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    In this paper, we provide a hybrid incompressible Smoothed Particle Hydrodynamics (ISPH) model for fluid-structure interactions. The 

numerical algorithms include the mirroring treatment of solid boundary, free surface tracking, wave damping using sponge layer and fluid-

solid coupling model. The proposed ISPH wave tank is applied to a series of wave-structure coupling problems including the sloshing in a 

baffled tank, solitary wave impact on an underwater obstacle, water entry of a cylinder and balance dynamics of a floating object. The 

simulation results demonstrate that the ISPH model provides an accurate simulation technique in various fluid-structure coupling studies. 

 

KEYWORDS: ISPH, fluid-structure coupling, free surface, damping 

layer, force moment, structure rotation. 

 

1. INTRODUCTION 

 

The fluid-structure interaction is a common issue in the coastal and 

offshore hydrodynamics and according to the nature of interaction 

between the fluid and solid structure, it can be classified into two 

types, i.e. kinematic and dynamic couplings. The former assumes that 

the solid structure is either fixed or follows a prescribed motion, while 

the latter is much more complicated as the motion of the solid also 

depends on the instantaneous response of the fluid. The SPH modeling 

techniques have demonstrated great potentials in the dynamic coupling 

as there is no need to frequently generate or adjust the mesh system 

near the interface between the fluid and solid boundary, or treat the 

information exchanges between them, thus the solution algorithms can 

be simplified, which has considerable merits over many traditional 

Eulerian grid methods. A good understanding and efficient numerical 

simulation of the fluid-structure interactions is crucial to predict the 

fluid impact forces on the structure as well as the structural responses 

to the fluid in a wider engineering practice.  

Since the pioneering work to introduce the concept of SPH to 

hydrodynamics (Monaghan, 1994), the method has been applied to a 

large number of fluid-structure interaction applications. Due to its 

mesh-free feature, the SPH method is well-suited to analyze many 

kinds of moving boundary and large surface deformation problems 

(Lind et al., 2012; Gotoh et al., 2014). By using the standard weakly 

compressible WCSPH approach, quite a few works have been carried 

out, including Vandamme et al. (2011) who simulated the wedge and 

cylinder entries with fixed boundary particle treatment on the solid 

surface, and Oger et al. (2006) who used a variable smoothing length 

to improve the local accuracy of the impact area for a wedge entry 

using mirror particle boundary. A variable mass approach has also 

been used by Omidvar et al. (2012) for the study of more practical 

wave-solid interactions, as the computational efficiency was greatly 

improved due to the adoption of non-uniform particle configurations. 

The latest fluid-structure interaction work was reported by Liu et al. 

(2014a), in which more advanced kernel corrections and solid 

boundaries were used to improve the numerical performance. In the 

incompressible SPH (e.g. Violeau and Leroy, 2015) field, Bøckmann 

et al. (2012) simulated a series of fluid-structure interaction problems 

by following Koshizuka et al.’s (1998) approach, in which the solid 

object was temporarily treated as another fluid that is deformable 

during the computation, and then a correction algorithm was used to 

recover the deformed solid object to its original configuration. This 

practice is based on the conservation of momentum between the fluid 

and solid particles and a good point is that pressure integrations over 

the fluid-solid interface are avoided. This would be more useful in 

situations when the pressure fluctuation is large and accurate 

prediction of the fluid forces is difficult. However, the fluid 

incompressibility near the structure boundary cannot be strictly 

satisfied due to the assumption used. During the fluid-structure 

interactions, the solid boundary treatment is an important issue and 

two kinds of boundaries have been commonly used in the SPH 

approaches, i.e. fixed/dummy particles and mirroring particles. The 

fixed or dummy particle methods were used by Monaghan (1994) and 

Shao and Lo (2003), which is computationally efficient but the 

computational errors arising from the divergence of velocity on the 

solid boundaries could lead to large pressure oscillations. The 

mirroring particle methods as originally proposed by Cummins and 

Rudman (1999) and later adopted by Yildiz et al. (2009) has improved 

the boundary simulations. The latest SPH work in wave-float 

interactions was carried out by Ren et al. (2015) and the complicated 

float rolling motions were quantified. Besides, more advanced MPS 

simulations involving the structure elasticity were reported by Hwang 

et al. (2014). In standard SPH formulations, the linear momentum is 

conserved well for both the pressure term and viscous term, while for 

the hybrid viscosity expression the angular momentum is not 

conserved exactly (Khayyer et al., 2008) and need corrections. 
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In this work, by using the mirror particle and free surface treatment, 

and coupled with a robust fluid-solid interaction model and wave 

damping layer, we present a 2D numerical ISPH wave tank to deal 

with various fluid-structure interaction problems. In the following, we 

will briefly summarize the model principles and apply the model to 

four benchmark test cases, some of which are quite challenging due to 

the involvement of more than one degree of freedom. The movement, 

force and moment verifications/validations are carried out respectively. 

The paper aims to demonstrate that the ISPH model could play an 

important role in the SPH application field.  

 

2. HYBRID ISPH MODEL PRINCIPLES 

 
The proposed hybrid ISPH model adopts the original version for 

simulating free-surface flows (Shao and Lo, 2003) and treats the flow 

turbulence by using an eddy viscosity based sub-particle-scale (SPS) 

model developed by Gotoh et al. (2001) in a turbulent jet application. 

The other related algorithms are briefly summarized as follows. 

   

2.1 Mirroring particle treatment 
 

    Based on the original work of Cummins and Rudman (1999), the 

mirroring particles are not located at the fluid–solid interface but 

mirror the properties of inner fluid particles across it. Most mirroring 

rules follow Cummins and Rudman (1999) for both the non-slip and 

slip boundaries, but special improvements should be made to avoid the 

over-mirroring issue in the corner region, where the mirroring 

particles from different inner regions can overlap with each other. In 

our treatment, only the mirror particles reflected from the same 

boundary line or corner are used in the over-mirroring region. This can 

effectively solve the problem. More details are found in Liu et al. 

(2014b). 

 
2.2 Free surface tracking 

 
    The original ISPH free surface tracking criterion by using the 

particle density (Shao and Lo, 2003) provided an effective way to 

identify the free surfaces to impose the correct pressure boundary 

conditions. However, this criterion only reflects the effect of particle 

compaction, while the particle symmetry configuration is not 

addressed. In some complex fluid-structure interactions, the mirroring 

particles near the solid corner can be mistakenly judged by only 

applying the above density rule, thus additional symmetry rule should 

also be imposed (Liu et al., 2014b).  
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where 
ijx  and 

ijy  are the horizontal and vertical distances between 

the reference particle i  and its neighboring particles j . m  = particle 

mass;   = particle density; 
0d  = initial particle spacing; W  = SPH 

kernel; r


 = spatial position of particle; and h  = kernel range. The 

above equation considers both the symmetry configuration and 

distance weighting of neighboring particles. symmetry
 is an indication 

of the particle asymmetry, which can be assigned a threshold value. 

By using both the density criterion (Shao and Lo, 2003) and above 

symmetry criterion, the misjudgment of particles near the free surface 

or solid corner can be avoided. It is worth to mention that similar 

symmetry criterion has also been used by Khayyer et al. (2009) but in 

a slightly simpler formulation.  

 

2.3 Fluid-solid coupling algorithm 

    One key issue to treat the dynamic process during the fluid-structure 

interactions is to develop an efficient fluid-solid coupling algorithm 

which takes into account the solid motion. In this work, we follow the 

treatment procedure of Oger et al. (2006) to divide the solid boundary 

line into a series of short segment. The fluid pressure on one segment 

is considered uniform when calculating the force. Thus the segment 

length should be small enough to fit the pressure resolution but could 

be larger or smaller than the initial particle distance (the segment 

length is equal to the initial particle distance in present study). And 

then we interpolate the pressure of neighboring fluid particles onto the 

centre of the segment. So the total force F


 and moment M


 imposed 

by the fluid on the whole solid object can be computed by 

summarizing all of the individual forces and moments on each 

segment section (Liu et al., 2014b). Accordingly, the solid structure 

motion can be obtained from the Newton’s second law as:  
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where 
solidm  = mass and 

solidI  = rotational inertia of the solid 

structure, respectively; t  = time; and g


 = gravitational acceleration. 

Therefore, the linear velocity u


 and angular velocity 


 are 

determined as well as other kinematic properties such as the structure 

motion. 

 

2.4 Wave damping zone 

 

A wave absorbing region is usually used to prevent the undesirable 

wave reflections, since the reflection waves caused by the flume wall 

or solid structure will adversely affect the simulation. Following Wei 

and Kirby (1995), the commonly adopted absorbing coefficient has the 

following form:  
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where 
bA  = absorbing coefficient; 

stx  and 
abx  are the starting 

position and length of the absorbing region, respectively; and c  and 

cn  are the empirical damping coefficients to be determined via the 

numerical test. Following Lin and Liu (2004), the coefficients are 

taken as c  = 200 and 
cn  = 10. 

bA  has the unit of 1/s and thus can be 

added into the momentum equation as (Liu et al., 2015) 
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where p  = particle pressure; 
0  = laminar kinematic viscosity; and 

  = sub-particle scale (SPS) turbulence stress. 

 

3. MODEL COUPLING VERIFICATIONS 

 
3.1 Movement verification - sloshing in a baffled tank 

 

Liquid sloshing sometimes can cause extremely large force loadings 

on the container wall, also accompanied by violent water surface 

deformation and breaking, which influence the safety operation of 

shipping industry. Traditional approaches to study this phenomenon 

usually assume the fluid to be non-viscous and non-turbulent, thus 

leading to unrealistic predictions, for example, the potential flow 

theorem to solve the Laplacian equations. Here we use the ISPH 

model to reproduce a liquid sloshing process inside a baffled tank 



 

 

based on the work of Belakroum et al. (2010). In this work they 

applied an Arbitrary Lagrangian–Eulerian (ALE) method to solve the 

Navier-Stokes equations for different baffle configurations using the 

FEM approach. We will use the ISPH model to simulate their vertical 

baffle case: The water tank is 0.9 m wide and the water depth is 0.6 m. 

The baffled plate is fixed at the centre of the tank bottom with the 

thickness 0.03 m. The initial ISPH particle spacing is 0.003 m and 

totally 59400 particles are used in the simulation. The external 

excitation amplitude a is 0.00198 m and the angular frequency is 5.4 

rad/s. 

 A comparison with similar sloshing settings but without the inside 

baffle indicated that the baffled tank could effectively reduce the water 

surface amplitude. This is due to that the existence of the baffle plate 

changed the natural frequency of the tank oscillation so as not to be 

much influenced by the external excitation frequency. Besides, the 

ISPH simulations also disclosed the existence of strong flow 

circulations and vortex evolutions inside the baffled tank, which is 

shown at two different times in Fig. 1. This has greatly dissipated the 

flow energy and thus reduced the water surface variations accordingly, 

while this phenomenon is hardly described by potential flow models. 

 

   
 

Fig. 1 ISPH computed flow velocity field in a baffled tank sloshing. 

 

Time histories of the water surface variation on left side of the tank 

are shown in Fig. 2, for the numerical results between ISPH and ALE 

simulations of Belakroum et al. (2010). In the figure, η denotes the 

surface displacement from still water level. There is a good agreement 

between the two, indicating the accuracy of the ISPH modeling 

technique. However, it should be realized that much more complicated 

numerical algorithms have been implemented in the ALE, while ISPH 

adopted a much more straightforward formulation.  
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Fig. 2 Time histories of water surface variation in a baffled tank, 

between ISPH simulations (solid lines) and ALE results 

(circles). 

 

     

3.2 Force verification - solitary wave passing on a submerged 

obstacle 

 

    The study of solitary wave propagation and passing on a coastal 

structure has attained great attention in recent years and become a hot 

topic in the coastal and offshore field. Earthquakes in the ocean often 

generate Tsunami waves and these waves are often simplified by the 

solitary wave models. For example, Chang et al. (2001) used a RANS 

model to study detailed vortex generations and evolutions for a 

solitary wave passing over a submerged rectangular obstacle. In this 

section we consider the solitary wave forces when it passes over a 

submerged underwater step. To verify the accuracy of ISPH model, 

we will compare the simulations with numerical results from 

NEWFLUME, which was developed by Lin and Xu (2006) to model 

complex wave-structure interaction problems using a RANS approach. 

    The schematic model setup is shown in Fig. 3. An obstacle with 

height B  = 0.114 m and length L  = 0.381 m is submerged under the 

initial flow depth h = 2B. A solitary wave with height Hwave = 0.069 m 

is generated from the offshore side. The ISPH used an initial particle 

spacing of 0.003 m and totally 101,574 particles were used in the 

computation. The ISPH computed time-dependent wave forces acting 

on the three faces (left, upper and right) of the obstacle are compared 

with the numerical results from NEWFLUME (Lin and Xu, 2006) in 

Fig. 4 (a) – (c), respectively. In the figures, solid lines represent the 

ISPH results and circles represent the NEWFLUME computations. It 

is shown that the numerical results between ISPH and NEWFLUME 

agree quite well to prove the pressure solutions and integrations over 

the solid surface are quite accurate in the ISPH. However, we do need 

to point out that in the present case, the solid structure is stationary but 

the computational situations can become much more complicated if 

the solid is in motion, in which the dynamic coupling is required.  
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Fig. 3 Model setup of solitary wave   Fig. 4 (a) Comparison of wave 

interaction with structure.                         forces on left face. 
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   Fig. 4 (b) Comparison of wave         Fig. 4 (c) Comparison of wave 

forces on upper face.                        forces on right face. 

 

Fig. 5 shows the vortex generations behind the structure under the 

solitary wave passing by, and it shows that the vortex originates near 

the structure wall but moves further downstream with an increasing 

scale during the wave passing over. 

 

 
     

Fig. 5 Vortex generations behind the obstacle under solitary wave. 

 



 

 

4 MODEL APPLICATIONS 

 
4.1 Water entry of a cylinder 

 
The water entry of a cylinder is always a benchmark application to 

test the numerical models. Usually the free surface deformation and 

cylinder kinematics are the main interest of investigation. In the ISPH 

model setup, we need to separate the circular cylinder boundary line 

into a series of straight-line segments to enable the mirror boundary 

treatment. The present simulation is based on the study of Colicchio et 

al. (2009) for their water entry process and more details are provided 

in the original paper. Their experimental study was conducted in a 

Plexiglas (40 mm thick) tank and the cylinder is made of stainless 

steel with a diameter of 30 cm. Its horizontal freedom is constrained. 

We consider a light cylinder entry with the density being 0.62 times of 

the water. In ISPH simulation, the particle spacing is d0 = 0.006 m and 

15,000 water particles are used. Colicchio et al. treated the cylinder as 

a free-falling body before its impact, while in ISPH an equivalent 

initial falling velocity of 2.55 m/s is given to the cylinder. 

In Colicchio et al. (2009), the flow fields were measured by the 

Particle Image Velocimetry (PIV) technology. So these are used to 

compare with the present ISPH computations, as shown in Fig. 6. 

From the figure, it can be found that the water surface agreement is 

also quite satisfactory. At the beginning of the impact, high-speed 

flow region is near the impact point on the cylinder boundary, while in 

the later stage of the cylinder entry it moves on to the water surface. 

The difference between ISPH computation and PIV measurement is 

small but increases in the later stage as shown in Fig. 6 (c), which 

might be due to the PIV data noises near the surface area. 

 (a) 
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(b) 
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(c) 
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Fig. 6 ISPH velocity fields near cylinder surface (right), compared 

with PIV measurements (left) by Colicchio et al. (2009) at 

time t: (a) 0.004 s; (b) 0.154 s; and (c) 0.304 s, respectively. 

The vertical movement of the cylinder is shown in Fig. 7, including 

the position and velocity variations through time, and is compared 

with the experimental data and numerical results from a two-phase 

Navier-Stokes solver based on approximated projection method 

(Colicchio et al., 2009). The figure illustrates the process of cylinder 

impacting on the water surface and entering, and then starting to float 

up with an upward velocity. It is shown that the comparisons between 

the ISPH and experimental results are quite desirable as well as with 

the numerical results based on the grid method of Colicchio et al. 

(2009). Moreover, an additional ISPH run is carried out with a double 

refined particle resolution of d0 = 0.003 m and the results are also 

presented in Fig. 7. The consistency of two numerical results has 

indicated that the present coupled ISPH scheme has a good 

convergence property as well. 
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Fig. 7 Vertical (a) position and (b) velocity of cylinder, compared with   

          experimental and grid-based results of Colicchio et al. (2009). 

 

4.2 Balance dynamics of a floating object 

 
In this section we further investigate the balance dynamics of a 

floating object including its rotation. The aim is to check the accuracy 

of the model in calculating fluid force and moment. We use the study 

of Fekken (2004) for the balance of a floating object on the still water 

surface. Canelas et al. (2015) also investigated this problem using the 

WCSPH method. The schematic setup is shown in Fig. 8, in which a 

rectangular object is placed into the still water. The side length of the 

object is 0.05 m and 0.1 m, respectively, and the density of the object 

is half of the water density. The balance state under the gravity G and 

buoyancy is shown as the solid lines in Fig. 8. However, a small 

disturbance on the object could result in a small rotation (the dashed 

object in the figure) since the moment on the left (Bl) and right (Br) 

sides of the rotation center is not balanced against each other. This 

unbalanced state that is resulted from the net moment will increase the 

rotation speed until a new balance point is reached. According to 

Fekken (2004) and Canelas et al. (2015), the final balance position of 



 

 

the solid object depends on the parameters of the object. 

Although the final state of the floating object depends on the 

balance of the moment and shape of the body, the dynamic process to 

reach the new balance position is quite interesting. Following the 

descriptions of Canelas et al. (2015), a numerical water tank that is 1.0 

m long and 0.1 m deep is used. The ISPH computational particle 

spacing is 0.0033 m and totally 7,965 particles are used in the 

simulation. The side length of the rectangular object is 0.05 m and 0.1 

m and its initial immersion depth is 0.05 m, which is on the balance 

position under the actions of gravity and buoyancy. The solid block is 

placed in the middle of the water tank and the centre of gravity is 

located at the still water surface in the beginning of the computation. 

 

 
Fig. 8 Schematic setup of floating object on still water surface. 

 

 Following Fekken (2004), an initial small disturbance moment was 

imposed so the solid object motion was activated. As the inertia of the 

solid object can lead to its oscillations around the balance angle in the 

water and result in the surge wave generations, which will be reflected 

by the solid boundaries and then disturbs the motion of the block, an 

adequate numerical damping must be used to eliminate the surge 

waves. This sponge layer is placed on both sides of the flume to 

eliminate the reflected waves. The length of the damping layer in the 

present study is 0.3 m and near the two sidewalls. As shown in Fig. 9 

(a), after a small disturbance the block starts to roll and the vortex 

generated near the solid corner can be found. At time t = 1.0 s, a 

strong surge wave is generated with intensive local wave breakings. 

The maximum velocity is found near the edge of the block and on the 

wave front. These surge waves propagate to the flume end and are 

effectively eliminated by the damping layers. The floating object will 

roll around its balance angle during which the kinetic energy is 

gradually dissipated by the water. In Fig. 9 (b) at t = 3.4 s, the block is 

still rolling on but the amplitude becomes much smaller, and the flow 

field nearby is almost quasi-stationary. With the help of the sponge 

damping layer, the flume length could be very short and this saves 

considerable CPU expenses. 

 To quantitatively verify the ISPH computations, the time history of 

deflection angle of the block during its rotational motions is shown in 

Fig. 10, compared with the numerical results of Fekken (2004). In 

order to adapt to the time series of the Fekken, the phase of present 

ISPH results has been shifted. From the figure, it is seen that the 

rolling of the object is strongly reduced in the first two periods and 

most of the kinetic energy is transformed to the water, which is then 

dissipated by the wave breaking process and damping layer, but a very 

small oscillation can still last for a long time. The agreement between 

the ISPH and Fekken (2004) results is quite satisfactory, except that 

there is a slight phase difference in the later stage of the simulation. 

 Another convergence test with refined particle spacing of 0.00166 

m has also been carried out and the results are shown in Fig. 10 as the 

dashed line. It is shown that the discrepancy between the two particle 

resolutions is tiny, demonstrating the convergence of the ISPH 

computations. The desktop used in our study is equipped with Intel i5-

3470 CPU and 4GB memory. In the first run with lower particle 

resolution, the total CPU cost was 0.5 hour for a 5.0 s simulation. In 

the second higher resolution test, the 31,620 water particles used in the 

simulation increased the calculation time by 20 times. 
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Fig. 9 Flow field near floating structure during dynamic rolling. 
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Fig. 10 Time history of deflection angle in rotational dynamics. 

 

 Moreover, another two cases of the floating block with density 

being 0.5 and 0.25 times of the water have also been studied. The 

ISPH computed final balance angles are 45° and 63.5°, respectively, 

which are consistent with the theoretical values of Fekken (2004). In 

Canelas et al. (2015), due to the inherent nature of their SPH scheme, 

the start of the rolling process is random, while in our ISPH simulation 

a small disturbance is used. This small disturbance shall not affect the 

final balance of the structure, despite that the rolling directions might 

be changed in a different way. The fundamental structure dynamic 

process should be globally more or less similar.  
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5. CONCLUSIONS 

 

This study discussed the ISPH model applications in the coastal and 

offshore hydrodynamic field for the fluid-structure interactions. The 

coupled model has been systematically validated by a series of 

benchmark tests. Firstly a simple sloshing motion is computed to 

demonstrate the moving boundary treatment. Secondly in the force 

verification, the surface forces are integrated and compared with other 

numerical results, which showed that the external forces have been 

accurately obtained on all sides of the obstacle. The model is then 

applied to two more complex fluid-structure coupling problems. In the 

falling cylinder case, satisfactory agreement has been found in the 

cylinder motion, velocity field and free surface deformation between 

the ISPH simulations and PIV measurements. The model is finally 

applied to the rotational dynamics of a floating object. In the 

simulation, the rotation freedom is released and the time history of 

deflection angle is compared with the documented data. The wave 

damping layer is also used for the surge wave eliminations. The 

numerical results have showed that the proposed ISPH model is able 

to disclose complex flow features in the spatial domain, and 

demonstrated its great potentials to model various fluid-structure 

interaction problems in the engineering practice. These application 

cases provided a robust benchmark test for the coupled SPH models.  
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