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Abstract. Numerical simulations for free surface flow models, which are water entry of 

several rigid bodies, fluid tank sloshing and flood disaster over several rigid bodies were 

conducted by using an Incompressible smoothed particle hydrodynamics (ISPH) method. 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, we 

modeled the structure as a rigid body motion by two different techniques.  

In the first technique, we modelled the rigid body corresponding to Koshizuka et al. [1]. They 

proposed a passively moving-solid model to describe the motion of rigid body in a fluid. 

Firstly, both of fluid and solid particles are solved with the same calculation procedures. 

Secondly, an additional procedure is applied to solid particles. 

In the second technique, we compute 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. 

The performance of these two techniques was validated through the comparison with 

experimental results.   
 

 

1 INTRODUCTION 

For fluid-structure interaction problems, the structures are usually described by a 
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Lagrangian formulation, while the fluids are often described with an Eulerian one. The 

coupling of the two media is generally obtained using a formulation called ALE (Arbitrary 

Lagrangian-Eulerian) for the fluid. Various problems have been tackled via this formulation, 

including the study of valve spring Rugonyi and Bathe [2], the interaction of compressible 

and incompressible fluids with structures Bathe and Zhang [3], or the absorption of hydro-

elastic shock Le Tallec and Mouro [4]. Alternatively in the Lagrangian SPH method, the state 

of a whole system is represented by a set of particles, which possess individual properties and 

move with the fluid. The SPH technique was originally proposed by Lucy [5] and further 

developed by Gingold and Monaghan [6] for treating astrophysical problems. Its main 

advantage is the absence of a computational grid or mesh since it is spatially discretized into 

Lagrangian moving particles. This allows the possibility of easily modelling flows with a 

complex geometry or flows where large deformations or the appearance of a free surface 

occurs. The SPH methods have already produced encouraging results for problems of 

interaction between solids Gray et al. [7]. 

The SPH is originally developed in compressible flow, and then some special treatment is 

required to satisfy the incompressible condition. One approach is to run the simulations in the 

quasi-incompressible limit, that is, by selecting the smallest possible speed of sound which 

still gives a very low Mach number ensuring density fluctuations within 1% [8-11]. This 

method is known as the Weakly Compressible Smooth Particle Hydrodynamics (WCSPH). In 

the WCSPH, the artificial viscosity, which is originally developed by Monaghan, has been 

widely used not only for the energy dissipation but also for preventing unphysical penetration 

of particles.  

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 [12-24]. A stabilized incompressible SPH method involving relaxation of the density 

invariance condition was proposed by Asai et al. [22]. 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. [22] 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. 

[23, 24] applied the stabilized version of the incompressible SPH method to simulate both 

fluid-fluid and fluid-structure interactions. In the most recent work of Koh et al. [25], 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 [22]. Both of the fluid and structure domains are modelled by ISPH method. The 

structure is modelled by two different techniques in ISPH method. In the first technique, we 

modelled the rigid body corresponding to Koshizuka et al. [1]. In the second technique, we 

compute 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.  
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In this study, several different simulations for fluid-structure interaction in large scale 

domain were performed  

 

2 INCOMPRESSIBLE SMOOTHED-PARTICLE HYDRODYNAMICS (ISPH) 

FORMULATION 

The incompressible SPH formulation is a procedure similar to the moving particle, semi-

implicit method (MPS) proposed by Koshizuka et al. [26]. 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: 
𝐷𝜌

𝐷𝑡
+ 𝜌∇ ∙ 𝐮 = 0, (1) 

 
𝐷𝐮

𝐷𝑡
= −

1

𝜌
∇𝑝 + 𝜈0∇

2𝐮 + g +
1

𝜌
∇ ∙ 𝛕 (2) 

 

where 𝜌 and 𝜈0 are the density and kinematic viscosity of the fluid, 𝐮 and 𝑝 are the velocity 

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

necessary to represent the effects of turbulence with coarse spatial grids.  In the most general 

incompressible flow approach, the density, 𝜌, is assumed by a constant value, 𝜌0,  with the 

initial value. The aforementioned governing equations lead to the following progression as 

follows, 
∇ ∙ 𝐮 = 0, (3) 

𝐷𝐮

𝐷𝑡
= −

1

𝜌0
∇𝑝 + 𝜈0∇

2𝐮 + 𝐠 +
1

𝜌
∇ ∙ 𝛕 (4) 

 

The primary issue in an incompressible SPH method is solving a discretized PPE at every 

time step to obtain the pressure value. In this study, the following formulation is 

mathematically derived and used for pressure calculation. 

< ∇2𝑝𝑛+1 >  =  
𝜌0

∆𝑡
< ∇ ∙ 𝐮∗ > +𝛼

𝜌0 − < 𝜌𝑛 >

∆𝑡2
 (5) 

 

where, (0 ≤ α ≤ 1) is the relaxation coefficient, 𝐮∗  the temporal velocity, and the triangle 

bracket < >  is the SPH approximation. A detailed procedure for deriving Eq. (5) can be 

found in Asai et al. [22]. 

 

3 TREATMENT OF A MOVING RIGID BODY 

In the first technique, Koshizuka et al. [1] proposed a passively-moving solid model to 

describe the motion of a rigid body in a fluid. According to this study, the treatment of the 

moving rigid body in the fluid can be divided into two steps. First, both the fluid and solid 

particles are solved via the same calculation procedures. Secondly, an additional procedure is 

applied to solid particles. 
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Considering n solid particles with location,   , the center of the solid object,   , and the 

relative coordinate of a solid particle to the center,   , the moment of inertia,   , of the solid 

object can be calculated. 

 𝒄 =
𝟏

𝒏
∑ 𝒌

𝒏

𝒌=𝟏

, (6) 

  𝒌 =  𝒌 −  𝒄, (7) 

 = ∑| 𝒌|
𝟐,

𝒏

𝒌=𝟏

 (8) 

 

The translational velocity,  , and rotational velocity,  , of a solid object are calculated as: 

𝑻 =
1

𝑛
∑𝒖𝒌,

𝑛

 =1

 (9) 

𝑹 =
1

 
∑𝒖𝒌

𝑛

 =1

×  𝒌 ,   (10) 

 

Finally, the velocity of each particle in the solid body can be expressed as 

𝒖𝒌 = 𝑻 +  𝒌 × 𝑹 . (11) 

 

With the above rigid body correction, the motion of a free-moving object can be computed. Gotoh and 

Sakai [27] and Shao [28] showed that the above treatment can be applied to a free-falling wedge in 

water, and works well in a stable computation where the Courant condition is satisfied.  

In the second technique, we compute 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: 

𝑀
𝑑2 𝒄
𝑑𝑡2

= 𝑀𝐠 + 𝑭𝒇 + 𝑭𝑒 , (12) 

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

the other external forces. The equation of rotational motions are described as: 

 �̈� + �̇� ×  ∙ �̇� = 𝑴𝒇 +𝑴𝑒 , (13) 

where,  ̇ is the angular velocity,  𝑴𝒇  is the hydrodynamic moment and 𝑴  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 . 
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(a) First technique 

 

(b) Second technique 

Fig. 2 Flow chart of fluid-structure interaction, (a) First technique and (b) Second technique. 

4 RESULTS AND DISCUSSION 

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. 

Free falling of several rigid body over water in tank is simulated with three diferent densities 

cases0.5, 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. 2 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 

 

Fig. 3 shows the snapshots of pressure distribution for fluid tank sloshing. Here, the fluid 

Fluid motion Structural Procedure

Structural motionNew boundary

Fluid + Structural 

solver

Fluid motion Fluid pressure exerted on structure 

Structural solver

Structural motionNew fluid boundary

Fluid solver
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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 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)  

   
(b) 

Time 0.05 sec Time 1.25 sec Time 2.5 sec 

Fig. 3 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. 

 

The flood disaster over structure is simulated by introducing fluid column collapse impacts 

several rigid bodies as shown in figure 4.  

  
 

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. 4 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 5. 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 6. The water impacts the bridge with high impact force which 

strongly releases the bridge girder.   
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Fig. 5 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. 6 Snapshots of large scale flood disaster over bridge. 

 

CONCLUSIONS 

- A stabilized incompressible SPH model with new treatment of boundary condition is 

successfully adapted to investigate large-scale simulation of fluid-structure 

interaction. The rigid body is modelled by two different techniques in literatures 

using ISPH method.  

- Numerical simulations of the liquid sloshing with freely floating objects and free 

falling objects over water 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 bridge girder is taken as rigid body in 
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large scale simulation. 

- The current ISPH method is parallelized to achieve large scale simulation up to 

100.000.000 particles.     
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