but researchers have primarily favoured the formulation by Ng (2000). 
The study by Kaihatu et al. (2007) exemplifies this research direction. 
Further developments in this modelling framework are presented in 
Kaihatu and Tahvildari (2012), Safak et al. (2017), and Tahvildari and 
Sharifineyestani (2019). It is worth noting that these studies have 
consistently modelled the mud layer using Ng (2000), but there remains 
room to explore other dispersion relationships for the wave-mud system, 
depending on the rheological properties of the mud. In all TRIADS 
models, mud is treated as a viscous layer that dampens fluid motions, 
and its elastic deformation is not modelled.

Another group of nonlinear wave-mud interaction models found in 
the literature are based on nonlinear shallow water wave propagation. 
The governing fluid equations are solved in the time domain, where 
nonlinearity is fully retained within the modelling. Jiang and LeBlond 

(1993) used this approach to solve the problem. The mud layer was 
treated as Bingham plastic fluid. Under this formulation of Bingham 
plastic idealisation, no flow emerges unless the shear stress exceeds the 
critical yield stress. Once the yield stress is exceeded, the mud behaves as 
a viscoplastic fluid. And if the shear stress drops below the threshold, the 
mud stops moving and again behaves like a solid. The fluid motion in the 
mud was governed by the Navier–Stokes equations, modified to incor
porate Bingham plastic rheology.

The third type of model developed for phase-resolving wave-mud 
interaction under inviscid fluid assumptions in the literature is based on 
Boussinesq-type wave equations, incorporating weak dispersion and 
nonlinearity. The Garnier et al. (2013) model developed a model, the 
sketch of which is shown in Fig. 45, using a Boussinesq-type mode. 
Nonlinearity in the model was captured using perturbative expansions, 
and the problem was solved in the frequency domain for different har
monics. This allows tracking the amplitude evolution of both the free 
surface and water-mud interface along the nearshore zone. The authors 
showed that mud-induced dissipation significantly dampens the 2nd, 
3rd, and 4th harmonics of the wave, particularly in elastic-dominated 
muds. This is because resonance effects, which enhance energy ab
sorption at specific frequencies, can dominate when the muddy layer 
behaves more like an elastic layer. Another example of Boussinesq-type 
model developed to solve a weakly nonlinear wave-mud interaction 
problem is the work of Xia (2014).

The fourth group of models developed for wave–mud interaction is 
based on the GN equations. This approach has been presented in the 
literature by Kostikov et al. (2024), who modelled wave propagation 
over a viscoelastic layer treated using a KV model. Nonlinearity is 
incorporated in the model directly within the GN formulations. The 
model does not capture all nonlinear phenomena, such as wave 
breaking, which are typically captured through CFD modelling, as will 
be discussed in Sub-section 5.6.

6. CFD model

This section presents a review of CFD models used to solve the 
problems covered in this research. The review, however, is limited to 
mesh-based models used or developed for solving FFSI problems under 
the viscous liquid assumption, as meshless ones would need a separate 
review paper. As will be explained in sub-section 6.1, flexible wave
–structure interaction and global ship hydroelasticity are covered 
together in a single sub-section, rather than being looked at in two 
different sub-sections.

6.1. Flexible wave-structure interactions and global ship hydroelasticity

CFD modelling of the flexible wave-structure interactions and global 

Fig. 46. CFD domain used for solving the fluid flow around a flexible ship. The dimensions are set to be equal to those set by Lakshmynarayanana and Hirdaris 
(2020). Here, L denotes the length between perpendiculars.
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ship hydroelasticity are very similar to each other. This is because 
models developed for solving the related FFSI problem use any CFD code 
(mostly Comet, OpenFOAM, STARTCCM+, ICFD) that solve three- 
dimensional fluid flow around a ship or a flexible marine structure 
and solve the dynamic response of a ship/structure using any preferred 
structural idealisation, depending on the need. Unlike, the potential 
flow-based models introduced in sub-sections 5.1 and 5.2, the CFD- 
based models are not restricted in modelling nonlinearities and solve 
the problem for a fully nonlinear condition, as explained in Section 3. 
Hence, they are capable of considering both wave nonlinearities and 
body nonlinearities. The lists of CFD-based studies for modelling global 
ship hydroelasticity and wave–structure interactions are presented in 
Tables 24 and 25, respectively.

To solve interactions between any flexible structure/ship and water 
waves using CFD, fluid motions and flexible bodies may be coupled or 
decoupled depending on the topology of the structure, wave nonline
arity and relative length of the water waves with respect to the length of 

the structure. This need has been studied by some researchers who 
compared one-way and two-way modelling results against each other 
and those of experiments and will be explained more detail in the 
remaining of this sub-section. In general, a CFD tank is created with 
wave generation at one end and wave absorption at the other ends (e.g. 
Lakshmynarayanana and Hirdaris, 2020). The ship or flexible marine 
structure is placed within this tank. Assuming symmetric conditions (i. 
e., following seas or head seas), the ship is typically positioned at a 
distance D1 from the inlet boundary, defined as a velocity inlet, and at a 
distance D2 from the outlet boundary, defined as a pressure outlet (see 
Fig. 46). Lakshmynarayanana and Hirdaris (2020), using Star-CCM+, 
designed a CFD tank with D1 = 2L and D2 = 4L when modelling ship 
hydroelasticity, where L is the ship length. More recently, Karola et al. 
(2024), who modelled wave-induced ship motions at full scale using 
OpenFOAM-v202206, designed a tank by setting D1 = 2λ and D2 = 3λ, 
where λ is the wavelength. Readers interested in a CFD domain model
ling a flexible ship in a non-symmetric condition are referred to Chen 

Fig. 47. An elastic ship exposed to water waves, modelled using CFD runs by Lakshmynarayanana and Hirdaris (2020). © Elsevier.
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et al. (2024a).

6.1.1. One-way models for global ship hydroelasticity
The very early studies aimed at modelling the hydroelastic motions 

of ships and structures exposed to waves using CFD codes began in the 
mid-2000s, notably by el Moctar et al. (2006). In this study, el-Moctar 
et al. (2006) employed a RANS-based CFD code to solve the fluid motion 
around a flexible ship subjected to water waves. The hydrodynamic 
pressures obtained from the CFD model were then applied to the solid 
interface of the ship structure to compute its elastic response using an 
FEM solver. While the rigid body motions of the ship were coupled with 
the fluid motion, the flexible motions and fluid dynamics were not.

Subsequent research followed a similar one-way coupling approach, 
and they mostly focused on hydroelasticity modelling of ships/barges 
advancing/floating on wavy water surfaces (e.g. Wilson et al., 2008; Lee 
et al., 2009; Oberhagemann et al., 2009, 2010, 2015; Ley et al., 2013, 
2014; Dhavalikar et al., 2015).

The one-way coupling approach of the models developed to address 
ship hydroelasticity may have potential limitations: one is the effect of 
elastic motion of the ship on wave field which is not captured as elastic 
responses are not fed back to the fluid domain, and the other is the effect 
of water on elastic modes of the ship (i.e. wet modes), as a dry hull of the 
ship may be modelled in a FEM code (or any other Computational Solid 

Dynamic solver, CSD). Researchers have overcome this challenge using 
two distinct methods. The first involves modelling the water as an 
external medium interacting with the elastic structure within the CSD 
solver (e.g. Wilson et al., 2008), while the second utilises the Lewis form 
approach to calculate the added mass (e.g. Oberhagemann et al., 2009). 
The former approach has been seen to be more popular.

One set of one-way coupling simulations was conducted by Takami 
et al. (2018). The authors compared their CFD-FEM results with those of 
weakly nonlinear 2D and 3D models, noting that the vertical bending 
moments predicted by all models were comparable, though the 
viscous-based simulations demonstrated a higher level of accuracy in 
predicting the rigid body response of the ship. The authors observed that 
the natural frequency of the CFD-FEM model differed from experimental 
results, which they attributed to the limitations of the one-way coupling 
approach.

6.1.2. Emergence of two-way models for global ship hydroelasticity
The shift towards two-way coupling of the flexible fluid-structure 

interactions between water waves and structures/ships using CFD ap
proaches occurred shortly after the introduction of the early one-way 
models. This development took place in 2009 with the study by Paik 
et al. (2009). They coupled CFDShip-Iowa version 4.0 with ABAQUS to 
solve the dynamic responses of S175 container ship in water waves. The 

Fig. 48. An elastic wall exposed to regular head waves with two different wavelengths, 5D and 10D, where D is the wall depth. The water surface is represented by z 
and normalised by H, the wave height. The close-up views show iso-surfaces of vorticity formed around the flexible structure, with red indicating positive vorticity 
values. These snapshots are taken from Wang et al. (2024a). © Elsevier.
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model employed a LSM to track the air-water interface.
Following the two-way flexible FSI model developed by Paik et al. 

(2009), Robert et al. (2015), and Lakshmynarayanana et al. (2015), 
Lakshmynarayanana and Temarel (2019, 2020) introduced a new gen
eration of fully coupled FFSI models for ship global hydroelasticity. 
However, the model developed by Robert et al. (2015) idealised ship 
structural motions using a theoretical beam model, whereas Lakshmy
narayanana and Temarel (2019, 2020) used FEM modelling. Other 
models can be found in Jiao et al. (2021a, b), Xie et al. (2024, 2025), and 
Ma et al. (2024). Two recent CFD-FEM models that differ significantly 
from previous works by solving the dynamic responses of ships in 
oblique waves (whereas all other models focused on symmetric re
sponses) are presented in the scholarly works of Chen et al. (2024a) and 
Jiao et al. (2025a).

With the gradual development of two-way coupling models for 
global ship hydroelasticity, researchers began to compare predictions of 
one-way simulations with two-way simulations. However, the first 
comparison between these two coupling approaches was initiated in the 
study by Paik et al. (2009). The computational time for a two-way 
coupled simulation to be run for 10 s of physical time can be as much 
as twelve times that of a one-way coupled model (Takami and Iijima, 
2020). These studies primarily focused on ship hydroelasticity, with 
researchers not showing much interest in flexible wave-structure in
teractions. Some other studies were performed by McVicar et al. (2018)
and Lakshmynarayanana and Hirdaris (2020). McVicar et al. (2018)
showed that a one-way coupling model, with updated added mass pro
duced vertical bending moments that were very similar to those pre
dicted by the two-way coupling approach, and that two-way coupling is 
not necessary if the nonlinear time variation of added mass is adequately 
incorporated into the structural modelling of the ship. In the study 
carried out by Lakshmynarayanana and Hirdaris (2020), it was found 
that the one-way coupling approach significantly under-predicted the 
2-node wave load component compared to the two-way approach. The 
authors concluded that the effects of structural flexibility might become 
more pronounced at higher frequencies, where the one-way coupling 
approach tends to under-predict wave loads. Snapshots of CFD simula
tions of Lakshmynarayanana and Hirdaris (2020) are illustrated in 
Fig. 47.

There have been some recent advancements in two-way modelling of 
global ship hydroelasticity using the two-phase solver of OpenFOAM by 
Benhamou et al. (2018) and Wei et al. (2022, 2023). Interestingly, Wei 
et al. (2022) developed a novel coupling between OpenFOAM and a 
structural solver that employs a DMB approach to idealise the ship 
structure. This approach is particularly significant, as it represents the 
first attempt to couple CFD a DMB approach for the hydroelastic 
modelling of ships and structures exposed to water waves.

6.1.3. Emergence of models addressing wave interaction with flexible 
marine structures

While much of the focus in viscous-based modelling of flexible 
structures and ships exposed to water waves has traditionally been on 
ships, flexible structures (e.g. breakwater and ice sheet) began to receive 
increased attention starting with the CFD-based study by Huang et al. 
(2019). The authors further developed solids4Foam code (Cardiff et al., 
2025), a fluid-solid interaction library within OpenFOAM, to simulate 
flexible wave-structure interactions. Both the fluid and the flexible 
motions of the solid were discretised using FVM, significantly improving 
simulation efficiency by eliminating the need to transfer data between 
separate fluid and solid solvers, as all computations occur within a 
single. This study, along with the developed code, inspired a series of 
subsequent research efforts and marked a significant shift towards CFD 
modelling of flexible wave-structure interactions, including those car
ried out by Huang and Li (2022), Hu et al. (2023), Hu and Li (2023), 
Tavakoli et al. (2022), Zhang et al. (2022), Luo and Huang (2024), and 
Brown et al. (2022).

In parallel with studies using solids4Foam to simulate the hydroe
lastic responses of marine structures interacting with water waves, other 
CFD-based investigations have emerged since 2022. Examples can be 
found in Gu et al. (2023), Sun et al. (2023, 2024a), Zhang et al. (2025a), 
who coupled CFD models with FEM; Wang et al. (2022b, 2024a), Wei 
et al. (2024b), who coupled a CFD model (namely NEWTANK, sourced 
from Liu and Lin, 2008) with a nonlinear FEM model to simulate the 
dynamic responses of vertical slender bodies and nonlinear motions; and 
Wei et al. (2024b), who coupled CFD models with DMB using a 
quasi-static mooring module to model dynamic responses of a moored 
flexible floating structure. In addition, examples of using ICFD 

Fig. 49. An example of a CFD domain designed for a water entry problem. The dimensions are set to be equal to those of Hosseinzadeh and Tabri (2021b). Here B is 
the beam of the wedge.
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(LS-Dyna) for wave-ice interaction modelling can be found in two papers 
published by Behnen et al. (2022, 2025). Snapshots of simulations run 
by NEWTANK code is shown in Fig. 48.

Recent efforts in the realm of CFD-based modelling of flexible wave- 
structure interactions have introduced the innovative use of CFD-DEM 
coupling to study interactions between water waves and flexible struc
tures/ships. He et al. (2022) pioneered the use of CFD-DEM for this 
problem, which has traditionally been employed in ocean engineering to 
model pack ice and its interactions with ships or offshore structures (e.g. 
Huang et al., 2020), by adapting it to simulate the flexible motions of ice 
covers exposed to water waves. In their study, part of a numerical tank 
was fully covered with ice particles, and the motion of these particles 
under wave-induced forces in the water medium was numerically 
modelled. This one-way coupling approach allowed the authors to 
incorporate ice break-up into their simulations, representing a signifi
cant advancement in flexible wave-ice interaction modelling.

6.1.4. Future research directions
While significant progress has been made in modelling flexible FSI 

problems, including global ship hydroelasticity and floating structures/ 
seawalls, and various codes have been developed, there remain areas for 
further development. A clear gap at the present stage lies in the limited 
understanding of the differences between one-way and two-way 

coupling approaches for simulating global ship hydroelasticity under 
oblique wave and beam sea conditions. Another notable research gap 
lies in the comparison of one-way and two-way coupling approaches for 
flexible wave-structure interactions. As a final note, IBM-based models 
have not yet been developed for modelling flexible wave–structure in
teractions and global ship hydroelasticity. This is reasonable when it 
comes to ships, as modelling a hull girder using IBM would be very 
challenging. However, for floating structures, such as box-shaped bodies 
or thin sea ice, the challenge appears to be less severe. Therefore, there is 
still room for the development of IBM-based models for flexible wave
–structure interactions.

6.2. Flexible slamming

The slamming problem has been a subject of numerous CFD-based 
studies in ocean engineering since the 2000s. Various CFD codes have 
been developed to simulate the water entry of different 2D and 3D 
bodies, each tailored for specific applications. Early studies, particularly 
in the early 2000s, primarily addressed the water entry of rigid bodies 
(e.g. Fairlie-Clarke and Tveitnes, 2008). Over time, however, CFD-based 
simulations began to be applied to flexible water entry problems.

This line of research closely followed earlier inviscid-flow-based 
studies aimed at developing models for flexible slamming in the 2000s 

Fig. 50. Snapshots from simulations of flat plate water entry run by Yan et al. (2022). The left panels display experimental photographs capturing the water entry 
process and air entrapment formation. The middle panels illustrate the evolution of air entrapment during the FFSI simulations. The right panels show the resulting 
structural deformation of the plate. © Elsevier.

Table 26 
A summary of CFD simulations conducted to model flexible bottom slamming.

Authors Method CFD solver CSD solver Turbulence model Is compressibility considered? 3D or 2D

Xie et al. (2018) FVM-FEM FLUENT ANSYS Laminar No 3D stiffened plate
Xie et al. (2019) FVM-FEM FLUENT ANSYS Laminar Yes 3D stiffened plate
Yamada et al. (2020), FEM-FEM ICFD LS-DYNA Laminar No 3D stiffened plate
Truong et al. (2021) FVM-FEM ICFD LS-DYNA Laminar No 3D stiffened plate
Truong et al. (2021) FEM-FEM StarCCM+ ABAQUS k-ε turbulence model Yes 3D stiffened plate
Truong et al. (2021) FEM-FEM CFX ANSYS Laminar No 3D stiffened plate
Yan et al. (2021, 2022) FVM-FEM StarCCM+ ABAQUS Laminar Yes 3D plate
Tavakoli et al. (2023c) FVM-FVM solids4foam solids4foam Laminar No 2D plate
Jiao et al. (2024) FVM-FEM StarCCM+ ABAQUS k-ε turbulence model Yes 3D stiffened plate
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(e.g. Bereznitski, 2001; Stenius et al., 2007). Similar to other problems 
discussed in this section, CFD-based studies in this area emerged as a 
natural progression, building upon the foundational theoretical models 
developed under the non-viscous flow assumption to create more robust 
viscous-based models. To model the problem using CFD, a CFD water 
entry lab needs to be designed. The body is either assumed to move 
towards the water with a constant speed, or in contrast water is assumed 
to flow towards the solid body, which is initially dry. If a free fall water 
entry is modelled, however, the flow is not set to move towards the 
body, and body under the force of gravity is placed above the water 
surface and falls in it. Hence, a dynamic mesh motion may also be 
required, for managing of which an overset mesh is mostly favoured. In 
the literature, one can see that the width of the tank is mostly set to be 
in-between 5B to 10B, where B is beam of the object. A shorter width 
may cause blockage and increase hydrodynamic pressure. An example of 
a CFD tank used for modelling the water entry problem is shown in 
Fig. 49.

6.2.1. First generation of models
The first significant modelling of flexible water entry using CFD 

approaches was conducted in the early 2010s by Maki et al. (2011). They 
coupled OpenFOAM with a structural analysis code to predict the dy
namic response of an elastic wedge using mode superposition, with the 
modes calculated via a commercial FEM code. Although their approach 

employed a one-way coupling method, it is widely regarded as a foun
dational study that spurred further research over the following decade. 
Building on this work, Piro and Maki (2013) later upgraded the model to 
a two-way coupling framework by introducing a linearised BC at the 
fluid-solid interface. Parallelly, Liao et al. (2013) developed a two-way 
coupling method to address the hydroelastic slamming problem of 
wedge-shaped bodies, and used IBM to track the fluid-solid interface. 
The fluid motions were solved using a FDM discretisation approach, 
while the structural motion equations were resolved through modal 

Fig. 51. CFD–FEM simulations of the FFSI water entry of a 3D wedge were performed by Hosseinzadeh (2023). Snapshots (a) and (b) illustrate two different stages of 
the water entry process. The 2D views of the air–water phase around the midship section of the 3D wedge are shown in the upper-right corner of each snapshot.

Table 27 
A summary of CFD simulations conducted to model flexible slamming scenarios, excluding bottom slamming.

Authors Method CFD solver CSD solver Coupling Case Study Simulation Conditions

One- 
way

Two- 
way

Maki et al. (2011) FVM-FEM OpenFOAM ABAQUS ✓ ​ 2D Wedge-shape body Constant speed water entry
Liao et al. (2013) FDM-FEM (IBM 

approach)
In-house In-house ​ ✓ 2D Wedge-shape body Constant speed water entry

Piro and Maki (2013) FVM-FEM OpenFOAM ABAQUS ​ ✓ 2D Wedge-shape body Constant speed water entry
Izadi et al. (2018) FVM-FEM StarCCM+ StarCCM+ ​ ✓ 2D Wedge-shape body Constant speed oblique/asymmetric 

water entry
Javanmardi and Ghadimi 

(2019)
FVM-FEM CFX ANSYS ✓ ​ 2D section of Semi-Piercing 

propeller
Constant speed water entry (multi-phase 
fluid dynamics)

Hosseinzadeh and Tabri 
(2021b)

FVM-FEM StarCCM+ StarCCM+ ​ ✓ 2D Wedge-shape body Free wall water entry

Mesa et al. (2022) FVM-FEM OpenFOAM ABAQUS ✓ ✓ 3D inclined plate Ditching
Yan et al. (2023) FVM-FEM StarCCM+ ABAQUS ​ ✓ Flat plat and 2D Wedge 

water entry
Constant speed water entry

Tavakoli et al. (2023b) FVM-FVM solids4foam solids4foam ​ ✓ 2D Wedge water entry Constant speed water entry
Tavakoli and Hirdaris 

(2023)
FVM-FVM solids4foam solids4foam ​ ✓ 2D Wedge water entry Constant speed oblique water entry

Hosseinzadeh et al. 
(2023b)

FVM-FEM StarCCM+ ABAQUS ​ ✓ 3D non-prismatic wedge- 
shaped body

Free fall water entry

Chen et al. (2023b) FVM-FEM StarCCM+ ABAQUS ​ ✓ 3D wedge Water entry in rough water
Sun et al. (2024b) FVM-FEM OpenFOAM CalculiX ​ ✓ Curved wedges Constant speed water entry
Yang et al. (2024) FVM-FEM StarCCM+ ABAQUS ​ ✓ Sphere Hyperelastic water entry

Table 28 
A summary of hybrid models developed for flexible slamming.

Authors CFD solver CSD 
solver

Coupling Case 
Study

One- 
way

Two- 
way

Volpi et al. (2017) CFDShip- 
Iowa

ANSYS ✓ ✓ Planing 
boat

Diez et al. (2022)
and Lee et al. 
(2024)

CFDShip- 
Iowa

ANSYS ✓ ✓ Planing 
boat

Diez et al. (2022)
and Lee et al. 
(2024)

StarCCM+ NASTRAN ✓ ✓ Planing 
boat
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superposition using FEM. They reported that their model could not 
successfully capture the higher-order vibrations of the structure before 
chine wetting, which was seen to be monitored by BEM-FEM approach.

6.2.2. Flat plate models: bottom slamming
There has been a surge in modelling the flexible hydroelastic 

behaviour of flat objects using CFD since 2018. It started with the work 
of Xie et al. (2018). They developed a strongly two-way coupled model 
that employed the FVM and FEM to discretise the fluid and solid motion 
equations, respectively. However, their study assumed the fluid to be 
incompressible, which could be a limitation. At that time, CFD codes 
capable of predicting impact loads on rigid bodies while accounting for 
fluid compressibility had already been developed (e.g. Ma et al., 2016). 
Addressing this limitation, Xie et al. (2019) advanced their earlier model 
by introducing a CFD-FEM framework that could simulate the hydroe
lastic response of a flexible body entering water while considering fluid 
compressibility.

Other studies were conducted by Yamada et al. (2020), Truong et al. 
(2021), and Yan et al. (2021, 2022), who coupled different CFD–CSD 
models to solve flexible flat plate problems. Among these models, the 
work of Truong et al. (2021) is introduced in more details. The authors 
presented a benchmarking analysis of the dynamic responses and impact 
loads of a stiffened plate during slamming events. This study utilised 
LS-DYNA ALE, LS-DYNA ICFD, ANSYS CFX, and StarCCM+/ABAQUS 
codes, with the latter three solving the fluid problem under viscous flow 
assumptions. For the StarCCM+/ABAQUS runs, the fluid was modelled 
as compressible, a turbulent flow regime was considered, and a k-ε 
turbulence model was employed. All simulations adopted a two-way 
coupling approach, enabling detailed analysis of their performance in 
modelling the flexible FSI of a plate entering water. Snapshots of the 
simulations by Yan et al. (2022) are shown in Fig. 50.

In a different study, Tavakoli et al. (2023c) simulated the dynamic 
responses of elastic plates entering water using an FVM–FVM coupling 
approach implemented in solids4Foam. The authors demonstrated how 
complicated CFD models can be formulated into a model that predicts 
the hydroelastic response of a plate entering water. This study, however, 
is limited to incompressible fluid cases. Future research needs to further 
develop the code to address such limitations. A detailed list of CFD 
studies modelled flexible bottom slamming is presented in Table 26.

6.2.3. Wedge shaped bodies and non-flat bodies
Within the body of research on slamming of non-flat structures, 

running parallel to the research on flexible bottom slamming since 2018. 
These investigations have mostly followed the one-way or two-way 
FVM–FEM coupling approach developed by Maki et al. (2011) and 

Piro and Maki (2013), with researchers generally favouring the two-way 
approach. Studies were mostly focused on the 2D problems. Notable 
two-way FVM–FEM studies were conducted by Izadi et al. (2018), 
Hosseinzadeh et al. (2020), Hosseinzadeh and Tabri (2021b), Yan et al. 
(2023) and Sun et al. (2024b) on the slamming of wedge-shaped bodies. 
The model developed by Izadi et al. (2018) effectively simulated the 
oblique-asymmetric slamming of flexible wedges, broadening its appli
cability to anti-symmetric whipping scenarios.

A very different FVM–FEM-based study is presented in Javanmardi 
and Ghadimi (2019). The authors investigated the dynamic responses of 
a very thin wedge resembling a 2D section of the blade of a 
surface-piercing propeller. Unlike other studies discussed in this sub
section, they addressed a three-phase flow involving liquid water, 
vapour, and air to account for the expected cavitation during the water 
entry of such a thin object.

The FVM–FVM modelling approach has also been used to model the 
flexible slamming of wedge-shaped bodies. This was initially done by 
Tavakoli et al. (2023b), who numerically modelled the dynamic re
sponses of various elastic wedges entering water at a constant speed. 
Building on this work, Tavakoli and Hirdaris (2023) further extended 
the model to simulate the dynamic responses of wedges entering water 
at an oblique speed. They demonstrated how the deflection patterns 
were affected by the asymmetry introduced by oblique entry conditions.

Three-dimensional modelling of flexible slamming (other than bot
tom slamming) has also emerged since the 2020s. The 3D flexible 
ditching of an inclined plate was first modelled by Mesa et al. (2022), 
who numerically replicated the ditching experiments of Iafrati (2016). 
But more importantly, the first 3D study on the flexible slamming of 
wedge-shaped bodies falling into water was conducted by Hosseinzadeh 
et al. (2023b), who used the same coupling of StarCCM+ and ABAQUS, 
with snapshots shown in Fig. 51. They simulated the slamming behav
iour of a 3D non-prismatic wedge-shaped body falling into water and 
compared their numerical results with those obtained using LS-DYNA 
for inviscid fluid simulations. Their results showed that higher-order 
responses arose in the solutions predicted by the numerical model 
developed under inviscid fluid assumptions, aligning with earlier ob
servations by Liao et al. (2013).

In another study, Chen et al. (2023b) developed a model to simulate 
the dynamic responses of elastic 3D wedges entering rough water. They 
generated water waves on one side of a numerical tank and considered 
two different sets of rigid modes: in one case, only the primary rigid 
mode was activated, while in the other, three rigid modes were acti
vated. Finally, in another 3D modelling effort, Yang et al. (2024)
numerically simulated the dynamic responses of a hyperelastic flexible 
ball entering water. Similar to most works covered in this subsection, 

Table 29 
A summary of CFD studies performed to model flexible marine propellers.

Study CFD code CSD code one-way Two-way Turbulence model Propeller modelled

Mulcahy et al. (2010) CFD-ACE+ SYSPLY ​ ✓ An RNG k-ε turbulence Composite propellers
He et al. (2012) CFX ANSYS ​ ✓ SST k-ω Composite propellers
Kolekar and Banerjee (2013) CFX ANSYS ✓ ​ SST k-ω Turbine blade
Hong et al. (2011) CFX ANSYS ​ ​ Not reported Composite propellers
Han et al. (2015) StarCCM+ ABAQUS ​ ✓ SST k-ω Composite propellers
Das and Kapuria (2016), ANSYS ICEM CFD 12.0 ANSYS ​ ✓ The standard k-ε model Composite propellers
Hong et al. (2017) CFX ANSYS ​ ✓ SST k-ε Composite propellers
Lee et al. (2017) Star-CCM+ ABAQUS ​ ✓ SST k-ω Composite propellers
Zhang and Lu (2018) Fluent ANSYS ✓ ✓ SST k-ω Composite propellers
Javanmardi and Ghadimi (2018) CFX ANSYS ✓ ​ SST k-ω SPP
Maljaars et al. (2018) ReFRESCO MSC Marc/Mentat ​ ✓ SST k-ω Composite propellers
Vijayanandh et al. (2020) Fluent ANSYS ​ ✓ Not reported Flexible propellers
Zhang et al. (2020) ICEM ANSYS ​ ✓ SST k-ω Composite propellers
Masoomi and Mosavi (2021) OpenFOAM Abaqus ✓ ​ Two equation k-ε Flexible propellers
Kim et al. (2022) STAR-CCM+ Abaqus ​ ✓ realizable k-ω Composite propellers
Zhang et al. (2023b) CFX ANSYS ​ ✓ SST k-ω Composite propellers
Kiss-Nagy et al. (2024) Fluent ANSYS ✓ ​ SST k-ω Flexible propellers
Rama Krishna et al. (2022) ICEM ANSYS ✓ ✓ LES Flexible propellers
Bushehri et al. (2025) StarCCM+ StarCCM+ ​ ✓ The k-ε turbulence method SPP
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they used a coupling of StarCCM+ and ABAQUS to solve problem. A 
detailed summary of studies conducted to model flexible slamming 
scenarios, excluding bottom slamming, is presented in Table 27.

6.2.4. Ship-scale hybrid models
A distinct line of research on flexible water entry differs from con

ventional studies emerged in the late 2010s, summarised in Table 28. In 
these studies, the flexible slamming problem is modelled by integrating 
a CFD model that solves the rigid body motions of a high-speed ship or 
boat in waves with a code that locally simulates the slamming of the 
portion of the hull re-entering the water. This line of study was initiated 
by Volpi et al. (2017) and subsequently advanced by Diez et al. (2022)
and Lee et al. (2024). In the former study, CFDShip-Iowa V4.5 was 
coupled with ANSYS, while the later studies employed various combi
nations of CFD and FEM codes, including CFDShip-Iowa V4.5/ANSYS, 
STAR-CCM+/STAR-CCM+, and STAR-CCM+/NASTRAN. Diez et al. 
(2022) focused on regular wave conditions, whereas Lee et al. (2024)
extended the approach to simulate the problem under irregular wave 
conditions, broadening the applicability of this modelling framework. 
These models offer highly realistic simulations of the problem and can 
be classified as bridging the studies covering whipping and those 

covering local flexible slamming phenomena. However, the computa
tional time required is significantly higher than that of models devel
oped for simulating conventional water entry problems.

6.2.5. Re-emergence of non-body fitted models
As discussed earlier in Section 3, body-fitted methods are generally 

preferred for FFSI problems involving ships, marine structures, and 
propellers, as they can accurately model complex geometries and pro
vide better stress predictions within the solid body compared to non- 
body-fitted methods. Yet, recent progress has been made in applying 
the IBM to such problems, notably in a series of studies by Di et al. 
(2021, 2024). In the earlier work, Di et al. (2021) employed IBM to 
simulate the water entry of rigid bodies and notably coupled the model 
with a DEM solver to simulate the water entry of multiple bodies. The 
free surface flow was captured using a level-set method. In the later 
study, Di et al. (2024) extended this approach by coupling the IBM 
model with a FEM solver, thereby establishing an FFSI framework for 
flexible body water entry problems.

6.2.6. Future research directions
In sum, CFD-based codes developed for simulating the dynamic 

Fig. 52. Two examples of computational domains that can be used for modelling fluid motion around marine propellers. The upper panel (a) illustrates a fully 
submerged propeller rotating at an angular velocity Ω, based on the setup proposed by Posa et al. (2022). The lower panel (b) shows a propeller operating in the 
presence of water waves. The tank is filled with water and equipped with a wave maker at one end and a wave absorber at the other, inspired by the work of Zhang 
et al. (2021c). This configuration can also be used for tests without waves or with varying immersion depths, particularly relevant when the propeller approaches the 
free surface, such as SPPs. In both configurations, the propeller is placed within a rotating region of the computational domain.
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responses of flexible objects entering water have demonstrated high 
accuracy. However, there are still some unresolved challenges. Still a 
deeper understanding of when and where one-way or two-way coupling 
is required. One other area requiring further investigation is the role of 
three-dimensional effects in water entry dynamics under asymmetric 
flow patterned caused by the oblique speed. An intriguing research gap 
lies in developing simplified equations for bending moments and shear 
forces using CFD-based models that can be integrated into global ship 
hydroelasticity models, particularly those based on 2D strip theory. 
Another area not yet addressed by CFD-based models is the water entry 
of flexible objects that do not have a wedge or flat shape. As discussed, 
the only studies investigating the dynamic responses of objects with non- 
standard topologies are those by Javanmardi and Ghadimi (2019) and 
Yang et al. (2024), which are far from sufficient. Last but not least, a 
significant research gap in the field of water entry involves under
standing fluid motions in aerated liquids or at the water-air interface 
during the water entry of flexible bodies. While CFD models for rigid 
bodies in aerated liquids have been developed, equivalent models for 
elastic bodies remain unexplored, underscoring an important direction 
for future studies. Aerated liquid conditions can arise in different con
texts, such as wave breaking or the operation of an air lubrication system 
installed on the bottom of a ship.

6.3. Flexible marine propellers

CFD modelling of flexible marine propellers may enable the capture 
of fluid dynamic phenomena that cannot be resolved using inviscid- 
based flow modelling. Compared to inviscid-based flow simulations, 
modelling the viscous flow around a flexible propeller demands signif
icantly more computational time due to various complexities, such as 
viscosity, turbulence, and mesh deformation. To simulate this problem, 
a CFD-based cavitation tunnel or tank setup must be created, in which 
the propeller performance is modelled and coupled with a computa
tional solid mechanics’ code. The propeller is typically assumed to have 
no longitudinal rigid motion; instead, the incoming flow is modelled as 
moving toward the propeller, similar to standard ship resistance or 
propulsion tests. A summary of CFD studies on flexible marine propellers 
is presented in Table 29.

The rotational motion of propeller can be imposed in one of two 
ways: (1) by rotating the entire computational domain, or (2) by 
defining a rotating subdomain in which the propeller is placed. The first 
approach is feasible when the propeller is fully submerged (Fig. 52a), 
and when free surface, gravity, and wave effects are not considered (e.g. 
Helal et al., 2018). In this case, the propeller is placed inside a cylin
drical CFD domain, and the entire domain is rotated at the same angular 
velocity as the propeller. Alternatively, the propeller can be placed in a 
CFD tunnel fully filled with water with a rotational zone (as shown in 
Fig. 52a), or a CFD tank partially filled with water, with an air–water 
interface, where the two-phase flow is driven from one side to the other 
(as shown in Fig. 52b). The latter configuration is particularly useful for 
simulating SPPs or evaluating the influence of surface waves on pro
peller performance (e.g. Javanmardi and Ghadimi, 2018).

The problem can be solved for uniform and non-uniform flow, in the 
former of which simulations would be run until the results converge (an 
equilibrium is established, e.g. Maljaars et al., 2018). But when it comes 
to solving FFSI for a propeller in a non-uniform flow, a non-uniform flow 
pattern is mostly prescribed at the inflow boundary condition, and then 
the unsteady pressure and velocity fields are solved via the fluid solver at 
each time step and transferred to the fluid–solid interface. This may be 
done through decoupling of the fluid and solid solvers, or via loose or 
tight coupling. Simulations are run for a sufficient physical time over 
which harmonic analysis can be performed (e.g. He et al., 2012).

6.3.1. Early two-way CFD–FEM studies (2010–2012)
The earliest CFD-based simulations of flexible propellers did not 

emerge until 2010. The first notable study was conducted by Mulcahy 
et al. (2010). This was a two-way coupling modelling and unlike what 
has seen in CFD-based modelling of the flexible ships exposed to water 
waves, and flexible water entry studies (covered in previous 
sub-sections), the earliest state-of-art CFD-based model was not done 
based on a one-way based approach. In their study, Mulcahy et al. 
(2010) introduced a numerical framework designed to optimise the 
performance of marine composite propellers operating under off-design 
conditions caused by non-uniform flow environments. The fluid flow 
problem was solved using the CFD-ACE + code. This research was fol
lowed by another study conducted by He et al. (2012). The authors 

Fig. 53. Deformations of blades of a SPP propeller in different immersion. These resulted are presented in Bushehri et al. (2025). © Elsevier.
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modelled the flexible motions of a composite propeller exposed to 
non-uniform flow.

They employed the SST k–ω turbulence model and solved the fluid 
dynamics and solid dynamics problems using ANSYS CFX and ANSYS, 
respectively. Similar to Mulcahy et al. (2010), a two-way coupling 
approach was utilised. The FEM model, constructed within ANSYS, 
employed layered solid elements with a symmetric stacking sequence to 
idealise the propeller structure.

6.3.2. Expansion of two-way coupling studies
Since 2012, several other models have been developed to solve the 

FFSI of marine propellers. One example is the scholarly work of Hong 
et al. (2017), in which the authors adopted a similar modelling approach 
(similar to He et al., 2012) to study the hydro-structural responses of the 
438x series of skewed propellers, comparing the performance of com
posite propellers to that of metal propellers. Other two-way CFD-based 
studies investigating the performance and dynamic responses of com
posite propellers can be found in the works of Han et al. (2015), Das and 
Kapuria (2016), Kim et al. (2022), Zhang et al. (2020), Zhang et al. 
(2023b) and Li et al. (2024).

6.3.3. One-way vs two-way coupling approaches
While two-way coupling dominates the literature on CFD-based 

modelling of flexible propellers, one-way coupling approaches are also 
present (e.g. Kolekar and Banerjee, 2013; Vijayanandh et al., 2020; 

Masoomi and Mosavi, 2021). An example is the study by Kolekar and 
Banerjee (2013), who numerically modelled steel turbines operating in 
uniform currents using a one-way coupling method. Their research 
demonstrated the applicability of this approach for the 
engineering-based optimisation of such devices. Another example is the 
study by Kiss-Nagy et al. (2024).

Although comparisons between CFD-based one-way and two-way 
coupling approaches are more commonly covered in the context of 
global ship hydroelasticity and flexible water entry, as discussed in 
previous sub-sections, such studies are less prevalent in the realm of 
flexible propellers. A notable contribution in this area was made by 
Rama Krishna et al. (2022), who numerically modelled the performance, 
dynamic response, and sound pressure levels of the DTMB 4119 flexible 
propeller using both one-way and two-way coupling methods. The fluid 
dynamics problem was solved using the ICEM CFD code, while structural 
responses were solved via ANSYS. It was found that the two-way 
coupling predicted larger blade deflections and resulting stresses 
compared to the one-way coupling, although the differences were small 
enough to be justifiably neglected if the final deflection of the propeller 
blade was the primary concern. However, in the early stages of the 
simulation, the two-way coupling method predicted significantly larger 
deflections. The authors concluded that, while one-way coupling can be 
sufficient for certain applications, the two-way coupling approach 
should be favoured when analysing the performance of flexible com
posite propellers under off-design conditions, as it provides greater 

Fig. 54. Three examples of CFD domains used to simulate fluid flow around flexible marine vegetation. Panel (a) shows submerged vegetation exposed to a steady 
current, with flow prescribed at the inlet boundary. The setup and dimensions are inspired by the work of O’Connor and Revell (2019). Panels (b) and (c) illustrate 
domains designed to model flexible marine vegetation under wave conditions. Panel (b) corresponds to a non-hydrostatic model, while panel (c) represents a hy
drostatic model. Both wave-related setups are inspired by the work of Chen et al. (2019c).
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fidelity in capturing hydroelastic interactions.

6.3.4. CFD vs inviscid modelling
The question of whether CFD-based modelling is necessary, given the 

considerably shorter computational time required for inviscid-based 
simulations, has also been addressed in the literature by Maljaars 
et al. (2018). The authors conducted a study to evaluate the performance 
of two modelling approaches, namely, a BEM–FEM code and a CFD–FEM 
code, in predicting the dynamic responses of composite propellers. It 
was found that the BEM–FEM approach could reasonably predict the 
bending responses of composite propellers, despite its limitations in 
capturing viscous effects and eddy generation. The BEM-FEM method 
struggled to accurately capture the twisting of the propeller blade. At 
low advance ratios, this limitation was hypothesised to stem from strong 
leading-edge vortex separation, while at high advance ratios, it was 
attributed to dominant viscous effects that were not well captured by the 
BEM model. The greatest agreement between the twisting predictions of 
the two methods was observed at intermediate advance ratios. The.

Table 30 
A summary of CFD studies conducted to model the dynamic responses of marine 
vegetation.

Reference Flow Fluid model Free surface 
modelled?

Velasco et al. (2008) Current Steady Navier-Stokes (4 
zones)

No

Dijkstra and 
Uittenbogaard 
(2010)

Current 1DV RANS (k-ε) No

Li and Xie (2011) Current VLES No
Mattis et al. (2015) Current LES No
Xu et al. (2022) Current LES No
O’Connor and Revell 

(2019)
Current Lattice Boltzmann No

Maza et al. (2013) Wave Hydrostatic RANS (k-ε) Yes
Chen et al. (2017) Wave Hydrostatic RANS (k-ε) Yes
Chen and Zou (2019) Wave RANS (k-ε) Yes
Chen et al. (2019c) Wave RANS (k-ε) Yes
Mattis et al. (2018) Wave LES (LSM used for free 

surface modelling)
Yes

Fig. 55. Snapshots showing the velocity field (horizontal component) and instantaneous dynamic response of marine vegetation exposed to water waves found by 
running the CFD model developed by Maza et al. (2013). This snapshot is taken from Maza et al. (2013). © Elsevier.
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6.3.5. Modelling flexible surface-piercing propellers
Notable efforts have also been made in modelling Surface-Piercing 

Propellers (SPPs), a significantly more complex problem due to the 
need to account for free surface effects and cavitation. These factors 
introduce multiphase flow modelling.

The first significant attempt in this area was conducted by Jav
anmardi and Ghadimi (2018), who numerically simulated the dynamic 
responses of an SPP using a one-way coupling approach. Their study 
reported the hydrodynamic performance of the propeller but did not 
directly validate the flexible FSI model, owing to the lack of experi
mental data on vibratory responses of SPPs. The authors observed that, 
for the partially ventilated propeller, the normalised stress on each blade 
peaked when the blade was positioned at a 45-degree angle relative to 
the calm waterline. In contrast, for the fully ventilated propeller, the 
peak stress was seen to emerge when the blade was vertically aligned 
with the waterline.

Following the work of Javanmardi and Ghadimi (2018), Bushehri 
et al. (2025) conducted both one-way and two-way coupling simulations 
to model the dynamic responses of SPPs (Fig. 53). The authors per
formed simulations under open-water conditions and observed that the 
predictions of propeller performance and blade dynamic responses from 
one-way and two-way coupling approaches did not show significant 
deviations. They concluded that a one-way coupling approach is suffi
cient for simulating hydroelastic responses of SPPs under open water 
conditions, hypothesising that the relatively small vibratory responses of 
the blade, compared to its diameter, result in minimal influences on the 
surrounding fluid flow. However, the study of Bushehri et al. (2025)
focused on a propeller with high stiffness. For more flexible blades, 
where the natural frequency is lower, the potential for resonance may 
increases.

6.3.6. Future research directions
Overall, the research on CFD-based modelling of flexible propellers 

has shown significant promise, with authors developing robust tools for 
both one-way and two-way coupling approaches to predict the perfor
mance and dynamic responses of composite propellers in the absence of 
free-surface effects, as well as SPPs operating in the presence of highly 
nonlinear free-surface effects. Despite these advancements, there re
mains considerable room for future research. One potential avenue is the 
development of hybrid models to significantly reduce computational 
time. For instance, the fluid flow around the propeller could be solved 
using a viscous assumption, while the fluid in the remaining domain can 
be modelled via an inviscid-fluid solver. Additionally, while several 
studies have compared different models for predicting the dynamic re
sponses and performance of marine propellers a holistic benchmarking 
study is still missing. Beyond that, there has not been much research on 
performance of flexible marine propellers in waves, though such 
modelling has been done for rigid propellers. This leaves us with some 
more future research opportunities in modelling of such problem (e.g. 
Zhao et al., 2017).

6.4. Flexible marine vegetation

When it comes to CFD modelling of flexible marine vegetation, it is 
typically modelled under the action of marine currents or waves. The 
modelling approach for submerged marine vegetation exposed to ma
rine currents may share similarities with that of air flow interactions 
with canopies (e.g. Ikeda et al., 2001). However, when it comes to water 
wave interactions with marine vegetation, similarities in setting up the 
model between land and marine environments would not be present. 
The FFSI models developed for flexible marine vegetation are mostly 
based on non-body-fitted methods (e.g., the IBM approach), as the 

Table 31 
A summary of CFD studies conducted to model the wave-mud interactions.

Study Dimensionality 
and Solver

Free-surface 
capture

Mud rheology/ 
bed model

Water–mud 
interface 
treatment

Turbulence/ 
flow resolution

Sediment 
transport 
modelled?

Integration of 
FFSI solvers

Key strengths

Zhao et al. (2006) 1DV RANS 
(implicit waves)

None (linear 
wave 
kinematics 
prescribed)

KV-type visco- 
elastic solid

Not tracked Calibrated 
eddy-viscosity 
coefficients

​ Partitioned 
(fluid over 
prescribed 
moving wall)

Handles background 
currents; first visco- 
elastic mud in CFD

Hsu et al. (2009) 1DV RANS None Bingham-like 
fluid mud

Not tracked High- 
resolution k–ε

✓ (erosion 
flux)

Partitioned 
(wave 
velocities 
prescribed)

Captures vertical 
structure and 
erosion over soft bed

Torres-Freyermuth 
and Hsu (2010)

2DV RANS 
(COBRAS)

VOF Non-Newtonian 
fluid mud (no 
rigid bed)

Implicit 
(single-phase)

k–ε (depth- 
integrated 
SGS)

✓ (mobile 
fluid mud)

Monolithic Predicts wave 
damping + mud 
transport in high- 
conc. fluid layer

Niu and Yu (2010) 2DV RANS VOF Single-layer 
viscous/visco- 
plastic mud

Explicit VOF 
interface

k–ω SST ​ Monolithic First explicit 
interface +
nonlinear (5th-order 
Stokes) waves

Hsu et al. (2013) 2DV RANS VOF Homog. fully 
fluidised mud 
(static in time)

Implicit k–ε ​ Monolithic Accurate damping 
rates; velocity 
profiles through 
mud

Hejazi et al. (2013) 2DV ALE-RANS ALE free- 
surface

Newtonian 
viscous mud

Mesh follows 
mud 
deformation

Buoyant k–ε ​ Mixed (fluid 
mesh moves 
with mud)

Simultaneous 
surface and bed 
deformation; good 
damping and 
dispersion

Niu and Yu (2014) 2DV RANS VOF Two-layer: (i) 
Newtonian 
viscous, (ii) 
visco-elastic/ 
plastic

Explicit (dual 
interfaces)

k–ω SST ​ Monolithic Captures complex 
rheology; strong 
nonlinear waves

Deng et al. (2017) 2DV DNS LSM Newtonian 
viscous mud

Implicit DNS (all scales 
resolved)

​ Monolithic Fully resolves 
turbulence; 
benchmark for low- 
Re cases
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flexible motions of the marine vegetation are expected to be relatively 
large.

Different models, such as RANS, LES, and the one-dimensional ver
tical (1DV) k–ε turbulence model have been employed by various 
research teams to model the FFSI of flexible marine vegetation. Specif
ically, the 1DV k–ε turbulence model is preferred when depth-averaged 
turbulence needs to be considered. When modelling the interactions 
between flexible marine vegetation and marine currents (Fig. 54a), the 
free surface does not need to be tracked, unlike in cases where in
teractions between waves and marine vegetation are modelled (Fig. 54b 
and c).

Two different sets of research directions within CFD-modelling of the 
flexible marine vegetation is covered in this section. The first ones are 
related to non-oscillatory flow interactions with marine vegetation and 
the second one covers the temporal evolution of studies aimed at 
modelling wave-driven flows with marine vegetation. A summary of 
CFD studies conducted to model the dynamic responses of marine 
vegetation is outlined in Table 30.

6.4.1. Non-oscillatory flow and submerged marine vegetation
The research conducted by Velasco et al. (2008) is introduced first, as 

it is one of the earlier studies and was developed under reasonable 
simplifications appropriate for that time. The authors aimed to model 
the flexible motions of a submerged plant stem subjected to a hydro
dynamic flow stream. The fluid motion was governed by steady mo
mentum balance equations, while the solid motion of the plant stem was 
idealised using a cantilever beam model. The fluid domain was dis
cretised in the vertical direction, and a finite difference method (FDM) 
was used to solve the governing equations. Later, Dijkstra and Uitten
bogaard (2010) developed another FFSI model for flexible marine 
vegetation exposed to marine currents. A one-dimensional vertical 
(1DV) k–ε turbulence model was used for the fluid equations, and the 
plant was divided into a finite number of highly flexible segments. The 
authors noted that a very flexible plant stem tends to follow the flow 
direction, and for this reason, momentum and inertia forces, along with 
drag, need to be considered in the modelling.

Another notable study on the numerical modelling of viscous marine 
currents interacting with flexible vegetation was conducted by Li and 
Xie (2011). The plant stem was formulated using a nonlinear beam 
equation, which was then decomposed and solved using a 
quasi-linearised central finite difference scheme, as detailed in Al-Sad
dar and Al-Rawi (2006). Mattis et al. (2015) also introduced another 
LES-based model, in which the motion of the solid was idealised using a 
beam model, with the plant assumed to exhibit 3D bending. Another 
FFSI study on the mutual interactions between marine vegetation, also 
based on the LES approach for fluid modelling, was conducted by Xu 
et al. (2022). In addition, a coupled Lattice Boltzmann–FEM approach is 
found in the literature, conducted by O’Connor and Revell (2019). 
Similar to other models, an IBM approach was used to couple the fluid 
and solid motions.

6.4.2. Wave-driven flow and marine vegetation
The surge of CFD-based approaches for modelling of marine vege

tation interacting with water waves emerged in 2010s. The work by 
Maza et al. (2013) can be labelled as one of the pioneering ones. The 
authors developed a Hydrostatic RANS solver and used a k–ε equation to 
model turbulence motion. The plant motion was solved under a linear 
deformation hypothesis, and their effects on the fluid motion was 
introduced to the fluid domain by adding the related terms to the tur
bulence equations. Snapshots of the simulations run by Maza et al. 
(2013) are shown in Fig. 55. A similar study was later conducted by Z. 
Chen et al. (2017).

Another RANS-based modelling study was later carried out by Chen 
and Zou (2019). Similar to previous studies conducted in earlier years, 
an IBM approach was used to couple fluid and solid motions, though the 
solid motion was modelled within a Lagrangian framework. In a parallel 
study, Chen et al. (2019c) conducted an interesting set of simulations on 
wave-vegetation interactions, employing a single-phase flow model and 
two RANS-based models that captured the water surface using the VOF 
method. Wave generation in the RANS-based models was implemented 
using IHFOAM in one case and waves2Foam in the other. However, 
despite the development of different fluid models, the authors did not 
account for flexible motion. This omission leaves room for future 
research to extend these models to incorporate the flexibility of marine 
vegetation.

A level-set-based approach for solving this problem can also be found 
in the literature, as demonstrated by Mattis et al. (2018). The authors 
idealised the fluid motion using the level-set method and the LES 
approach, and, similar to previous studies in this subsection, an IBM 
approach was used to couple the fluid and solid problems.

6.5. Wave–mud interaction

The multiphysical problem of wave–mud interactions has been 
increasingly investigated using CFD approaches, with a summary of 
relevant studies presented in Table 31. These models often capture free 
surface deformations using techniques like VOF, level-set or ALE tech
niques, along with appropriate wave generation schemes (e.g. Niu and 
Yu, 2010). The VOF and Level Set methods, along with their differences 
and limitations, were introduced in Sub-section 3.1.4. on Consequently, 
these setups resemble those used in wave–structure or wave–vegetation 
interaction problems, all of which were covered in the previous sub
sections of this section. A typical CFD domain used to model such 
wave-mud interaction, inspired by Niu and Yu (2010, 2014), is shown in 
Fig. 56.

The mud layer is typically treated as a viscous layer or non- 
Newtonian material (as discussed in subsection 5.6). While wave–mud 
interaction is fundamentally a flexible fluid–structure problem, CFD 
treatments often simplify it to a viscous flow over a soft bed. One of the 
earliest studies, Zhao et al. (2006), employed a viscoelastic solid model 
(KV-type) for the mud. The model prescribed wave motion using linear 
theory without capturing free surface deformation, and relied on 

Fig. 56. An example of a CFD domain designed for modelling wave–mud interactions. The dimensions are not to scale. Dimensions are just set to be equal to those of 
flume experiments presented in Niu and Yu (2014).
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Table 32 
Future outlook of FFSI modelling in ocean engineering.

Problem General comment on 
understanding

Limitations and improvement 
needs in inviscid models

CFD modelling gaps 
and opportunities

Benchmarking gaps Integration into engineering and 
nature-based protection

Design codes and 
classification rules

Ocean wave modelling

Wave–Structure 
Interaction

Enable efficient wave–floe 
interaction models (thousands 
of floes) in MIZs and deepen 
understanding of related 
nonlinear hydrodynamics.

Improved modelling of 
hydroelastic effects, including 
deformation, mode coupling, 
and added-mass variation, 
through improved 
wave–structure coupling for 
accurate prediction of stress and 
energy exchange.

Lack of understanding 
of one-way versus two- 
way modelling.

Very limited and 
last time was done 
in 2000s.

Consideration of FFSI in design of 
marine structure is very limited to 
academia, and the environmental 
impact needs to be considered.

Hydroelasticity is often 
overlooked in breakwater 
design codes and in rules 
presenting loads on 
marine structures.

Better parametrisation 
of the wave-decay in 
different ice fields (e.g. 
grease ice) is required.

Ship 
hydroelasticity

Limited understanding of 
asymmetric flexible ship 
responses, and global loads in 
oblique waves, and extreme 
conditions.

Development of highly 
nonlinear yet computationally 
efficient 3D models.

Nonlinear FEM is not 
considered.

Not all recent 
models are 
considered in the 
latest 
benchmarking.

Not yet integrated into holistic ship 
design models

Classification rules 
typically assume a rigid 
body when calculating 
VBM, HBM, and TM.

N/A

Flexible 
slamming

Lack of awareness regarding 
dynamic analyses of different 
slamming problems, and 
integration of hybrid 
global–local flexible ship 
models.

Advanced Wagner-type models 
that capture fluid nonlinearity 
and flow separation, especially 
under asymmetric or oblique 
impacts, are still lacking.

Lack of understanding 
of one-way versus two- 
way modelling and 
need to develop 
aerated flexible 
slamming.

Only bottom 
slamming of 
stiffened plates is 
tested with some 
limited models.

Flexible slamming is not yet 
considered in holistic ship design 
models.

Flexible slamming is 
scarcely addressed in 
current design rules.

N/A

Flexible marine 
propellers

Realistic conditions, including 
flexible propeller operating in 
waves and during ship 
manoeuvre are still missing.

Improved modelling of 
hydroelastic effects like 
deformation, mode coupling, 
and added-mass changes

More efficient models 
solving flexible marine 
propellers, especially 
in self-propulsion tests 
are recommended to be 
done.

No benchmarking 
studies exist beyond 
basic validation 
cases.

Research is largely academic and has 
yet to be translated into engineering 
practice.

Propeller design rules 
provide stress calculation 
procedures but neglect 
flexibility in evaluating 
bending and torsional 
moments.

N/A

Better wave–structure coupling 
to predict deformation, stress, 
and energy transfer

Marine 
Vegetation

There is a lack of experimental 
validation and comprehensive 
hydrodynamic coefficients, 
limiting the practical 
application of rational models 
for flexible marine vegetation 
under large deformations and 
oscillatory flows

More advanced model for large 
deformations is recommended 
to be developed.

CFD models are 
limited, with their 
uncertainties largely 
unexplored.

No benchmarking 
studies exist beyond 
basic validation 
cases.

Nature-based coastal protection 
using marine vegetation is mostly 
limited to research studies; future 
studies should incorporate climate 
change projections to support 
practical application.

N/A A more accurate 
formulation that can be 
easily implement in 
wave models is 
required.

Wave–mud 
interactions

Limited understanding of time- 
dependent rheology (e.g. 
thixotropy) and nonlinear 
viscoelasticity under wave 
forcing.

Inviscid models cannot capture 
dissipation due to fluid–mud 
coupling or the feedback of bed 
deformation on wave motion

CFD models rarely 
represent mud as a 
viscoelastic or poro- 
viscoelastic solid

No benchmarking 
studies exist beyond 
basic validation 
cases.

Often treated as passive layers; not 
yet integrated into fully coupled 
wave–seabed–structure models

No engineering guidelines 
for flexible or fluidised 
mud layers exists; 
navigability and seabed 
response not incorporated 
into coastal/port design 
codes

Easier and more 
accurate formulation/ 
parametrisation that 
can be easily implement 
in wave models is 
required.
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calibrated turbulence parameters. The authors suggested that the model 
could be extended to simulate irregular wave propagation over a muddy 
seabed. However, two key limitations can be identified in this model: (I) 
the reliance on parameter tuning to achieve acceptable accuracy, and 
(II) the absence of free surface deformation in the modelling. Its strength 
was in handling background currents, though it lacked predictive 
capability for free surface effects.

Hsu et al. (2009) developed a high-resolution 1DV model to solve 
turbulent wave-induced motion above a muddy layer. The primary focus 
of this research was on sediment transport over a Bingham-like mud 
layer, again without modelling surface deformation. The wave velocity 
profile was prescribed, and the model excelled at estimating erosion 
flux.

Later, more advanced RANS-based two-dimensional models 
emerged. These models can track free surface deformation, simulate 
turbulent flow, and potentially estimate sediment transport. Torres-
Freyermuth and Hsu (2010) used a CFD code named COBRAS to simu
late waves over a high-concentration flocculated mud layer without a 
defined wave–mud interface. The mud layer was modelled as a 
non-Newtonian fluid. The model could predict both wave damping and 
sediment dynamics, but it was limited to mobile fluid mud above the 
gelling concentration, but not a consolidated muddy seabed. The au
thors suggested further development of the model to incorporate highly 
concentrated and consolidated mud layers.

Hsu et al. (2013) improved this by using a VOF method for free 
surface deformation tracking and modelling the mud as homogeneous, 
fully fluidised, and temporally static. The mud–water interface was not 
explicitly tracked. Nevertheless, the model provided predictions of ve
locity profiles within the mud layer and successfully calculated the 
mud-induced wave damping rate. The results from the numerical and 
linear models were found to be in good agreement, although the 
nonlinear numerical model showed relatively a better level of accuracy.

Niu and Yu (2010, 2014) explicitly tracked the water–mud interface 
using VOF in a RANS framework. Niu and Yu (2010) modelled a 
single-layer muddy bed. In contrast, their 2014 model used a two-layer 
approach: a Newtonian viscous upper layer and a viscoelastic–plastic 
lower layer. These models effectively represented complex mud 
rheology and nonlinear wave fields (e.g., fifth-order Stokes waves), but 
lacked sediment transport prediction capabilities. The authors 
acknowledged this shortcoming and suggested it as a direction for future 
work, an extension that, to date, has not been implemented.

Hejazi et al. (2013) introduced an ALE-based RANS model that 
captured both free surface and mud deformation. Turbulent fluid motion 
was simulated using a two-equation buoyant k–ε turbulence model. The 
mud layer was treated as a Newtonian fluid, and wave damping and 
wave dispersion were accurately predicted, although erosion and 
fluidization processes were not considered. A more recent development 
was made by Deng et al. (2017), who used DNS with a LSM to simulate 
wave propagation over a viscous mud layer. All relevant turbulent scales 
were resolved, making the modelling suitable for relatively low Rey
nolds numbers. One of the main limitations of the DNS approach, when 
compared to other CFD methods, is its high computational cost.

Despite this progress, current CFD-based studies on wave–mud in
teractions remain limited, but they have undergone a gradual evolution 
over time. Early approaches were predominantly 1DV models that 
neglected free surface deformation. These have since advanced to 2DV 
frameworks capable of tracking surface deformation, and more recently, 
DNS methods have been employed to resolve turbulent flow motion 
above the mud layer, although notably, no LES or VLES models have yet 
been applied in this context.

While KV-type viscoelastic mud modelling has been introduced (e.g. 
Zhao et al., 2006), most CFD-based studies treat mud as a 
non-Newtonian or viscoplastic material (Bingham-like), neglecting 
elastic behaviour and resonant responses, which are crucial in some 
damping scenarios. This represents a clear gap and a promising direction 
for future research. Moreover, none of the models have defined the mud 

displacement (vertical or even lateral) as a field variable in the gov
erning equations. This stands in contrast to typical practices in wave
–structure interaction modelling and flexible slamming simulations 
using CFD, where displacement fields are explicitly solved. It also differs 
from several inviscid-based wave–mud interaction models (see subsec
tion 5.6), where vertical deformation is clearly introduced in the prob
lem. This distinction likely stems from the FFSI framework used in CFD 
modelling of wave–mud systems, where the interface dynamics emerge 
through momentum exchange and are tracked using VOF or ALE ap
proaches. While effective for capturing fluid-fluid or fluid-solid interface 
evolution, this formulation does not account for elastic restoring forces 
or structurally governed interface motion.

Interestingly, in contrast to many FFSI problems in ocean engineer
ing which are typically modelled using a partitioned approach, several 
wave–mud interaction studies adopt a monolithic modelling strategy, 
such as those by Deng et al. (2017) and Niu and Yu (2010), where 
interface motion is embedded in the fluid dynamics. Nevertheless, par
titioned methods, such as that used by Zhao et al. (2006), are also pre
sent in the literature.

Future research may benefit from incorporating mud displacement 
fields governed by elastic or viscoelastic structural equations. Such a 
formulation unifies fluid-dominant and structure-dominant paradigms 
and better capture the physics of wave–mud interaction problem 
involving resonance and strong coupling effects.

7. Future directions in FFSI modelling in Ocean engineering

Following the state-of-the-art review presented in Sections 3 to 6, a 
solid understanding of the modelling landscape and existing gaps in FFSI 
problems covered in the present review paper have been established. 
These diverse problems and modelling approaches can now be 
concertedly brought under a single umbrella to frame the future outlook 
for research in FFSI modelling across the range of cases considered, 
which is outlined in Table 32. This outlook is drawn from the previous 
discussions, insights from previous review papers, the identified needs 
for I) benchmarking studies, II) the integration of FFSI into design and 
classification rules, and the III) incorporation of FFSI into broader ocean 
modelling frameworks.

7.1. Research outlooks from foundational reviews and gaps ahead

Upon reviewing the development in FFSI modelling of the considered 
problem, the current state of research can be broadly compared with 
future outlooks as seen through the lens of foundational review and 
technical papers by Faltinsen (2000), Chen et al. (2006b), Hirdaris and 
Temarel (2009), Kapsenberg (2011), and Young et al. (2016), Squire 
(2020), Robillard et al. (2023). These papers primarily outlined the 
limitations of the models available at the time and anticipated key 
research directions.

The need to develop nonlinear FFSI models for ship hydroelasticity 
and wave–structure interactions was highlighted by Chen et al. (2006b)
and Hirdaris and Temarel (2009) in 2000s, an outlook that has largely 
materialised, as evidenced by the development of numerous weakly 
nonlinear panel models, strip theories, and CFD models over the past 
decade. In specific, a notable surge in CFD-based approaches occurred 
during the 2010s, as anticipated by Hirdaris and Temarel (2009), 
although nonlinearity in the FEM modelling of the ship structure re
mains largely unaddressed.

While nonlinear and advanced three-dimensional models for wave
–structure interactions and global ship hydroelasticity have advanced 
over time, Squire (2020) noted that modelling wave propagation in 
marginal ice zones (MIZs) containing thousands of non-circular ice floes 
remains computationally high with existing wave-structure models. A 
potential direction for future research is therefore the development of 
more efficient numerical methods or reduced-order models capable of 
accurately capturing the physics more efficiently.
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The need to consider local effects on slam loads, including air 
entrapment and flexible deformation, was raised by Kapsenberg (2011), 
and has since been addressed in several FFSI slamming models. How
ever, the choice between dynamic and static modelling approaches re
mains unresolved and warrants further fundamental investigation. 
Faltinsen (2000), on the other hand, highlighted a critical issue con
cerning the actual impact velocity at the precise moment of slamming, 
which arises from the fully nonlinear behaviour of fluid motion around 
the body during impact. Some progress has been made in this area by 
Volpi et al. (2017), Diez et al. (2022), and Lee et al. (2024), although 
these studies have focused on high-speed planing hulls rather than ships 
and other types of marine vehicles. Therefore, future research should 
continue to pursue this line of investigation.

Progress in the numerical and experimental modelling of flexible 
propellers is limited to idealised conditions as observed in the previous 
sections, with many models neglecting realistic operating scenarios, a 
limitation identified by Young et al. (2016) as a potential future research 
direction. Addressing this gap should be considered one of the most 
important priorities for future research.

Finally, Robillard et al. (2023) noted that current wave–mud inter
action models are overly simplified and are formulated based on 
time-independent rheological relationships. The asymmetric nature of 
thixotropy needs to be taken into account. Research has not yet 
addressed these aspects, although it has only been two years since 
Robillard et al. (2023) raised this concern.

7.2. Current state and gaps in benchmarking

Benchmarking analyses in FFSI modelling of various problems in the 
maritime environment are critically important (Storhaug et al., 2022) 
and are mostly commonly conducted in the context of wave–structure 
interactions (Riggs et al., 2006), global ship hydroelasticity (Parunov 
et al., 2024), and flexible slamming (Truong et al., 2021). Most bench
marking studies have focused on global ship hydroelasticity, from the 
early efforts of Watanabe and Guedes Soares (1999) to the most recent 
work by Parunov et al. (2024). However, even in these studies, not all 
available models have been included.

A similar concern applies to the benchmarking of flexible slamming 
problems, where current efforts are mostly confined to bottom slamming 
of stiffened plates and rely on only two computational codes (Truong 
et al., 2021). No benchmarking analyses have been conducted for flex
ible marine propellers, despite the recommendation by Young et al. 
(2016), and benchmarking efforts in marine vegetation modelling and 
wave–mud interactions are virtually absent, and studies are limited to 
validation of models.

7.3. Translating FFSI research into engineering applications and nature- 
based design

The integration of hydroelastic models into ocean engineering design 
was emphasised by Hirdaris and Temarel (2009), who called for the 
incorporation of ship hydroelasticity models into the ship design pro
cess. This need remains pressing, particularly in light of recent advances 
in holistic ship optimisation tools (e.g., Papanikolaou, 2010; Kon
dratenko et al., 2023), which often still overlook hydroelastic effects.

In contrast, greater progress has been made in marine propeller 
research, where FFSI codes have been more successfully integrated into 
propulsion system design (e.g., He et al., 2012). However, even in this 
area, the research remains largely confined to academia and has yet to 
see widespread adoption in industry.

Flexible wave–structure interaction models could be valuable for the 
design of marine structures, coastal protection system and wave energy 
converters, including configurations involving arrays of flexible energy 
devices. However, this research too remains mostly academic, and the 
environmental impacts of such systems also warrant careful 
consideration.

In addition, marine vegetation can naturally protect coastal areas 
(Van Slobbe et al., 2013; de Vriend et al., 2015); however, research in 
this area is immature and largely confined to academic investigations (e. 
g. Unguendoli et al., 2023). Further studies are therefore needed with 
the aim of developing naturally protected coastlines using marine 
vegetation (e.g. Marino et al., 2025), which also requires an under
standing of future climate conditions (Seddon et al., 2020).

Finally, wave-mud interaction can be potentially used in the design 
of offshore structure. Yet, the flexible mud is treated as a passive layer 
and not integrated into fully coupled wave–seabed–structure models. 
That should be a future research direction.

7.4. The need for hydroelastic considerations in design standards

In practice-oriented research and design, it is very important to 
integrate hydroelasticity into classification rules, and this is relevant to 
ship structural design. While current rules include some limited 
hydroelastic considerations (e.g. in Det Norske Veritas, 2017), such as 
design pressures on bottom sections exposed to slamming these are far 
from sufficient. The primary concerns lie in the calculation of VMB, 
HBM, and TM in ship design rules. Properly accounting for these 
hydroelastic effects would enable more accurate predictions of mini
mum plate thicknesses by considering the flexible response of the 
structure. However, in existing classification rules (e.g., BV Rules, Part 
B; see Bureau Veritas, 2025; Det Norske Veritas, 2017), the equations 
used to define sea loads are still based on the assumption of a rigid hull. 
Therefore, it is strongly recommended that future efforts address this 
important practical gap.

A similar limitation exists in classification rules for marine pro
pellers. Although strength design procedures are provided (e.g., Bureau 
Veritas, 2023), they typically consider only static effects, with no 
detailed guidance on accounting for dynamic effects or hydroelasticity 
in calculating the bending moments acting on the blades.

The same comment also applies to marine structures, including 
offshore wind turbines, breakwaters, VLFs, and TLPs, which dominantly 
consider loads from a rigid, yet flexibility of structure can be important 
(e.g. in Jonkman et al., 2020; Li, 2022; Ran et al., 2023). Related rules 
are recommended to revisit their local and global load equations by 
consideration of hydroelasticity for the cases required. Rules still do not 
consider possible-wave mud interactions.

7.5. Limitations of current FFSI models in ocean modelling

Ocean wave climate modelling requires physical models or empirical 
equations that can be directly applied to wave models. This is particu
larly relevant to wave–ice interactions, wave–vegetation interactions, 
and wave–mud interactions. Existing models are often highly idealised 
and may fail to capture the underlying physical processes accurately. As 
noted by Squire (2020), current wave–ice interaction models still fall 
short in predicting the observed wave energy decay in real ice fields. 
Therefore, future research in these areas should aim to deliver more 
realistic predictions of wave energy attenuation, which may be achieved 
not only through improved model development but also through refined 
parameterisation approaches.

7.6. Next steps in CFD-CSD modelling of marine vegetation and wave- 
mud interactions

It has been noted that, the progress in FFSI modelling of marine 
vegetation and wave–mud interactions have been relatively slow, 
particularly in the context of CFD modelling, compared to other prob
lems covered in this review. Notable advancements have been made in 
inviscid flow and theoretical modelling approaches, but CFD-based 
models remain limited. A valuable next step in advancing CFD-based 
modelling of both marine vegetation and wave–mud interactions 
would be to conduct fundamental studies focused on setting up robust 
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CFD–CSD frameworks.

7.7. Emerging role of Artificial Intelligence in FFSI modelling

Beyond the limitations discussed, the recent and rapid introduction 
of Artificial Intelligence (AI) into various ocean engineering problems 
(e.g. Zhang et al., 2024, 2025b) presents new opportunities for appli
cation in FFSI modelling. AI techniques can be employed for 
time-domain prediction of dynamic responses, solving governing equa
tions using Physics-Informed Neural Networks (PINNs) or 
Physics-Guided Neural Networks (PGNNs), surrogate modelling, and 
accelerating numerical simulations of FFSI through data-driven ap
proaches (see a review on accelerating CFD codes using Machine 
Learning in Caron et al., 2024). Although their application in this area is 
currently limited, the potential is significant, and it will be exciting to 
observe how these methods evolve and expand within the field over the 
next decade.

Two examples of the potential use of AI in FFSI modelling within the 
marine environment are briefly outlined here. The first is the application 
of AI to predict the time history of transient dynamic responses of ships 
or flexible marine structures subjected to wave loading using various AI- 
based time-series prediction methods (see an example of using AI for 
short-term prediction of loads acting on a trimaran in Tang et al., 2025). 
The second example is the use of AI to directly solve FFSI problems 
across space and time. For instance, PINNs can be trained to model 
flexible wave–structure interactions (see examples of wave modelling 
with PINNs in Chen et al., 2024b; Zhan et al., 2025), with their per
formance benchmarked against CFD and inviscid-based models. Many 
other applications are possible, which require inspiration from recent 
AI-based studies and up-to-date knowledge of AI tools, as well as an 
understanding of how they can be integrated with FFSI data, models, 
and governing equations to provide intelligent hydrodynamic tools for 
engineers and researchers.

8. Concluding remarks

This paper reviewed state-of-the-art FFSI models across six key 
maritime application areas: flexible wave–structure interactions, ship 
hydroelasticity, flexible slamming, flexible marine propellers, marine 
vegetation interactions, and wave–mud interactions. The review illus
trated how advanced FFSI models are becoming indispensable tools for 
ocean engineers involved in ship and marine structure design, devel
oping innovative coastal protection solutions (both nature-based and 
engineered), and predicting oceanic climate impacts.

Through a systematic analysis of model developments within each 
problem class, the review identified fundamental similarities and dif
ferences in modelling approaches, fluid and structural idealisations, 
coupling strategies between solvers, and methods for integrating com
plex physical processes in FFSI analyses.

Significant advancements have occurred over the past two decades, 
reflecting a clear transition from purely analytical or simplified math
ematical models toward sophisticated numerical methods capable of 
capturing complex real-world phenomena. This progression represents 
substantial progress in accurately simulating challenging maritime 
scenarios.

To continue this advancement, several key challenges and directions 
have been identified for future research: 

• Developing computationally efficient yet high-fidelity numerical 
models;

• Establishing standardised benchmarks for rigorous validation and 
verification;

• Bridging the gap between advanced research models and practical 
engineering applications;

• Enhancing simulation accuracy to realistically represent complex 
maritime environments.

Progress in these areas will require deeper interdisciplinary collab
oration among ocean engineers, computational scientists, industry 
stakeholders, and policymakers. Ultimately, such collaboration will 
ensure that FFSI models continue to evolve into robust tools, improving 
the reliability, safety, and resilience of maritime infrastructure and 
environmental solutions in an era of rapid oceanic and climatic change.
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Söding, H., 1982. Leckstabilität in Seegang. Report 429 of the Institut für Schiffbau. 
Hamburg. 
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