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1. Introduction 

In the interaction between offshore structures and sea ice in polar 

environment many different physical processes occur e.g. the failure of sea ice, 

structural vibration, the drift of sea ice, and the collision between sea ice, 

structure and fluids. These processes include two media: solid and fluid, and 

three materials: water, ice and structure. From the perspective of different media, 

this process belongs to a fluid-solid interaction (FSI) problem. However, 

conventional FSI in ocean engineering mainly focuses on structural elastic 

response under fluid load, e.g. violent free-surface flow, slamming issues and 

underwater explosion problems[1]. And to solve complex fluid and solid 

dynamics problems, a series of coupled CFD-FEM methods are developed. In 

polar environment, sea ice shows strong discrete characteristics, which makes 

sea ice exist as polygonal discrete particles in space. From the perspective of 

different materials, this process can be more finely divided into a fluid-particle-

structure interaction (FPSI) problem. The FPSI govern a wide range of natural 

and engineering phenomena in recent years. For example, the impact of debris 

flow on barriers/structures[2-4], modeling the mill behavior[5], abrasive wear on 

the mill, and abrasive water jet cutting nozzles[6]. 

This paper presents a introduces a novel coupled SPH-DEM-FEM model 

for FPSI is proposed to study water, ice and offshore structures interactions. The 

offshore structure is modelled using the FEM, the ice media using the DEM and 

the water using the SPH. Finally, the proposed model is employed to investigate 

a multi-habitat ship running from water to ice and ice-gonging ships navigated 

in the broken ice. 

 

2. Coupled SPH-DEM-FEM model description 

2.1 Governing equations for DEM 

The DEM used in dynamics model of the granular system is based on the 

motion of a single particle, and the translation and rotation of the particle are 

solved according to Newton's second theorem. Equations of particle i: 
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 , (1) 

 , (2) 

where,  and  are position and orientation vector for a given particle,  is 

the mass of particle,  is the rotary inertia,  and  are the external forces 

and moments acting on the particle, such as body force, buoyancy forces, drags 

forces and collision force and its moments.  

For the simulation of ice model, the 3D sphere and dilated polyhedral DEM 

with bond and fracture model are employed in the breaking process of ice in 

ocean engineering, as shown in Figure 1. 

  
(a) Interaction between level ice and cone 

based on sphere DEM[7]  
(b) Ship navigated in the level ice based on 

polyhedral DEM[8] 
Figure 1. Different element of ice mode based on DEM are applied in ocean engineering 

 

2.2 Governing equations for SPH 

For incompressible Newtonian fluids, without considering energy loss, the 

fluid governing equation is as follows: 

 

, 
(3) 

 
. 

(4) 

where, ,  and  is the density, pressure and kinematic viscosity of fluids,  

and  is the vector of the fluid velocity and gravity,  is time. The SPH method 

discretizes the range of fluid domain by the kernel function, and the fluid 

governing equation (1) and (2) are transformed from new form according to the 

particle approximation： 

 

 

(5) 

 

 

(6) 
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where,  is the kernel function,  is the mass of particle j,  and  is the 

pressure of particle i and j. Then, the explicit integration method is used to 

quickly solve the field variables of the particles to simulate the fluid domain 

changes. 

 

2.3 Governing equations for FEM 

The offshore structures in the current work are modelled using the FEM. In 

this method, the continuous structures are discretized into smaller and simpler 

“finite elements”. In this way, the partial differential equations on the whole 

structure dynamics does not need to be solved on the complete spatial domain, 

but on each small element. In matrix form, the dynamic equation of the structure 

is expressed as follows: 

 
 (7) 

where, ,  and  is mass, dimpling and stiffness matrix,  is the vector of 

the external force, , , and  are the acceleration, velocity and displacement 

vectors. The explicit central difference method or implicit Newmark method is 

used to solve the dynamic equation. 

 

2.4 Fluid-solid coupling 

The solid materials including sea ice DEM and offshore structures FEM at 

any time is regarded as a solid phase without deformation and motion, and both 

are considered as the solid boundary of the SPH particle. In the fluid-solid 

boundary model of SPH, fixed or ghost particles method, boundary integral 

method, and repulsive force mode have all been used to deal with the contact of 

SPH particles with irregularly shaped boundaries. For the first two methods, the 

construction of irregularly DEM elements requires a large number of fixed or 

ghost particles and integral computation, and the construction algorithm can be 

cumbersome. In this paper, repulsive force model[9] is used to calculate the force 

between SPH particles and discrete elements, finite element structures, which is 

expressed as follows. 

  (8) 

 

 

(9) 

 

 
(10) 

where,  is the repulsive force,  is the normal of contact plane,  is the 
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balances the pressure at different depths, is the repulsive force function, 

 is the initial fluid depth,  is the water level and free surface level is defined 

as the zero, i.e., ,  is related to the sound speed. 

 
Figure 2. Repulsive force model of SPH particle and arbitrary solid boundary 

 

2.5 Particles-FEM coupling 

Both DEM and SPH are particle methods, and the particles-FEM coupling 

method mainly includes contact search and load equivalence. Contact search is 

mainly to calculate the distance and force between the particle and the finite 

element, as shown in Figure 3. A nonlinear contact model is used to calculate the 

contact forces between the DEM particles and the finite elements. The contact 

force is usually applied to any contact point on the element outside the model, 

and the contact force between the particles and the finite element is equivalent to 

the element node based on the shape function difference technique. And the 

function difference technique is defined as follows: 

 
 (i =1, 2, 3…N) (11) 

where,  is node force,  is shape function,  is the contact force between the 

particles and the finite element.  
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(a) Triangular (b) Quadrilateral 
Figure 3. Contact-search and load equivalence model of spherical element and different 

element 
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3. Application for interaction between ice, water, and offshore Structure 

3.1 Case1: Simulation of a multi-habitat ship running from water to ice 

The coupled SPH-DEM-FEM method is used to simulate the navigation of 

multi-habitat ship from water to ice. Among them, the multi-habitat ship is 

composed of four parts, the wear-layer made of PVC at the bottom, the buffer 

air bag in the middle, the upper hull and the propulsion system. In the 

computational model, the wear-layer and air bag are modelled using the FEM, 

the hull is a rigid body, and the propulsion system is simplified. The sea ice is 

composed of polyhedral discrete elements, and the water is calculated by SPH. 

The whole simulation process and results are shown in Figure 4. 

Wear Layer

Boat

Air bag

Model of the multi-habitat ship

Computational model
 

 

  

Figure 4. Simulation of a multi-habitat ship running from water to ice (a) ship model, (b) 

process of multi-habitat ship running from water to ice (c) von Mises stress distribution 

of wear layer of ship (d) ice impact load in z direction 

 

3.2 Case2: Simulation of ice-gonging ships navigated in the broken ice 

The SPH-DEM-FEM coupling model is used to simulate the navigation of 

ships in the ice breaking area. The ice-gonging ship model is mainly divided into 

two parts: the rigid hull structure constructed by triangular mesh and the local 

grillage finite element model composed of plate and shell elements. The local 

grillage structure is located at the waterline height, the port side of the hull and 

near the shoulder, which is the main position for the collision between the ship 

and the ice floe. The Voronoi cutting algorithm is used to generate the ice 

crushing area with a density of 40%, and the broken ice element is polyhedral 

DEM. The water is calculated by SPH. The whole simulation process and results 

are shown in Figure 5. 
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Figure 5. Simulation of ice-gonging ships navigated in the broken ice (a) model of ice-

gonging ship (b) process of ice-gonging ships navigated in the broken ice (c) 

displacement distribution of y direction (d) von Mises stress distribution 
 

4. Conclusions 

This paper develops a novel coupled SPH-DEM-FEM model for FPSI. In 

the coupled model, the SPH was employed to simulate the fluid flow, the DEM 

was employed to model the sea ice and the FEM was used to model the 

structural deformation. In FSI of SPH, the repulsive force model is used to 

calculate the force between SPH particles and discrete elements, finite element 

structures. In particles-FEM coupling, the contact force between the particles 

and the finite element is equivalent to the element node based on the shape 

function difference technique. Finally, the proposed model is employed to 

investigate a multi-habitat ship running from water to ice and ice-gonging ships 

navigated in the broken ice. 
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