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Hydroelastic analysis of slamming induced impact on stiff and flexible structures by
two-way CFD-FEA coupling
Dongni Yan , Tommi Mikkola , Pentti Kujala and Spyros Hirdaris

Marine Technology Group, Department of Mechanical Engineering, Aalto University, Espoo, Finland

ABSTRACT
In rough seas, ships may be subject to wave-induced slamming loads. Thus, modelling of fluid and structural
mechanics, and their dynamic interactions can help with the evaluation of fluid actions and the prediction of
wave-induced loads for use in ship design. In this paper a partitioned two-way coupled CFD-FEA fluid–
structure interaction (FSI) method is used to study the water entry of flat plates with different impact
velocities and wedges with different deadrise angles. Results show that when flexible plate dynamics
prevail, at relatively low to medium impact velocity a negative correlation between the nondimensional
pressure and water entry velocities is evident near plate centre areas. A steady correlation exists when
only stiff plate dynamics prevail. Pressure differences between stiff and flexible wedges become evident
at small deadrise angles. The similarity of the pressure distribution during water impingement of ideally
stiff wedge structures is not valid when structural flexibility prevails.
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1. Introduction

When a ship operates in rough seas, her bow may lift and then slap
on waves because of the relative motions between the hull and the
wave surface. Due to high vertical velocity during the re-entry of the
ship hull in water, impulsive loads associated with the high hydro-
dynamic pressure peaks occur. This phenomenon is called ‘slam-
ming’ and it is strongly nonlinear. Local slamming loads are
severe, transient and may cause local structural damage during
extreme events (Hirdaris et al. 2014). For example, Yamamato
et al. (1985) reported damages due to bow flare slamming on an
819 TEU container ship in cyclone conditions. They concluded
that an 840 kPa impact pressure in way of a 13.7 m circular area,
may lead to structural damage. The adverse effects of an extreme
slamming case influenced the M/S Estonia accident in 1994. During
her last journey in Baltic Sea, due to slamming the ship lost her bow
visor (JAIC 1997). A damage of her watertight front door led to her
capsize and the loss of 852 lives.

A comprehensive research summary on ship slamming is pre-
sented by Kapsenberg (2011). Early research on local slamming
loads has been driven by von Karman (1929) and Wagner (1932).
Wagner’s model is based on the potential flow theory. It applies
within the context of ideal and incompressible fluid flow that is gen-
erally used for the estimation of the pressure distribution on two-
dimensional ideally stiff bodies (e.g. ideally stiff wedges).

Zhao and Faltinsen (1993) solved the similarity flow for wedges by
a nonlinear boundary element method with a jet flow approximation.
Their results agreed with the simple asymptotic solution by Wagner
(1932) for small deadrise angles. Zhao et al. (1996) extended this
approach to 2D arbitrary geometries. These papers provided impor-
tant research output in terms of the value of analytical formulations
and potential flow-based simulations and the ideas presented are
implemented in existing classification guidelines (DNVGL 2017).

With the advent of super-computing power, advanced numeri-
cal methods have been employed to better understand the influence

of fluid-induced nonlinearities. Examples are the Arbitrary Lagran-
gian-Eulerian (ALE) scheme (Stenius et al. 2006; Wang and Guedes
Soares 2012), the Finite Volume Method (FVM) (Southall et al.
2015), Smoothed Particle Hydrodynamics (SPH) (Alexandru et al.
2007; Veen and Gourlay 2012; Farsi and Ghadimi 2016) and
Volume of Fluid (VOF) methods (Southall et al. 2014). Maki
et al. (2011) presented a loosely coupled CFD-FEA method to
study the water entry of an elastic wedge. In their work, CFD is
applied to obtain the slamming pressures on an ideally stiff body.
Consequently, the pressure is projected onto a structural FEM
model. Hydroelastic coupling approaches have been carried out
to study the influence of flexible fluid–structure interactions on
wedge-shape structures by combining the Boundary Element
Methods (BEM) and Finite Element Method (FEM) (e.g. Lu et al.
2000), ALE and FEM (Stenius et al. 2011; Wang and Guedes Soares
2014) and SPH and FEM (Panciroli et al. 2012). Recently, Truong
et al. (2021) conducted a benchmark study on the analysis of slam-
ming responses of flat-stiffened plates. The authors compared suc-
cessfully different numerical methods that may be used for the
analysis of local slamming loads. Yan et al. (2022) presented a
detailed validation of two-way coupled Finite Volume (FVM) and
FEA methods. The authors studied the full history of the flat
plate water entry problem. Experimental and numerical uncertain-
ties analysed according to ASME V&V method (ASME 2009)
confirmed the validity of the simulation-based approach.

In literature, there is lack of systematic comparisons on how
different the behaviours of stiff and flexible structures can be by
considering the strong-coupled FSI. With the latter in mind, this
paper extends the work by Yan et al. (2022) for the case of stiff
and flexible plates impinging the water at different impact velocities
and wedges impinging the water at different deadrise angles. The
mechanics of the two-way coupled FVM-based CFD and FEA
methods are systematically analysed to further study the influence
of structural dynamics on the loads and responses. The effects of
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slamming are analysed within the context of two-phase flow ideal-
isation (i.e. air and water effects are considered). For the wedge
structure, results are compared against classification guidelines
(DNVGL 2017).

The rest of the paper is organised as follows. Section 2 describes
the hydroelastic modelling methodology. Section 3 presents
numerical investigations and discussion. Conclusions are drawn
in Section 4.

2. Hydroelastic modelling

In slamming problems, both impact and responses are transient
and strongly interactive. This is because the variation of fluid
actions may modify the dynamic state of the structure, and conse-
quently nonlinear motions may lead to stochastic responses.
Hydroelastic models may be considered useful in terms of studying
on the dynamic response (Hirdaris and Temarel 2009). Two-way

coupled flexible fluid–structure interaction models may lead to
more realistic results (e.g. Kivelä et al. 2020; Lakshmynarayanana
and Hirdaris 2020).

The simulations presented in this paper are based on the two-
way coupled partitioned approach of Lakshmynarayanana and Hir-
daris (2020) (see Figure 1). The fluid domain is idealised by FVM
and accordingly the flow is assumed to be governed by (i) the con-
tinuity equation described by mass conservation and (ii) Navier-
Stokes equations following the principles momentum conservation
(Ferziger and Peric 2003) as embedded in STAR CCM+ 13.02
(2018). Structural idealisations are carried out in FEA solver ABA-
QUS (Dassault Systèmes 2016). Throughout the simulations, both
fluid pressure and structural displacement were constantly trans-
ferred in between the FSI boundaries, while fluid mesh defor-
mations were accounted for at each time step. A detailed
discussion on fluid and structural domain modelling and their
interactions is given in the following sub-sections.

Figure 1. Two-way coupled FSI modelling method. (This figure is available in colour online).

Figure 2. Fluid domain idealisation (a) plate and (b) wedge. (This figure is available in colour online).
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2.1. Fluid domain modelling

The fluid domain idealisations of plate and wedge models are
depicted in Figure 2. For the case of the plate structure, the refer-
ence domain is based on Tödter et al. (2020). To develop an accu-
rate and computationally efficient FSI domain for the prediction of
slamming forces, instead of modelling the exact test tank sizes, the
3D computational domain was idealised as a cuboid of length
1200 mm in both x- and y-directions, and with height of
1000 mm in the z-direction (see Figure 2(a)). The position of the

Table 1. Material properties.

Stiff plate Stiff wedge
Flexible
plate

Flexible
wedge

Material Aluminium Polyoxymethylene
(POM)

Young’s modulus (MPa) 70,300 2800
Poisson’s ratio 0.33 0.3
Shear modulus (MPa) 26,400 1077
Density (kg/m3) 2660 1410
Thickness (mm) 16 16 4.7 6.3

Figure 4. FEA models with eight-node continuum shell elements (ABAQUS SC8R) and structural boundary conditions for (a) plate and (b) wedge. (This figure is available in
colour online).

Figure 3. Mesh discretisation around (a) plate and (b) wedge. (This figure is available in colour online).
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plate is set 500 mm above the domain bottom. The remaining test
body volume above the plate is subtracted from fluid domain. Three
numerical pressure sensors are located on the plate and water entry
velocities are assumed constant. For computational economy, the
plate is assumed to be fixed in space and fluid actions apply verti-
cally upwards at speeds 0.519, 0.782 and 1.041 m/s. The free surface
is initialised at 30 mm below the plate bottom. This ensured that
steady velocity and pressure fields are well developed before impact.

The water entries of symmetric wedges with side wall length of
500 mm and deadrise angles 20, 30, 40 and 60° are modelled within
the context of a very thin CFD domain. Similarly, as in plate cases,
the wedge is assumed to be fixed in space and the constant water
entry velocity is set as 3.13 m/s as the overall scale of model is in
agreement with KRISO (2014). The numerical reference domain
size in x–z plane is 2 m × 2 m, with the original calm water surface
located at the middle of the fluid domain. The wedge apex is posi-
tioned in way of the plane of symmetry, i.e. the vertical middle line
of the domain (see Figure 2(b)). The sides of the fluid domain that
are parallel to the y–z plane are set as symmetry boundary con-
ditions. The wedge surfaces are assumed to be ‘walls’ representing
impenetrable and traction-free surfaces because of inviscid flow
assumptions. The domain bottom is set as velocity inlet and the
domain top is set as pressure outlet. To suitably idealise fluid
dynamics in 2D, the sides of the fluid domain that are parallel to
the x–z plane are set as symmetric boundary conditions. Accord-
ingly, the influence of velocity and gradients of all variables normal

to the boundary surface is assumed negligible. For the plate case
(see Figure 2(a)), the boundary conditions are similar to those
applied for the case of the wedge.

The flow is assumed inviscid. Thus, Navier-Stokes equations are
reduced to Euler format, as expressed by Equations (1) and (2),
respectively (STAR CCM+ 2018):

∂

∂t

∫

V

rdV +
∮

A

rv · da = 0 (1)

∂

∂t

∫

V

rvdV +
∮

A

rv⊗ v · da = −
∮

A

pI · da+
∫

V

f bdV (2)

where r is the density, v is the continuum velocity, ⊗ is the outer
product, f b is the resultant of the body forces (e.g. gravity) per
unit volume acting on the continuum and p is the pressure.

Since FVM approximation is used for both plate and wedge
structures, the integral form of conservation equations with initial
and boundary conditions is applied to the control volumes and dis-
cretised into a set of linear algebraic equations (STAR CCM+ 2018).
The second-order upwind scheme is used to evaluate the convective
fluxes. The Hybrid Gauss-LSQ method is used to evaluate gradients
and the second-order implicit temporal discretisation scheme is
used for time integration (STAR CCM+ 2018).

Figure 5. Comparison of stiff and flexible plate simulations with experimental (flexible plate) results presented by Tödter et al. (2020) for different entry velocities namely
0.519, 0.782 and 1.041 m/s, respectively. (This figure is available in colour online).
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Eulerian two-phase flow is applied in fluid domain to model
both air and water phases. Water compressibility is modelled artifi-
cially to enhance numerical stability. Accordingly, density depen-
dency of pressure and speed of sound is idealised as per
Lakshmynarayanana (2017) and Camilleri (2017), see Equations
(3) and (4). The density of air is assumed constant, considering
the ratio of the maximum flow velocity in simulations to the
speed of sound in air, i.e. Mach number is much smaller than 0.3.

r = r0 + p/c2 (3)

dr/dp = 1/c2 (4)

In the above equations, r is the density, r0 is a density constant,
dr/dp is a derivative of density against pressure and c is the
speed of sound in water.

The interface between the phases is modelled by a VOF surface
capturing technique (Hirt and Nichols 1981) for which the
additional transport equation is solved for a volume fraction. The
HRIC (High Resolution Interface Capturing) discretisation scheme
is used to discretise the convective fluxes in the volume fraction
equation to achieve a sharp resolution of the interface and avoid
unphysical solutions.

Unstructured hexahedral cells based on trimmed Cartesian grids
are used to discretise both plate and wedge cases (Figure 3). Mesh
refinements were carried out by volumetric blocks. This ensured
better capturing of the free surface and high gradients of pressure

and fluid velocities around the plate and wedge. Southall et al.
(2014) generated numerical models of wedges for CFD simulations
and compared with the results presented in KRISO (2014). In this
work, 5 mmmesh size was applied around the wedge, and compari-
sons against experimental data were shown to be reasonable while
computational cost was modest. On this basis, 5 mm mesh and a
time domain discretisation step of the order of 5e–5s may be con-
sidered adequate. Based on the work by Yan et al. (2022), 3 mm of
grid size was considered adequate in terms of capturing pressure
peaks on the plate surface. Time steps of the order of 5e–5s, 4e–
5s and 3e–5s are used to idealise small to high-impact water entry.

2.2. Structural domain modelling

The material properties for stiff plate/wedge and flexible plate/
wedge are summarised in Table 1. The dynamic response of the
wedge and plate structures (i.e. deformations, stresses, strains,
etc.) is evaluated using ABAQUS FEA (Dassault Systèmes 2016).
In line with the ‘hydroelasticity analysis for ship design’ approach
introduced by Harding et al. (2006), system eigenvalues are evalu-
ated by solving Newton’s second law of motion:

Mẍ+ Cẋ+ Kx = F (5)

whereM, C and K are the mass, damping and stiffness matrices, F is
the external load applied, ẍ, ẋ, x are the acceleration, velocity and
displacement vectors on finite element nodes.

Figure 6. Comparison of stiff and flexible plate simulations results for cases with entry velocity 0.519 and 1.041 m/s, respectively. (This figure is available in colour online).
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The dynamic equilibrium equation is solved by a Lanczos modal
analysis algorithm (Dassault Systèmes 2016). When applying the
history of loading of slamming pressures, the nonlinear transient
dynamic response is calculated using a Hilber–Hughes–Taylor sol-
ver for time integration (Bathe 2016). Nonlinear equilibrium
equations are solved in an iterative manner at each time increment
using Newton’s method.

The ABAQUS FEA eight-node continuum shell element (SC8R)
is used to discretise the plate/wedge structure. It is noted that this
model accounts for the influence of the effects of transverse shear
deformation (Dassault Systèmes 2016). Based on the work of
Camilleri (2017) and Xiao and Batra (2014), a stiffness proportional
Rayleigh damping of the order of 4% is used to diminish the high-
frequency components and improve the stability of the numerical
solution. Five element stacks are used to idealise the thickness of
the plate and to provide better-refined through-thickness response

prediction. To ensure better interpolation mapping throughout the
two-way coupling process, the discretisation size of structural
elements on the plate and wedge bottom surfaces are set similar
to those used by the fluid domain model.

The following boundary conditions are applied:

. For the plate structure (see Figure 4(a)), all degrees of freedom
(dof) are constraint in way of the 16 vertical screw locations.
The translations of outer plate edges are restricted in the x-
and y- directions. The line locations (inner boundary) are con-
straint along x-, y- and z-translations at 25.3 mm from outer
edge of the plate.

. For the wedge structure (see Figure 4(b)), y-symmetric boundary
condition is applied on the surfaces that are parallel to the x–z
plane. At the top-surface of the wedge structure, x-, y- and z-
translations are restricted.

Figure 7. Pressure (P), velocity (V) and deformation (D) distribution at the pressure sensor P1 peak time of impact of stiff plate (upper half) and flexible plate (bottom half)
simulations for cases with entry velocity of (A) 0.519 m/s; (B) 0.782 m/s and (C) 1.041 m/s, respectively. (This figure is available in colour online).
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2.3. Two-way fluid–structure interaction (FSI)

A two-way coupled implicit FSI scheme is used to simulate the
response of stiff and flexible plates and wedge structures following
a slamming event. In two-way coupling, the impact pressure is
mapped to the structure, and the structural deformation is trans-
ferred back to the fluid solver to update the mesh (Figure 1). An
implicit scheme is chosen to idealise the strong coupling between
hydrodynamic loads and structural velocities during slamming. In
strong coupling algorithms, the fluid and structure solvers can be
resident in processor memory simultaneously. Data are then
transferred at regular intervals from the memory that the struc-
ture solver uses to/from the memory of the fluid solver (STAR-
CCM+ 2018). The implicit scheme is computationally expensive.
However, it is much more stable as it allows data exchange
more than once per time step (20 exchanges per time step is
set here, i.e. one exchange per every iteration). The addition of
artificial fluid compressibility can benefit the numerical stability

and faster convergence of the coupling procedure (STAR-CCM+
2018).

A partitioned approach during which the fluid and structural
simulations rely on independent solvers working in parallel is
employed. FSI information exchange is facilitated at each time
step of this simulation as Star CCM+ exports hydro-pressures
to ABAQUS and imports nodal displacements. When face-cen-
tric source data (fluid pressures) are mapped from fluid cells
to structural cells, least squares interpolation is used. On the
other hand, when node-centric source data (nodal displacements)
are transferred from the FE model to FV cells, shape function
interpolation is utilised (STAR CCM+ 2018; Lakshmynarayanana
2017).

Mesh morphing is applied to move the fluid vertices to conform
to the solid. The ‘morpher’ firstly uses the control point displace-
ments originated from mesh vertices on the boundary interpolation
field. Then, mesh vertices are translated to their new positions. The

Figure 8. Flexible vibration modes and dry frequencies of POM plate (mode 1–6) (Deformation scale factor 0.01), and corresponding ratio of modal effective mass to total
model mass in excitation direction vectors (‘x’ represents where the ratio is significantly less than 1%). (This figure is available in colour online).
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morphing boundaries (marked as blue text in Figure 2) used in the
fluid domain are defined as:

. ‘Displacements’ for plate/wedge bottom surfaces where mesh
vertices move are based on the imported displacement field.

. ‘Constraints’ where mesh vertices move on the symmetry plane
with zero normal displacement.

. ‘Fixed points’ for all inlets, outlets and other wall surfaces where
mesh vertices have zero displacement.

Two-way coupling simulations were run in parallel mode using
40 cores each running at 2.1 GHz of the Intel Xeon 6230 processors
of CSC Finland super-computing facility. It took between 20 and
100 h to run 0.1 s of real-time simulation.

3. Results and discussion

3.1. Comparison of impact results on stiff and flexible plates

To validate the FSI model with flexible material properties, plate
simulations for three different entry velocities with POM properties
are compared against experiments. Figure 5 presents the compari-
son for pressure sensor P1. Some small fluctuations are not fully
captured, and the simulated peaks are a bit lower than the exper-
imental results. It is also shown that the modelling approach is
reliable as the pressure histories depicted by comparing simulations
against experiments generally match well both in terms of magni-
tude and frequency.

Comparisons between stiff and flexible plate results show that
the pressure of the stiff plate starts to increase to a peak magnitude
at the same time as in the flexible case. However, the peak is ‘shar-
per’, i.e. the magnitude of the peak is higher than in flexible case
while the band is much narrower and stiff plate peaks occur in
advance of flexible plate peaks. These results indicate that stiff
impacts that are short in duration, happen earlier in time and
have higher magnitude. When flexible body dynamics are not con-
sidered, there are no large vibration cycles and some small
vibrations become evident after the first peak. As the magnitude
of the velocity of entry increases, the response of both stiff and
flexible peaks amplifies and reduces in bandwidth. Also, the differ-
ence of peak pressures between stiff and flexible plates becomes
larger.

Pressure histories at different sensor locations for both stiff and
flexible cases at the low water entry velocity of 0.519 m/s and higher
entry velocity of 1.041 m/s are depicted in Figure 6. For the stiff
cases, the general trends do not seem to be affected by the entry vel-
ocity, although some differences between peak values become evi-
dent. The more central the locations are, the higher the peak and
the higher the water entry velocity, the larger the differences
between locations. For the flexible cases, the general trend before
the pressure peak for the three locations is the same. The central
location has the highest peak value. For higher water entry velocity,
the pressure peak values also increase, and nearly no differences
among their first peaks are observed. This indicates that for higher
entry velocities pressures tend to be homogeneously distributed
near the central area of the plate.

Figure 7 that presents the spatial distribution of pressure, vel-
ocity and deformation components on the bottom of the plate
confirms the above. The top and bottom halves of the plate demon-
strated on each sub-figure (A, B, C) represent results from stiff and
flexible plate modelling, respectively. Stiff plate simulations demon-
strate higher magnitudes and wider pressure range. They also
demonstrate high velocities and velocity gradients in way of the
plate edge. An obvious asymmetric distribution of velocity near

Figure 9. Nondimensional (a) pressure and (b) velocity distributions along the plate
centre line (y= 0). Both stiff and flexible plates impinging water at velocities 0.519,
0.782, and 1.041 m/s are considered. Results correspond to a time instance for which
P1 reaches (i) 100% pressure peak and then sequentially drops to (ii) 95%, (iii) 90%, (iv)
85%, (v) 80% and (vi) 50% of the pressure peak. (This figure is available in colour online).
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the plate centre becomes evident as the water entry velocity
increases with flexible plate simulations. The velocity distribution
is symmetric for stiff plate cases. This indicates that higher vibration
modes may significantly influence hydroelastic responses. The
deformation of a flexible plate is higher than that of a stiff structure.
Deformation magnitudes increase with increasing water entry
velocity.

Figure 8 demonstrates the natural frequencies and mode shapes
of the first six modes for the case of the constrained POM plate, and
the corresponding ratio of modal effective mass to total model mass
in excitation direction vectors for each mode. The ratio which is sig-
nificantly less than 1% is represented by ‘x’. The purpose of this
study has been to further understand the influence of dry modal
characteristics on the response. The eigenvectors were normalised
so that the generalised mass for each vector is of unit value
(Ewins 1984). It appears that plate deflection in the vertical plane
dominates the response. This is reflected in the z-component
modal effective mass that accounts for 42% of total mass across
the first six flexible modes. Whereas mode 1 dominates the
response, modes 5 and 6 also contribute. The total effective mass
across the first six flexible modes does not reach 50% of the total
modal mass value. It may be therefore concluded that higher
flexible modes also contain energy levels contributing to the
dynamic response. Thus, they cannot be ignored.

The distribution of nondimensional pressures and velocities
along the plate centre line (y = 0) for the cases of stiff and flexible
plates are shown in Figure 9. The figure displays different time
instances for which the pressure sensor P1 reaches its peak during
water entry and instances for which pressure at P1 sequentially
drops to 95%, 90%, 85%, 80% and 50% of its peak pressure. Com-
parisons of the nondimensional pressure and velocity distributions

of stiff plate dynamics do not show clear differences among results
corresponding to different water entry velocities. This could be
attributed to the relatively low to medium impact velocity range
and the air cushioning effect that is not obvious enough for the
case of the stiff plate. It is noted that the shapes of distributions
keep almost the same amongst different time instances. Their mag-
nitudes decrease with time.

For the flexible plate cases, near the plate centre areas, nondi-
mensional pressure magnitudes decrease while the water entry vel-
ocity rises. The magnitudes of the nondimensional pressures are
significantly smaller in comparison to those observed for the stiff
plate. This indicates that when the entry velocity is higher, a smaller
proportion of the kinetic energy is transferred to impact pressure
and consequently more energy is absorbed by the plate structure
itself during deformation. Exploration of the variational shapes of
pressure distributions at different time instances is a worthwhile
exercise with flexible cases. At the time instance when the pressure
captures by P1 peaks, the pressure distribution shapes become simi-
lar amongst different entry velocities. Flexible plate dynamics depict
an evenly distributed pressure that is nearly half of that the plate. As
shown in Figure 9(iii) over time, the shapes of pressure distri-
butions corresponding to the lowest entry velocity cases change.
This change is also obvious in Figure 9(iv) for the mid-entry vel-
ocity case and Figure 9(v) for highest-entry velocity case. In Figure
9(vi) (alike Figure 9(i)), similar shapes of pressure distributions are
observed again amongst different entry velocities. Regarding the
velocity distributions of flexible cases, asymmetric features are
demonstrated like shown in Figure 7.

Figure 10 depicts the comparisons of free surface, pressure and
velocity magnitudes at a time when P1 reaches its peak for stiff and
flexible plate idealisations. Plate deformations are captured well for

Figure 10. Contours of (a) free surface, (b) pressure and (c) velocity with water entry speed of 1.041 m/s at the peak time (P1). (This figure is available in colour online).
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Figure 11.Wedge deformation shape and free surface elevation distributions (a), pressure distribution (b) at the time when water level reaches 1/10, 2/10, 3/10 and 4/10
of wedge side wall length (L) from apex, for (i) 20, (ii) 30, (iii) 40 and (iv) 60° deadrise angle of stiff and flexible wedges. The left halves of (a) represent stiff wedge cases, the
right halves of (a) represent flexible wedge cases. (This figure is available in colour online).
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the flexible case, where air is trapped under the deformed flexible
plate. Both gradient of pressure and pressure magnitude for the
case of the stiff plate are larger than that of the flexible plate case.
When comparing velocity magnitude contours, the fluid near the
edge of the plate escapes at higher speeds for both stiff and flexible
cases. However, the highest velocity magnitude is captured for the
stiff case (see Figure 10(c) and Figure 7(VC)).

3.2. Comparison of impact results on stiff and flexible
wedge

Numerical simulations of wedge water entries at four different
deadrise angles (20, 30, 40 and 60°) were carried out by using the
two-way coupled FVM-based CFD and FEA method. Both stiff
and flexible material conditions were accounted for. Figure 11
shows the results from both stiff and flexible wedge cases, including
wedge deformation shape, free surface elevation and pressure dis-
tribution. The results are compared against Zhao and Faltinsen
(1993) implemented in classification rules (DNVGL 2017). All
values are non-dimensionalised and correspond to time instances
when water level reaches 1/10, 2/10, 3/10 and 4/10 of wedge side
wall length (L) in relation to the apex. To ensure meaningful com-
parisons against Zhao and Faltinsen (1993), the effect of gravity is
not accounted for.

When the stiff wedge dynamics prevail both free surface
elevations and pressure distributions match well against Zhao and
Faltinsen (1993). When the water level reaches 1/10 of the wedge’s
side wall length (L) from the apex, both free surface elevation and
pressure distribution have less similarity in comparison to other
time instances. This difference could be attributed to the fact that
at the early stages of the impact, the fluid flow and jet are still devel-
oping (see Figure 11). The oscillations that are observed near the
pressure peak may be related to the pseudo-compressibility of the
fluid and instabilities of the numerical schemes applied (e.g.
HRIC discretisation scheme). Notwithstanding this, the general
trend of pressure distribution remains similar to the one observed
by Zhao and Faltinsen (1993) across simulations. For flexible
wedge structures, the influence of deformation becomes increas-
ingly obvious at smaller deadrise angles and as the depth of

wedge impingement in water increases (Figure 11(a)). Throughout
this process, energy transfer leads to different pressure distri-
butions. As shown in Figure 11(b), when the water level reaches
1/10 L, pressure distribution stays relatively close to that obtained
for the case of stiff wedge. However, when the water level reaches
2/10 L or 3/10 L, the pressure distribution moves at lower region
and when the water level reaches 4/10 L, the pressure distribution
pattern changes because of the influence of hydroelastic actions
(e.g. see 40° deadrise angle). As water impact develops, the pressure
reduces. For example, at 20° deadrise angle, the peak pressure of the
flexible wedge reduces to nearly 1/3 in relation to the one observed
for the stiff case idealisation. The smaller the deadrise angle, the lar-
ger the pressure differences among different time instances.

Figure 12 summarises the nondimensional maximum pressure
and total vertical hydrodynamic force of all stiff and flexible cases
at different wedge deadrise angles and time instances presented in
Figure 11. Results are plotted as a function of different deadrise
angles. As the deadrise angle increases, peak pressure and total ver-
tical hydrodynamic force reduce. This observation is equally appli-
cable for both stiff and flexible cases. However, the reductions are
more significant with stiff cases. Differences between the simulation
results for stiff and flexible wedges are also significant, especially at
smaller deadrise angles. The differences between forces among
different time instances for flexible wedges are larger. On the
other hand, maximum pressure differences among different time
instances appear to be modest. The small differences of peak
pressure and total hydrodynamic force between the predictions of
the stiff model presented in this paper and Zhao and Faltinsen
(1993) are expected and may be attributed to the two-way coupled
FSI modelling approach. The total vertical hydrodynamic forces of
stiff cases are less diverse than maximum pressures as compared to
Zhao and Faltinsen (1993), and most likely the averaged values
from different time instances will fit better to the line.

Figure 13 presents the nondimensional maximum displace-
ments at different wedge deadrise angles (i.e. 20, 30, 40, 60°) that
correspond to different moments in time. The deformations for
stiff wedge cases are very small as observed in Figure 11. The displa-
cements of flexible wedges are roughly 100 times larger in magni-
tude in comparison to those evaluated for stiff cases. The

Figure 12. Variations of the (a) nondimensional maximum pressure and (b) total vertical hydrodynamic force on wedge at different wedge deadrise angles (i.e. 20, 30, 40,
60°) for time instances when water level reaches 1/10, 2/10, 3/10 and 4/10 of the wedge side wall length (L) from apex. (This figure is available in colour online).

1310 D. YAN ET AL.



displacement of flexible wedge decreases in an almost linear fashion
with the increasing deadrise angle. On the other hand, a clearly
nonlinear trend is seen for stiff wedge cases.

4. Conclusions

This paper applied a two-way coupled FVM-based CFD-FEA mod-
elling procedure to study the slamming impact on stiff and flexible
flat plates and wedge structures. Water entry fluid actions were
studied for the cases of a flat plate impinging the water at different
velocities and the case of a symmetric wedge idealising slamming at
different deadrise angles. Numerical predictions have been com-
pared against available experimental data for flat plates and the
hydrodynamic pressure design curves introduced by Zhao and Fal-
tinsen (1993) that are implemented in classification guidelines for
wedge-like structures (DNVGL 2017). The results generally showed
good agreement. This justifies that the FSI simulation is reasonable.
Further comparisons between stiff and flexible FSI dynamics lead to
the following conclusions:

. Fluid pressures experienced by stiff and flexible plates increase
nearly simultaneously. However, the peak pressure of the stiff
plate reaches its maximum earlier, it is higher and lasts less
time in comparison to that of the flexible plate.

. Flexible plate FSI demonstrates a negative correlation between
the nondimensional pressure and water entry velocity near
plate centre area. In addition, air entrapment is evident. How-
ever, this is not the case for stiff plates, where the same topology
is considered at those relatively low to medium impact velocities.

. A two-way coupled FVM-based CFD-FEA modelling procedure
does not change the trend of pressure design curves already
implemented in classification rules for stiff wedges.

. The smaller the deadrise angles, the larger the differences of fluid
pressures and forces between stiff and flexible structures. Simi-
larity in the pressure distributions of flexible wedges is not
obvious.

Overall, the modelling of slamming impacts demonstrates that
accounting for the structural flexibility is important in terms of pre-
dicting pressure peak magnitudes for wedge-type structures. This is
because structural flexibility can inherently damp out high

amplitude and transient slamming impulses. Future research will
focus on understanding the influence of flexibility on different
levels of dynamic response (dynamic amplification factors) with
the ultimate aim to select the most appropriate method for use in
ship design.
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