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ABSTRACT 
 

     Numerical simulations of fluid-structure interactions in free surface flows were 
conducted by using an Incompressible smoothed particle hydrodynamics (ISPH) 
method. In the current ISPH algorithm, a stabilized incompressible SPH method by 
relaxing the density invariance condition is introduced as Asai et al. (2012). The 
governing equations are discretized and solved with respect to Lagrangian moving 
particles filled within the mesh-free computational domain and the pressure was 
evaluated by solving pressure Poisson equation using a semi-implicit algorithm based 
on the projection scheme to ensure divergence free velocity field and density invariance 
condition. In this study, the structure is taken as a rigid body and it modeled by ISPH 
method. We computed the motions of a rigid body by direct integration of fluid pressure 
at the position of each particle on the body surface. Then, the equations of translational 
and rotational motions were integrated in time to update the position of the rigid body at 
each time step. The applicability and efficiency of current ISPH method with the new 
treatment of rigid body are tested by comparison with reference experimental results.  
 
 
1. INTRODUCTION 
 
     The meshless particle methods have been applied in many engineering applications 
including the free-surface fluid flows. In the particle methods, the state of a system is 
represented by a set of discrete particles, without a fixed connectivity; hence, such 
methods are inherently well-suited for the analysis of moving discontinuities and large 
deformations such as the free-surface fluid flows with breaking and fragmentation.  The 
SPH technique was originally proposed by Lucy (1977) and further developed by 
Gingold and Monaghan (1977) for treating astrophysical problems. Its main advantage 
is the absence of a computational grid or mesh since it is spatially discretized into 
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Lagrangian moving particles. This allows the possibility of easily modeling flows with a 
complex geometry or flows where large deformations or the appearance of a free 
surface occurs. At the present time, it is being exploited for the solution of problems 
appearing in different physical processes. Monaghan (1992) has provided a fairly 
extensive review of SPH methods. The SPH method had been applied into 
compressible and incompressible viscous flow problems Monaghan (1994), Morris et al. 
(1997) and Okahci et al. (2001). 

A proposal for constructing an incompressible SPH model has been introduced, 
whose pressure is implicitly calculated by solving a discretized pressure Poisson 
equation at every time step Cummins and Rudman (1999), Asai et al. (2012),  Aly et al. 

(2011, 2013) . A stabilized incompressible SPH method involving relaxation of the 
density invariance condition was proposed by Asai et al. (2012). In this technique, the 
pressure Poisson equation was solved related to velocity divergence-free and density 
invariance conditions. This formulation leads to a new pressure Poisson equation with a 
relaxation coefficient, which can be estimated via a pre-analysis calculation. Asai et al. 
(2012) tested the efficiency of the proposed formulation via a numerically-modelled 
dam-breaking problem, and its effects were discussed using several resolution models 
with different initial particle distances. Aly et al. (2011, 2013) applied the stabilized 
version of the incompressible SPH method to simulate both fluid-fluid and fluid-
structure interactions.  

The accurate prediction of impact loads by fluid provides important information on 
the safety of ships and has many applications in scientific and engineering 
computations, e.g., aerodynamic around an air craft and debris motion in a flood. 
Numerous experimental, theoretical and numerical studies have been performed to 
study the water entry problems. Greenhow and Lin (1983) conducted a series of 
experiments to show the considerable differences in the free surface deformation for 
the entry and exit of a circular cylinder. Zhao et al. (1997) used both the experiment 
and the potential flow theory to investigate the water entry of a falling wedge. Similar 
water entry problems have also been studied by Tyvand and Miloh (1995) using a 
series expansion approach and by Greenhow and Moyo (1997) using a non-linear 
boundary element method model based on the irrotational flow assumption. 

 
The meshless particle methods provide a robust numerical tool to simulate the 

complicated interactions between the flow and a solid body. Owing to the mesh-free 
nature, the breakup and reconnection of the free surfaces can be easily realized in a 
particle method without the sophisticated mesh management as required in a grid 
method. The capability of the particle model has been evidenced in the simulations of 
breaking wave impact on a moving float by Koshizuka et al. (1998) and Gotoh and 
Sakai (2006) using the moving particle semi-implicit (MPS) method. Recently, Lee et al. 
(2010) are introduced moving particle semi-implicit (MPS) method to simulate violent 
free-surface motions interacting with structures. Oger et al. (2006) employed the 2D 
SPH model with a fluid–solid coupling technique to study the water entry of a wedge 
with different degrees of freedom. The numerical model used a highly robust spatially 
varying particle resolution to improve the computational accuracy and efficiency. 
Recently, Liu et al. (2009) implemented the two phase SPH model to simulate water 
entry of a wedge. In the most recent work of Koh et al. (2013), the consistent particle 



  

method was proposed to eliminate pressure fluctuation in solving large-amplitude, free-
surface motion. In this method, which is accompanied with an alternating of the kernel 
function by the Taylor series expansion-based partial differential operators, a zero-
density-variation condition and a velocity-divergence-free condition are also combined 
in a source term of PPE to enforce fluid incompressibility. 

 
In the current study, we modelled the fluid-structure interaction using stabilized ISPH 

method Asai et al. (2012). Both of the fluid and structure domains are modelled by 
ISPH method. We computed the motions of a rigid body by direct integration of fluid 
pressure at the position of each particle on the body surface and the equations of 
translational and rotational motions were integrated in time to update the position of the 
rigid body at each time step. Here, several different simulations for fluid-structure 
interaction were performed using 2D/3D ISPH method. The applicability and efficiency 
of current ISPH method with the new treatment of rigid body are tested by comparisons 
with reference experimental results.  

 
2. INCOMPRESSIBLE SMOOTHED PARTICLE HYDRODYNAMICS FORMULATION 
 
     The incompressible SPH formulation is a procedure similar to the moving particle, 
semi-implicit method (MPS) proposed by Koshizuka et al. (1998). The primary feature 
is the application of a semi-implicit integration scheme to particle-discretized equations 
for the incompressible flow problem.   
2.1 Governing equation 
The flow mass and momentum conservation equations are presented as: 

0  u                  (1) 
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where  and   are density and kinematic viscosity of fluid, u  and p  are the velocity 

vector and pressure of fluid respectively, and t  indicates time. The turbulence stress  

is necessary to represent the effects of turbulence with coarse spatial grids. 
The main concept in an incompressible SPH method is solving a descritized pressure 
Poisson equation at every time step to get the pressure value. In this paper, we used 
the following equation for the pressure Poisson equation, 
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where,  0 1   is relaxation coefficient, i


u is temporal velocity, triangle bracket < > 

means SPH approximation, which is explained in the next section. A detailed procedure 
for deriving Eq. (3) can be found in Asai et al. (2012). 
 

2.1 SPH formulation  

A spatial discretization using scattered particles, which is based on the SPH, is 

summarized. First, a physical scalar function  ,ix t at a sampling point 
ix can be 

represented by the following integral form: 
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where W  is a weight function called by smoothing kernel function in the SPH literature. 

In the smoothing kernel function, 
ij i jr x x   and h are the distance between neighbor 

particles and smoothing length respectively. For SPH numerical analysis, the integral 
Eq. (4) is approximated by a summation of contributions from neighbor particles in the 
support domain. 
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where the subscripts i and j indicate positions of labeled particle, and 
j  and 

jm  mean 

density and representative mass related to particle j, respectively. Note that the triangle 

bracket 
i   means SPH approximation of a function  . The gradient of the scalar 

function can be assumed by using the above defined SPH approximation as follows:  
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Also, the other expression for the gradient can be represented by: 
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In this paper, quintic spline function  is utilized as a kernel function. 

 

5 5 5

5 5

5

3 6 2 15 1 0

3 6 2 2
,

3 2 3

0 3

ij ij ij

ij

ij ij

ij

ij d

ij

ij

ij

r r r
r h

h h h

r r
h r h

W r h h h

r
h r h

h

r h

     
            
     

   

           
 
    
 




                   (8)                                                                                                                               

where 
d  is 2 37 478  and3 358h h  , respectively, in two- and three dimension space. It 

has been observed that a cubic spline produces fluctuations in the pressure and 
velocity fields for fluid dynamics simulation, and the quintic spline shown in Eq. (8) 
gives more stable solutions.  
 

2.2 Projection-based ISPH formulations 
Here, the projection method for incompressible fluid problem is descritized into 

particle quantities based on the SPH methodology. For this purpose, the gradient of 
pressure and the divergence of velocity are approximated as follows: 
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Although the Laplacian could be derived directly from the original SPH approximation of 

a function in Eq. (9), this approach may lead to a loss of resolution. Then, the second 

derivative of velocity for the viscous force and the Laplacian of pressure have been 

proposed by Morris et al. (1997) by an approximation expression as follows: 
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where   is a parameter to avoid a zero dominator, and its value is usually given by 

2 20.0001 .h   For the case of  i j    and  i j  , the Laplacian term is simplified as: 
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Similarly, the Laplacian of pressure in pressure Poisson equation (PPE) is given by 
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The PPE after SPH interpolation is solved by a preconditioned (diagonal scaling) 

Conjugate Gradient (PCG) method  with a convergence tolerance (=1.0×10-9).   

 

3. TREATMENT OF MOVING RIGID BODY 

Here, we computed the motions of a rigid body by direct integration of fluid pressure 
at the position of each particle on the body surface and the equations of translational 
and rotational motions were integrated in time to update the position of the rigid body 
surface at each time step. The equations for translation motions are described as: 

2
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where, M is mass of the body,  fF is the hydrodynamic forces acting on body surface 

and  
eF  is the other external forces. 

 The equation of rotational motions is described as: 
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where,   is the angular velocity,  
fM is the hydrodynamic moment and 

eM  is the 

external moment.  Here, the hydrodynamic forces and the hydrodynamic moment are 

calculated as.  ;
NS NS

f i i f i c i i

i i

p S p S      F M r r , NS  is the number of body surface 

particles and 
iS  is the area of body surface at particle i . The flow chart of the current 

technique for fluid structure interaction has been shown in Fig. 1.  

Fluid motion Fluid pressure exerted on structure 

Structural solver

Structural motionNew fluid boundary

Fluid solver

 

Fig. 1 Flow chart of fluid-structure interaction.  

 

4. RESULTS AND DISCUSSIONS 

In this study, several different simulations for the fluid-structure interactions have been 
introduced and discussed. The structure is taken as a rigid body and is modeled by 
ISPH method.  
 

4.1 Water entry of Circular Cylinder 
In this section, we described the fully nonlinear free-surface deformations of initially 

calm water caused by the water entry of a horizontal circular cylinder with free motions. 
In this simulation, the deformation of free surface caused by dropped circular cylinder 
into calm water. The neutral buoyant and half buoyant circular cylinder with radius 5.5 
cm are used in the calculations. ‘Neutrally buoyant’ means that the cylinder’s weight 
equals the buoyancy force on a totally submerged cylinder, while the ‘half buoyant’ 
means the cylinder’s weight equals one half of the buoyancy force. The cylinder was 
dropped from the height of 50 cm between the lowest point of the cylinder and the 
mean free surface. In figure 2, it is observed that, the deformation of free surface in the 
neutral buoyant is larger than the deformation of free surface in half buoyant and that is 
coming from the different in cylinder’s weight between the two cases. The snapshots 
show the comparison between the improved model and the experimental data as 
Greenhow and Lin (1983) and the green color in the experimental snapshots 
corresponding to BEM method for Sun and Faltinsen (2006). In these snapshots, a 
good agreement between the improved ISPH model, BEM method and experimental 
results has been found.  
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Time 0.390 sec Time 0.320 sec 

 
 

  

Time 0.500 sec Time 0.385 sec 
Fig. 2 Comparison of free surface deformation during water entry of circular cylinder 

between improved model and experimental results for Greenhow and Lin (1983). 
(Left) the case of neutral buoyant and (Right) the case of half buoyant. 

 
In addition three dimsnions free falling of several rigid bodies over water in tank is 
simulated with three diferent densities cases 0.5, 1.0 and 1.5, respectively.  Fig. 2 
shows the snapshots of free falling of several rigid bodies over water in tank at times 
0.5 and 1.0 sec for three different density ratios 0.5, 1.0 and 1.5, respectively. The rigid 
body with small density is still floating over fluid and at the case of  similar density, the 
rigid body is going down to the fluid centre and it still moves inside the fluid, while rigid 
body with high density is going down directly to the bottom of fluid tank.  

   
 (a) Time 0.5 sec  

   
(b) Time 1.0 sec 

Fig. 3 Snapshots of free falling for several rigid bodies over water in tank at times 0.5 
and 1.0 sec for three different density ratios 0.5, 1.0 and 1.5, respectively 

 
4.2 Floating rigid bodies over fluid sloshing 
Here, floating of rigid bodies over water sloshing is performed in two and three 

dimensions using ISPH method. Here, the fluid sloshing problem in a rectangular tank 



  

under a sway excitation are introduced with external excitation applied on the tank 

(sin )x A t , where A=0.004 m and 7.3996  rad/s. In the first model, floating rigid 

body over fluid sloshing in two dimensions is performed at four different density ratios 
0.5, 1.0, 1.25 and 1.5 using 2D-ISPH method.  The snapshots of rigid body floating 
over water sloshing with four different density ratios 0.5, 1.0, 1.25 and 1.5, respectively 
at two times 0.5 and 2.5 sec have been shown in figure 4. In these snapshots, the 
density ratio between rigid and fluid affects in the wave free surface elevations.  

    
(a) Time 0.5 sec 

    
(b) Time 2.5 sec 

/ 0.5s f    / 1.0s f    / 1.25s f    / 1.5s f    

Fig. 4 Snapshots of rigid body floating over water sloshing with four different density 
ratios 0.5, 1.0, 1.25 and 1.5, respectively at two times 0.5 and 2.5 sec. 

 
Fig. 5 shows the snapshots of pressure distribution for fluid tank sloshing under the 
effects of rigid bodies floating. In this figure, the pressure distribution shows the 
efficiency of the current ISPH method in stabilizing the evaluated pressure and keeping 
the total volume of fluid during the whole simulation. 
   

   
(a) / 0.5s f    

   
(b) / 1.0s f    

Time 0.05 sec Time 1.25 sec Time 2.5 sec 



  

Fig. 5 shows the snapshots of pressure distribution for fluid tank sloshing including rigid 
body motion with two density ratios (a) 0.5 and (b) 1.0, respectively at times 0.05, 1.25 

and 2.5 sec. 
 

4.3 Flood disaster over several rigid bodies 
The flood disaster over structure is simulated by introducing fluid column collapse 

impacts several rigid bodies as shown in figure 6.  

  
 

Time 0.01 sec Time 0.25 sec Time 0.35 sec 

   

Time 0.5 sec Time 0.75 sec Time 1.0 sec 
Fig. 6 shows the time histories for the flood disaster impacts several rigid bodies. 

For the large scale disaster, we adapted ISPH method to simulate impact flow over 
structure body. The initial schematic diagram for the current model is introduced in 
figure 7. The water column has length 50 metre and height 15 metre. The distance 
between the water column and bridge is 10 mitre. The bridge has height 10.32 mitre 
with girder, in which the girder is taken as rigid body and the bridge bases are fixed. 
The snapshots of impact flood disaster over bridge are introduced in figure 8. The water 
impacts the bridge with high impact force which strongly releases the bridge girder.   
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Fig. 7 shows the initial schematic for the large scale disaster model. 

 

 



  

 

Time 1.25 

 

Time 1.75 

 

Time 2.25 

 

Time 2.75 

 

Time 3.25 

 

Time 3.75 

Fig. 8 Snapshots of large scale flood disaster over bridge. 

 

5. CONCLUSIONS 
A stabilized incompressible SPH model with new treatment of rigid body is 

successfully adapted to investigate fluid-structure interaction.  
Both of the fluid and structure domains are modelled by ISPH method. We computed 

the motions of a rigid body by direct integration of fluid pressure at the position of each 
particle on the body surface and the equations of translational and rotational motions 
were integrated in time to update the position of the rigid body at each time step. 

Numerical simulations of the liquid sloshing with freely floating objects and free 
falling objects over fluid tank with varying density were performed. The flood disaster in 
large scale over several rigid bodies and over bridge are simulated using stabilized 
ISPH method.  

The current ISPH method is parallelized to achieve large scale simulation up to 
100.000.000 particles.     
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