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Abstract.    The paper aims at illustrating several key issues and ongoing efforts for development of a reliable 
fully-Lagrangian particle-based solver for simulation of hydroelastic slamming. Fluid model is founded on 
the solution of Navier-Stokes along with continuity equations via an enhanced version of a projection-based 
particle method, namely, Moving Particle Semi-implicit (MPS) method. The fluid model is carefully coupled 
with a structure model on the basis of conservation of linear and angular momenta for an elastic solid. The 
developed coupled FSI (Fluid-Structure Interaction) solver is applied to simulations of high velocity impact 
of an elastic aluminum wedge and hydroelastic slammings of marine panels. Validations are made both 
qualitatively and quantitatively in terms of reproduced pressure as well as structure deformation. Several 
remaining challenges as well as important key issues are highlighted. At last, a recently developed multi-scale 
MPS method is incorporated in the developed FSI solver towards enhancement of its adaptivity. 
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1. Introduction 
 

Hydrodynamic slamming loads are of substantial importance to maritime engineering (e.g. 
design of ships, offshore platforms, buoys and etc.). Thus, several experimental, analytical and 
numerical studies have been dedicated to the evaluation of hydrodynamic slamming effects on rigid 
structures (e.g., Zhao and Faltinsen 1993, Faltinsen 2002, De Backer et al. 2009, Aly et al. 2011, 
Lind et al. 2015, Wang et al. 2015, Zhao et al. 2015). However, in cases of violent slamming loads, 
the local effects of structural deformations would be of significant contribution to the 
hydrodynamics and vice versa and examples include local slamming effects on ships hulls or 
platforms in storm conditions. Moreover, in line with advancements of marine design in application 
of light weight deformable materials (e.g., light weight composites in high speed crafts), the effect 
of structural deformability in marine systems has become more important. Therefore, the complex 
mutual relationships in between hydrodynamics and structural responses, the so-called 
hydroelasticity effects, in slamming phenomena is of great significance.  

The effect of hydroelasticity has been the target of many analytical, experimental or numerical 
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studies. In this regard, Faltinsen (1999) carried out a comprehensive study on the hydrodynamics-
structure system of wedge-shaped hull water entry based on coupling between generalized Wagner's 
theory (Wagner 1932) and orthotropic plate theory in line with conduction of full-scale experiments. 
Similarly, Scolan (2004) investigated the hydroelastic effects by coupling a Wagner's theory to a 
linear model of elasticity for thin shells. Tay and Wang (2012) presented a study on reducing the 
hydroelastic response of very large floating structures (VLFS) by altering their plan shapes. Also, 
modeling of hydroelasticity has been carried out in the frame of coupling between analytical theories 
to mesh-based structural solvers for further verification of experimental results (e.g., Peseux et al. 
2005, Stenius et al. 2013, Liu et al. 2015, Wang et al. 2015).   

As for numerical studies, so far the hydroelasticity effects have been studied by a variety of 
coupling methods founded on mesh-based solvers such as explicit Arbitrary Lagrange Euler-Finite 
Element Methods, ALE-FEM (e.g., Aquelet and Souli 2003, Das and Batra 2011, Sun and Faltinsen 
2006). However, with respect to intrinsic characteristics of hydroelastic phenomena i.e., free surface 
flows accompanied by large deformations, Lagrangian meshfree methods, namely, particle methods, 
e.g., Smoothed Particle Hydrodynamics (SPH; Lucy 1977, Gingold and Monaghan 1977) or Moving 
Particle Semi-implicit (MPS; Koshizuka and Oka 1996), possess distinct potential advantages. 
Particle methods have been coupled with either semi-analytical or mesh-based methods for 
simulation of FSI problems, e.g., coupled MPS-modal superposition method (e.g., Sun et al. 2015), 
coupled SPH-FEM (e.g., Campbell and Patel 2010, Fourey et al. 2010, Panciroli et al. 2012, Yang 
et al. 2012) or coupled MPS-FEM (e.g., Zhang et al. 2016). In this regard, a crucial issue corresponds 
to the consistency of the coupling schemes in between meshfree fluid and mesh-based structure 
models to achieve an accurate imposition of fluid-structure interface boundary conditions (e.g., 
stress/velocity continuity).    

A number of studies have targeted hydroelastic slamming using particle-based methods in an 
integrated fully-Lagrangian meshfree framework that can potentially lead to an accurate and 
consistent imposition of fluid-structure interface boundary conditions. In a pioneering work, Oger 
et al. (2010) coupled an SPH-based structure solver with a Weakly Compressible version of SPH 
(WCSPH) for fluid to solve FSI problems including hydroelastic slamming. A challenge in using 
WCSPH-based fluid modeling in FSI problems corresponds to presence of acoustic perturbations. 
Recently, Meringolo et al. (2017) presented a Wavelet Transform-based filtering technique to 
accurately filter such acoustic perturbations. In the context of projection-based particle methods, 
Hwang et al. (2014) presented a fully-Lagrangian MPS-based coupled FSI solver and applied it to 
a number of ocean engineering-related applications including simple hydroelastic slamming and 
sloshing with elastic baffles (Hwang et al. 2015, 2016). The coupling scheme proposed by Hwang 
et al. (2014) was founded on a simple integration of pressure at fluid-structure interface. Hence, the 
solver could become quite sensitive to even slight fluctuations in pressure field. For this reason, 
some special treatments, i.e., the so-called grouping scheme, was used in simulations of sloshing 
with submerged elastic baffle (Hwang et al. 2016). 

The present study is devoted to development of a reliable, fully-Lagrangian particle-based FSI 
solver in the framework of MPS method. Our focus is on hydroelastic slamming which is among the 
important problems encountered in ocean engineering. Accordingly a newly coded MPS-based FSI 
will be presented in which the fluid model is based on the solution of continuity and Navier-Stokes 
equations with incorporation of enhanced schemes developed for improvements of stability and 
accuracy (Gotoh and Khayyer 2016). The projection-based fluid model is carefully coupled with a 
structure model founded on conservation of linear and angular momenta for an isotropic elastic solid 
leading to the enhanced KU MPS-MPS FSI (Kyoto University MPS-MPS Fluid Structure 
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Interaction) method. The fluid-structure coupling is performed in a mathematically-physically 
consistent manner via utilization of the concept of Helmholtz-Leray decomposition on which the 
MPS fluid model is founded. The fluid interacting force on structure is modeled directly through a 
consistent calculation of pressure gradient-related acceleration, instead of applying a simple pressure 
integration scheme. Performance of the model is verified by a number of benchmark tests including 
high velocity impact of an elastic aluminum wedge with free surface (Scolan 2004) and hydroelastic 
slammings of marine panels (Allen et al. 2013, Stenius et al. 2013). Validations are made both 
qualitatively and quantitatively in terms of reproduced pressure as well as structure deformation. 
Several remaining challenges as well as important key issues are highlighted. At last, a recently 
developed multi-scale MPS method (Tsuruta et al. 2016) is incorporated with the developed FSI 
solver in order to investigate potential adaptivity. The final section of the paper is dedicated to 
concluding remarks and insights on future research. 
 
 
2. Numerical method 
 

2.1 Fluid model 
 
The equations of conservation of linear momentum and continuity, as the principle equations for 

fluid flow modeling are described as follows 
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where u, ρF and t represent velocity vector, density and time for fluid particles (F), respectively, g is 
the gravitational acceleration and FS to F corresponds to the interaction force imposed by the 
neighboring structure particles (S). The stress tensor for a fluid particle, σF, is defined as 

                    T
FF p uuIσ                                                     (3) 

where p and μF stand for pressure and fluid's dynamic viscosity, respectively, and I represents unit 
tensor. 

The continuity is guaranteed with projection of intermediate velocity field into the velocity 
divergence free condition (Eq. (2)) through solving a Poisson Pressure Equation (Eq. (4)). The MPS-
based fluid model benefits from a set of enhanced schemes (Gotoh and Khayyer 2016, Khayyer et 
al. 2017b) developed by authors during the last decade to enhance the stability and accuracy of MPS 
method. The incorporated enhanced schemes include the so-called HS (Higher-order Source term of 
PPE; Khayyer and Gotoh 2009), HL (Higher-order Laplacian of PPE; Khayyer and Gotoh 2010), 
ECS (Error Compensating Source of PPE; Khayyer and Gotoh 2011), GC (Gradient Correction; 
Khayyer and Gotoh 2011) and DS (Dynamic Stabilization; Tsuruta et al. 2013). Following the 
application of HS (first term on RHS of Eq. (4)) and ECS (second term on RHS of Eq. (4)) schemes, 
the Poisson Pressure Equation (PPE) is formulated as 
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where n and n0 denote instantaneous and initial particle number density, respectively, ∆t stands for 
time step size, subscribe i represents target particle and superscripts * and k represent intermediate 
properties of the fluid and calculation time step number, respectively. 

The DS scheme provides minimum required repulsive inter-particle forces to guarantee the 
stability of the fluid simulation. The DS scheme can be regarded as a particle regularization scheme. 
A comprehensive discussion is made by Khayyer et al. (2017a) on the accuracy and conservation 
properties of two particle-based regularization schemes, namely, DS and PS (Particle Shifting 
proposed by Lind et al. 2012). 

The pressure gradient model is formulated by Eq. (5). Note that this equation incorporates the 
GC and DS schemes. 
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where Ds represents number of space dimensions, Ci denotes Gradient Corrective matrix (Khayyer 
and Gotoh 2011), rij = rj  ri and ri is the position vector of target particle i. In Eq. (7), Fij

DS is the 
stabilizing force imposed to target particle i by its neighboring particle j, Πij is a parameter to adjust 
the magnitude of Fij

DS, αDS is a constant for adjusting active range of Fij
DS, αdt is the ratio of the time 

step to Courant number used in determination of computational time step (set equal to 0.2 in this 
study), di represents the particle diameter, rij ||

* and rij⊥
* signify the parallel and normal vectors of 

rij
* , respectively, i.e., rij

* = rij ||
* + rij⊥

*. 
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2.2 Structure model 
 
The structure model is configured according to MPS-based discretization of divergence of stress 

in Lagrangian form (Eq. (8)). The corresponding constitutive model for the material is considered 
as Hooke's law with an implicit assumption of linear elasticity (Kondo et al. 2007). Accordingly 

gFσ
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where ρS stands for density of structure particle, σS represents the stress tensor of structure particle, 
ε is the strain tensor, FF to S corresponds to the interaction force acting on interface from fluid (F) to 
structure (S) particles and I symbolizes the unit tensor. Precisely speaking, FF to S implies the 
acceleration imposed by fluid particles to structure particles. In Eq. (9), λS and μS are Lame’s 
constants, i.e., mechanical properties of the material calculated according to Eq. (10) from Young’s 
modulus, ES, and the Poisson ratio, νS (Marsden and Hughes 1983, Slaughter 2002). 
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The conservation of angular momentum is involved into the solution according to Eq. (11) as 
described by Koshizuka (2005) and Hwang et al. (2014). 
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where I, ω and m represent moment of inertia, angular velocity vector and mass of particle, 
respectively. A 5th order Wendland kernel (Wendland 1995) is applied for weighted-averaging 
process throughout fluid analysis as well as structure. 

 
2.3 Fluid-structure coupling scheme 
 
In the present study, fluid structure coupling is conducted in a mathematically-physically 

consistent manner by considering the prediction-correction feature of projection-based particle 
methods, via extension of the linear momentum equation (Eq. (1)) all over the surrounding particles 
of the interface either from fluid or structure sub-domains. In other words, structure particles are 
considered as a moving boundary for the fluid, providing velocity and position boundary conditions 
in calculation of fluid's pressure field on the basis of momentum and continuity equations. Once the 
fluid's pressure field is calculated, the acceleration due to hydrodynamic pressure gradient at the 
fluid-structure interface, namely, FF to S, can be obtained and imposed on the structure. By using this 
coupling scheme, the interface boundary conditions in between the fluid and structure (Koshizuka, 
2005, Antoci et al. 2007), i.e. 
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Fig. 1 Schematic sketch of fluid-structure coupling scheme 
 
 

are satisfied automatically, where, nS and nF are normal vectors to structure and fluid interface 
particles, respectively. Fig. 1 illustrates a schematic sketch of considered FSI coupling scheme. 
 
 
3. Numerical validations and investigations 

 
In this section, the coupled enhanced MPS-MPS FSI solver is applied to simulations of a set of 

benchmark tests, namely, high velocity impact of an elastic aluminum wedge (Oger et al. 2010, 
Scolan 2004) and hydroelastic slammings of marine panels (Allen 2013, Stenius et al. 2013) to 
investigate its performance and reliability. 
 

3.1 High velocity impact of an elastic aluminum wedge 
 

The proposed FSI solver is verified in simulation of the impact of an elastic wedge on free surface 
as illustrated in Fig. 2 corresponding to the study by Scolan (2004). Scolan (2004) investigated the 
hydroelastic effects by coupling a hydrodynamic Wagner model to a linear model of elasticity for 
thin shells. The deformable beam wedge with the length of L = 0.6 m and thickness of  = 0.04 m, 
directs downward and finally hits the free surface with a dead-rise angle of β = 10° and a constant 
velocity of u = 30 m/s (u is in vertical direction). According to the theory, all the degrees of freedom 
are restrained at the center of the wedge as well as the extremities. The Young's modulus and Poisson 
ratio of aluminum beam wedge are set as E = 67.5 GPa and ν = 0.34, respectively. 

This slamming benchmark test is reproduced by considering a set of particle diameters, namely, 
/d0 = 3, 4 and 5 (with  being the panel thickness and d0 being the particle size). Figs. 3(a)-3(d) 
illustrates the snapshots of particles together with pressure and stress fields for the case of /d0 = 5. 
As it can be seen from the presented figure, the developed MPS-based FSI solver has produced 
smooth and qualitatively acceptable pressure and stress fields in fluid and structure partitions, 
respectively. Another important feature that can be realized from the presented set of snapshots 



 
 
 
 
 
 

Towards development of a reliable fully-Lagrangian MPS-based FSI solver for simulation…   305 
 

 

corresponds to geometrical continuity of fluid and structure particles (and absence of an unphysical 
gap in between fluid and structure particles often seen in FSI simulations). This is an important issue 
in FSI simulations and is achieved thanks to an integrated fully-Lagrangian modeling as well as 
implementation of a consistent coupling scheme in the framework of MPS method. 

Fig. 4 portrays the convergence properties of developed FSI solver. From this figure, refinement 
of spatial resolution has resulted in better agreements in between simulation results and the 
experiment in terms of deflection, d, of the wedge at point C. For the case of particle diameter 
corresponding to /d0 = 5, the calculated time history of deflection agrees well with the semi-
analytical solution by Scolan (2004). 

Fig. 5 presents time histories of calculated pressure at measuring points A-D along with their 
corresponding semi-analytical solutions (Scolan 2004) for the case of /d0 = 5. Despite presence of 
some small-scale levels of pressure oscillations, the agreement in between obtained numerical 
results and semi-analytical pressures is acceptable. In particular, the developed FSI solver has 
provided quite accurate estimations of the instants of peak pressures despite presence of slight level 
of discrepancies in calculated pressure magnitudes. By further refinements of differential operator 
models incorporated in fluid and structure models such small-scale pressure oscillations are expected 
to be minimized and the accuracy of the MPS-based FSI solver should be further enhanced. 

In addition to incompleteness/imprecision of differential operator models, other sources of 
discrepancies in between numerical and semi-analytical results (observed in Fig. 5), can be attributed 
to possible incidences of so-called zero-energy modes (Randles and Libersky 2000, Rabczuk et al. 
2004) as well as incorporation of a simple explicit time integration scheme for structure model. As 
for occurrence of zero-energy modes, this is the case for collocation-based structure models where 
physical properties and their derivatives are being calculated at the same computational points. 
Stress-point integration scheme (Randles and Libersky 2000) can be considered to resolve the issue 
related to zero-energy modes. As for time integration, higher order implicit schemes can be adopted 
(e.g., Bathe and Irfan Baig 2005). 

 

Fig. 2 Schematic illustration of the initial set up of the benchmark test of high velocity impact of an 
elastic aluminum wedge (Scolan 2004, Oger et al. 2010) 
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Fig. 3 Snapshots of stress (σxx) / pressure (p) fields reproduced by enhanced KU MPS-MPS method in 
high velocity impact of an elastic aluminum wedge (Scolan 2004) in case of u = 30 m/s, (a) t = 1.0 ms, 
(b) t = 1.5 ms, (c) t = 1.9 ms and (d) t = 2.4 ms, respectively 

 
 

 
Fig. 4 Convergence study on the time history of deflection (d) of deformable wedge at measuring point 
C; results by enhanced KU MPS-MPS method using particle diameters corresponding to /d0 = 3, 4 and 
5 together with semi-analytical solution by Scolan (2004)  impact of an elastic aluminum wedge 
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Fig. 5 Pressure at measuring points (a) A, (b) B, (c) C and (d) D, results by enhanced KU MPS-MPS 
method for /d0 = 5  impact of an elastic aluminum wedge (Scolan 2004) 
 
 
3.2 Hydroelastic slammings of marine panels 
 
In this section, the developed fully-Lagrangian MPS-based FSI solver is applied for simulation 

of hydrodynamic slamming tests of marine panels corresponding to experiments by Allen (2013). 
Fig. 6(a) illustrates a schematic sketch of the experimental set up. The experiments were conducted 
using a Servo-hydraulic Slam Testing System (SSTS) in a water tank of 3.5 m diameter and 1.4 m 
depth. Present numerical study targets two test cases of interest i.e., Solid Glass fiber single skin 
panel (SG panel) (Allen 2013, Stenius et al. 2013) and deformable foam-cored sandwich panel 
(Gurit® M100) with skins of GPR (GM100 panel) (Allen 2013, Camilleri et al. 2015). Detailed 
material data and configuration of each panel are described in Table 1 and Figs. 6(b) and 6(c), 
respectively. The panels were being carried on a rig capable of driving either with constant or 
variable velocities in the range of dead-rise angles from 0° up to 40°. The extremities of the panels 
were simply supported by a fixture frame, setting an unsupported area of 0.99 m by 0.485 m (GM100 
panel) or 0.495 m (SG panel) between the simply supported edges of the test fixture. The lower 
supported edge was representative of keel while the upper as chine. The instrumentation was capable 
of measuring dynamic pressure as well as displacement through a set of transducers. Note that 
GM100 panel is composed of one thick medium and two thin stiffer skin, resulting in a challenge 
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for numerical simulation especially in the context of particle methods. Therefore, a simplification is 
tested here for simulation of a composite GM100 panel, that approximates a sandwich panel with a 
mechanically equivalent homogeneous one. The conceptual scheme is portrayed in Fig. 6(d). Based 
on the aforementioned simplification, the equivalent homogeneous panel is assumed to possess 
Young’s modulus and Poisson’s ratio as E = 11.29E+09 N/m2 and υ = 0.3, respectively, that exactly 
correspond to the skins of the composite GM100 panel. Accordingly and in order to attain an 
equivalent bending stiffness with respect to that of the composite GM100 panel (i.e., 2.54 kNm, 
Table 1), the thickness of equivalent homogeneous panel is set as 14 mm. Also, the density of 
equivalent panel is set as 520.11 kg/m3, resulting in the same total weight as that of composite 
GM100 panel (i.e., 4.5 kg). Hence, the homogeneous panel would have the same bending stiffness 
and total weight as those of the composite GM100 panel. 

In regards to the experimental constraint conditions, the panel is fixed against the test frame using 
fabric straps and steel fittings preventing in-plane strain (Stenius et al. 2013). In case of 3D 
simulations, in order to achieve the consistency with the constraint conditions of the experiment, the 
panel should be fixed in terms of all degrees of freedom at four points while constrained in four 
marginal lines excluding the in-plane strains (Stenius et al. 2013). For 2D simulations, which is the 
case for the present study, the panel is restrained at two points leading to a free span representing 
the inner edges of the fixture frame. The edges of the panel are restrained in vertical direction while 
the in-plane strain is restrained at chine edge (Camilleri et al. 2015). In order to achieve consistency 
with experimental conditions, the restraining particles are set outside of the panel as shown in Fig. 
7, representing a realistic physical condition of fixture frame. It must be highlighted here that proper 
consideration and implementation of boundary conditions play a crucial role to achieve a reliable 
simulation with consistent deflection and pressure time histories. 

Figs. 8(a)-8(d) portrays a set of representative snapshots corresponding to the test case of SG 
panel slamming the water surface with a downward vertical velocity of 4 m/s. As it can be seen in 
this figure, the developed particle-based FSI solver has performed well in reproducing smooth 
pressure field in fluid as well as stress field in the structure. The achieved results are qualitatively 
acceptable, meanwhile, the reliability of developed FSI solver must be investigated quantitatively 
and preferably in terms of reproduced pressure, deflection and stress. 

Figs. 9(a) and 9(b) depict a quantitative comparison of time histories of deflection at transducer 
D3 for the case of u = 4 m/s and pressure at transducer P3 for the case of u = 3 m/s with experimental 
results by Allen (2013) and semi-empiric model of Stenius et al. (2013). Fig. 9(a) shows that 
reproduced deflection by the enhanced KU MPS-MPS at D3 is in good agreement with that in the 
experiment. In addition, the deflection time history by the developed solver is in a clear closer 
agreement with the experiment in comparison to the semi-empiric model of Stenius et al. (2013). 

 
 

Table 1 Hydroelastic slamming test conditions for SG and GM100 marine panels 

 
Thickness 

(mm) 
Bending stiffness 

(kNm) 
Shear stiffness 

(kN/m) 
Tested velocities 

(m/s) 

GM100 
ts* = 1.63 

tc ** = 14.0 
2.54 722 1.0 

SG 9.5 1.52 44.0E+03 3.0 and 4.0 

* thickness of the skins of sandwich panel 
** thickness of the core of sandwich panel 
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Fig. 6 Set up of the benchmark test of hydroelastic slammings of marine panels (Allen 2013, Stenius et 
al. 2013); (a) schematic sketch of Servo-hydraulic Slam Testing System (SSTS), (b,c) configuration of 
SG panel and GM100 panel with pressure transducers (P1-P5) and deflection transducers (D3, D5), (d) 
schematic sketch of sandwich panel (GM100) simplification 

 

 
Fig. 7 Schematic sketch of the fixation particles and restraining conditions (Allen 2013, Camilleri et al. 
2015) 
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Fig. 8 Snapshots of the stress (σxx) / pressure (p) fields reproduced by the enhanced KU MPS-MPS 
method in hydroelastic slamming test of SG panel in case of u = 4 m/s; (a) t = 6 ms, (b) t = 12 ms, (c) t 
= 18 ms and (d) t = 24 ms  hydroelastic slammings of marine panels (Allen 2013) 
 
 
From Fig. 9(b) the reproduced pressure time history at P3 is found to be in a moderately 

acceptable agreement with the experiment, especially with respect to the instant of peak pressure. It 
must be noted that there are also certain sources of uncertainties in the experiments considering the 
complicated nature of the targeted problem. Meanwhile, continuous efforts must be made to further 
enhance the accuracy of the developed FSI solver and further validations and numerical 
investigations must be conducted by considering other available experiments related to hydroelastic 
slamming. 

Figs. 10(a) and 10(b) present a set of snapshots corresponding to the test case of GM100 panel 
that slams the water surface with a velocity of 1 m/s. From the presented figure, the developed FSI 
solver has provided qualitatively accurate results similar to previous performed simulations. 
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Fig. 9 Quantitative analysis of hydroelastic slamming of SG panel; results by enhanced KU MPS-MPS 
method, semi-empiric rigid quasi-static model of Stenius et al. (2013) and experiment (Allen 2013); (a) 
Deflection (d) at D3 in case of u = 4 m/s, (b) pressure at P3 in case of u = 3 m/s  hydroelastic slammings 
of marine panels (Allen 2013) 
 
 
 
 

Fig. 10 Snapshots of the stress (σxx) / pressure (p) fields reproduced by enhanced KU MPS-MPS method 
in hydrodynamic slamming test of GM100 panel in case of u = 1 m/s; (a) t = 35 ms and (b) t = 65 ms  
hydroelastic slammings of marine panels (Allen 2013) 
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Figs. 11(a) and 11(b) illustrate the deflections at transducers D3 and D5, obtained from present 
MPS-based FSI solver in comparison with those obtained from the experiment (Allen 2013) as well 
as the coupled FVM-FEM solver of Camilleri et al. (2015). From the presented figures, the MPS-
based FSI solver is found to have acceptable convergence property and to perform relatively well in 
reproduction of the hydroelasticity effects in slamming loaded GM100 panel. The observed 
discrepancies, in particular those corresponding to pressure time histories, are expected to be 
minimized through a more realistic modeling of GM100 panel as well as incorporation of further 
refined differential operator models for the MPS-based FSI solver. 

Fig. 11(c) presents a comparison in terms of the time histories of pressure at transducers P1 to P5 
reproduced by developed FSI solver against those obtained from the experiment. From this figure, 
the instants of peak pressures are overestimated and their magnitudes are mainly underestimated.  

 
 

 
Fig. 11 Quantitative analysis of hydroelastic slamming of GM100 panel in case of u = 1 m/s; results by 
enhanced KU MPS-MPS method, FVM-FEM method of Camilleri et al. (2015) and experiment (Allen 
2013); (a) Deflection (d) time history at D3, (b) Deflection (d) time history at D5 and (c) pressure time 
history at P1-P5 for the simulation case of  (panel thickness)/d0 (particle diameter) = 4  hydroelastic 
slammings of marine panels (Allen 2013) 
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This is likely due to the simplification of the sandwich panel by a homogeneous one. The density 
of the homogeneous panel is set smaller than that of original skin to keep the overall weight the 
same, leading to smaller source term in PPE and thus, smaller pressures. 

The smaller density of panel considered in the simulation is likely one of the main causes for 
larger deformations obtained even with smaller pressures. Indeed, a more consistent modeling of the 
composite sandwich panels should be conducted to minimize the existing discrepancies. In this 
regard, proper treatment of the material interface discontinuity is a key issue. 

 
 
4. Towards development of a multi-resolution FSI solver 

 
A challenge in simulation of practical FSI problems, including those related to hydroelastic 

slamming, corresponds to requirements on computational cost as well as Random Access Memory, 
RAM.  
 

Fig. 12 Time history of deflection (d) at D3 (a), and snapshots of the stress (σxx) / pressure (p) fields at t 
= 12.0 ms with different diameter ratios (b)-(d) reproduced by the enhanced KU MPS-MPS method in 
hydrodynamic slamming test on SG panel in case of u = 4 m/s  hydroelastic slammings of marine 
panels (Allen 2013) 
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This challenge becomes more pronounced in 3D simulations as well as cases where very fine 
structural elements are supposed to be modeled. In most cases, fine spatial resolutions are required 
at and in the vicinity of fluid-structure interface. Moreover, with respect to the substantial differences 
in between fluid and structural dynamics as well as the computational solution procedure (semi-
implicit for fluid vs. explicit for structure), the scale of refinement in fluid analysis should differ 
from that of structure. Hence, the so-called adaptivity of the proposed FSI solver would attain a great 
importance such that variable resolutions can be considered for the fluid and structure. It must be 
noted here that adaptivity is regarded as one of the grand challenges of particle methods by the 
SPHERIC (SPH European Research Interest Community).  

Here a preliminary extension of the proposed FSI solver into an adaptive multi-resolution one is 
investigated. The considered multi-resolution scheme corresponds to that proposed by Tsuruta et al. 
(2016) for MPS-based simulations of fluid flows. In this multi-resolution (or multi-scale) MPS 
method, a common domain of influence is employed for all the scales of particle refinement in order 
to guarantee the momentum conservation. Accordingly, a modified kernel function and particle 
number density are presented in this multi-resolution framework. 

In this section, adaptivity of the multi-resolution enhanced KU MPS-MPS method is investigated 
through simulations of the hydroelastic slamming test related to the SG panel. Three additional sets 
of resolutions with diameter ratios of dF/dS = 1.5, 2.0 and 2.5 are considered (dF and dS represent the 
diameter of fluid particle and diameter of structure particle, respectively).  

Fig. 12(a) presents the time history of deflection (d) at D3. From this figure, for all diameter 
ratios almost acceptable agreements are achieved and results gradually approach the experiment as 
dF/dS is decreased. Indeed, the best agreement corresponds to dF/dS = 1.0 where same resolutions are 
considered for fluid and structure. However, even for the case of dF/dS = 2.5 which requires a 
considerably smaller computational time, an almost acceptable deflection time history is obtained. 

Figs. 12(b)-12(d) present a set of snapshots illustrating the stress (σxx) / pressure (p) fields at t = 
12.0 ms by the multi-resolution FSI solver. The snapshots portray a qualitatively acceptable 
performance of the multi-resolution KU MPS-MPS solver. In particular, stable and smooth 
pressure/stress fields are achieved and as seen in Fig. 12(a) the results seem to be quantitatively 
verified as well. Hence, after conducting a set of more careful investigations and validations, the 
proposed solver which is currently being developed can be comprehensively presented and can be 
then applied for practical hydroelastic slamming simulations. 
 
 
5. Conclusions 

 
The paper presents the ongoing efforts towards development of a reliable multi-resolution fully-

Lagrangian solver for simulation of hydroelastic slamming. The solver is developed within the 
framework of Moving Particle Semi-implicit (MPS) method which is a well-known projection-based 
particle method. The fluid model is founded on the solution of continuity and Navier-Stokes 
equations. A set of refined schemes are incorporated to enhance the stability and accuracy of the 
fluid model. The structure model is based on conservations of linear and angular momenta for an 
isotropic elastic solid. The fluid and structure coupling scheme is consistently performed thanks to 
the semi-implicit projection-based feature of MPS. The developed Fluid-Structure Interaction (FSI) 
solver is referred to as enhanced KU (Kyoto University) MPS-MPS method. 

The developed solver is first validated through the simulation of a high velocity impact of an 
aluminum wedge for which semi-analytical solutions exist (Scolan 2004). Then, several sets of 
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hydroelastic slamming simulations corresponding to the marine panel slamming experiments by 
Allen (2013) are performed. The performance of the developed FSI solver is found to be almost 
acceptable for the case of a homogenous SG (Stained-Glass) panel where acceptable deflection and 
pressure time histories are obtained. An existing challenge corresponds to simulation of composite 
sandwich panels (GM100) due to presence of material discontinuities that require special treatments, 
especially in the context of particle methods. In this paper, an investigation is made by simply 
modeling the sandwich panel by a mechanically equivalent homogeneous one that has the same 
overall weight and bending stiffness. The obtained results are found to be of moderate agreements 
with the experiment despite existence of discrepancies. In this regard, further developments and 
enhancements are required. 

The overall performance of the developed MPS-based FSI solver is found to be acceptable in 
terms of stability and accuracy. In particular, the achieved results are characterized by smooth 
pressure/stress fields, continuity of fluid-structure particle distributions as well as almost accurate 
pressure/deflection time histories. It must be noted here that the proposed solver does not take in 
any artificial numerical stabilizers, and stability is guaranteed through development and 
incorporation of mathematically-physically consistent schemes. The simulation-experiment 
agreement is also found to outperform those corresponding to semi-empirical or other numerical 
models.  

As a preliminary investigation on adaptivity of the KU MPS-MPS FSI solver, a recently 
developed multi-resolution MPS scheme (Tsuruta et al. 2016) is considered, resulting in an ongoing 
development of a multi-resolution FSI solver for hydroelastic slamming simulations. The 
preliminary results are found to be quite promising although more careful and rigorous 
investigations/developments must be made. Hence, followed by a set of more detailed investigations 
and rigorous validations, the proposed FSI solver which is currently being developed can be 
comprehensively presented and can then be applied for practical hydroelastic slamming simulations. 

Other ongoing and future works correspond to extension of the solver to three dimensions, 
development of multi-phase air-water-structure model and incorporation of SPS (Sub-Particle-Scale; 
Gotoh et al. 2001) turbulence modeling. As for modeling of air phase, an existing challenge 
corresponds to presence of air-water (or air-structure) large density ratio (Khayyer and Gotoh 2013) 
as well as proper modeling of air compressibility (Khayyer and Gotoh 2016). We expect that our 
ongoing efforts would lead to a reliable, accurate and consistent multi-scale, multi-physics 
computational method for practical simulations of FSI problems, especially those encountered in 
coastal and ocean engineering. 
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