
The 2022                 World Congress on 
Advances in Civil, Environmental, & Materials Research (ACEM22) 
16-19, August, 2022, GECE, Seoul, Korea

  

 
 

 
A six-ways coupled numerical model for wind-sand-structure 

interactions problem 
 

Dongmei Zhang 1), * Lei Han2) and Zhong-Kai Huang3) 
 

1), 2),3) Department of Geotechnical Engineering, Tongji University, Shanghai 200092, 

China 
2) hanlei@tongji.edu.cn 

 
 
 

ABSTRACT 
 

     The paper presents a six-ways coupled model for simulating interactions between 
the wind-sand flow and the structure using computational fluid dynamics (CFD), 
discrete element method (DEM) and computational structure dynamics (CSD). The 
sand carried by the wind is modelled by the CFD-DEM coupling method based on 
locally averaged theory. And the finite volume method (FVM) is utilized to resolve the 
deformation of the structure. The wind and structure coupling is fulfilled through 
Dirichlet–Neumann domain decomposition method. Wind forces and structure 
displacement are exchanged every coupling interval on the wind-structure interface. To 
accomplish the sand and the structure coupling, the structure meshes are duplicated to 
the sand domain, serving as the sand-structure interface. Forces on the sand-structure 
interface are calculated with the particle-wall contact algorithm in discrete element 
method. The classical channel flow over an elastic flap problem is adapted as the wind-
sand two-phase flow over a flap problem, and the development of the wind flow, sand 
movement and elastic flap deformation in the system is well studied with the proposed 
method. 
 
1. INTRODUCTION 
 
     The interaction between the wind-sand flow and the structure is often 
encountered in engineering practices, especially for buildings and structures in arid 
environment (0; 0; 0). For the  wind-structure interaction, the structure is deformed 
under wind excitation, and the deformable structure will affect the flow state of the wind 
in reverse (0 and 0). The existing of sands makes the system more complex since the 
wind and structure apply forces on the sands and move them, and on the contrary, the 
moving sands can alter the wind state and apply loads on the structure. 
     The problem is of strong nonlinearity and multi-field features, and numerical 
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method is a powerful technique for its convenience and capability of capturing the fluid 
flow state, sand movement and structure deformation simultaneously. There are two 
strategies can be applied to deal with the problem, namely, monolithic approach and 
partitioned method. The coupling problem is solved as one entity with a single 
approach in the monolithic method, which is robust, but problem specified, and more 
effort required (0). While in the partitioned method, the sand, wind and structure sub-
domain are solved individually with different mesh discretization and numerical 
methods, which is more flexible and numerical convenience (0).  
     Several partitioned numerical methods have been developed to investigate the 
wind-sand-structure interaction problem. Some researchers perform two-way coupling 
between the wind and the sand with the computational fluid dynamics-discrete element 
method (CFD-DEM) coupling method (0), and realize one-way coupling when 
considering the interaction between the wind-sand flow and the structure (0; 0). This 
method is very popular in the analysis of building erosion by wind-sand flow, where the 
buildings are assumed as rigid and static (0). However, this method ignores the 
influence of the structure dynamic on the wind-sand flow, which may lead to incorrect 
predict of the state of the wind-sand flow. Some researchers have tried the single-fluid 
model (0) for wind-sand flow, in which the wind-sand flow is modeled by introducing an 
equivalent density into the fluid governing equation, and two-way coupling between the 
wind-sand flow and the structure (0). The interaction between the sands and structure 
is neglected in this method, which may cause a wrong calculation of the structural 
deformation. In general, a six-ways coupled method is necessary for study the 
interactions among the wind, the sands, and the structure. However, as far as we are 
aware, very few six-ways coupled method has been reported in this area. Yao et al. (0) 
recently present a fully coupled CFD-DEM-FEM method for pneumatic transport based 
on Delphi language and two software, EDEM and ANASYS. The commercial nature of 
the software makes it hard to be generally adopted for the analysis of the wind-sand-
structure problem. Therefore, a fully coupled model based on open-source software are 
required to reveal the mechanism of the problem. 
     In summary, the research aims at developing a six-way coupled model for the 
interaction between the wind-sand flow and the structure. This article is organized as 
follows: Section 2. Governing equations for wind-sand-structure model outlines the 
governing equation for the wind, the sand, and the structure phase, as well as the 
coupling conditions; The numerical implement and solution procedure of the proposed 
model is illustrated in Section 3. Numerical implementation; Section 4. Wind-sand-structure 

interactions case presents the numerical case of the wind-sand-structure interaction, 
where the flow state, sand movement, and structure dynamic is studied. 
 
2. Governing equations for wind-sand-structure model 
 
     The wind, sand, and structure interactions problem considered in the study is 
illustrated in Fig. 1. The model consists of three domains: wind domain Ωf, sand domain 
Ωp, and structure domain Ωs. In this section, first, the mathematical formulations for the 
wind, sand, and solid structure domains are presented. Then, the two-way coupling 
conditions for wind-sand interaction, wind-structure interaction and sand-structure 
interaction are introduced in detail. 
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Fig. 1 Illustration of wind-sand-structure interactions problem. 

 
     2.1 Wind equations 
     The wind (fluid phase) is simulated by the CFD-DEM method originally proposed 
by Tsuji et al. (0) where the locally-averaged Navier-Stokes equations is used. The 
continuity and momentum equations for wind solved based on Eulerian coordinate are 
presented as: 

 ( ) ( )   
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where εf is the fluid volume fraction in fluid cell, ρf and uf are the fluid density and 
velocity respectively, pf is the pressure of fluid, τf denotes the viscous stress tensor of 
fluid, t and g are time and gravitational acceleration respectively. Ffp is the fluid-particle 
moment exchange term on fluid which is calculated based on the fluid drag force on 
particles. Ffs is the structure force on the fluid phase. 
     For wind-sand-structure interaction problem, the domain of the fluid phase may 
deform with the dynamics of the structure. Thus, the locally-averaged Navier-Stokes 
equations is adjusted using the Arbitrary Lagrangian-Eulerian (ALE) method, which is 
commonly applied to describe the deformation of fluid domain caused by the fluid–
structure interface displacement (0; 0). Since the velocity of the ALE coordinate system 
um,f only affect the convection items of the fluid. Characteristic parameters in Eqs. (1) 
and (2), such as fluid void fraction εf, stress tensor τf, fluid and structure force tensor, 
body force tensor are spatial variables and irrelevant to time. These parameters remain 
unchanged when transferred form Eulerian coordinate system to the ALE coordinate 
system. Therefore, the governing equations for the fluid phase in the ALE formulation 
can be represent as: 
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where, um,f·(εfρfuf) is the convection effect caused by the movement of the ALE 
reference coordinate system. Meanwhile, to move the meshes of the fluid domain, the 
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diffusion equation defined in Eq. (5) is used to consider the deformation of the 
boundary: 

 ( )     =diff m,f diff0    =1/du  (5) 

where, γdiff is the mesh diffusion coefficient, which is relevant to the distance between 
the fluid cell and the fluid-structure interface; α is a parameter to control the diffusion 
coefficient, and a value of 1.0 is used for α in the research. 
 
     2.2 Sand phase equations 
     For an individual sphere, its translational and rotational motions are governed by 
Newton's second law in DEM: 
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where, mi is the mass of the sphere; Ii is the inertia moment of the sphere; xi and θi are 
the translational and angular velocity, respectively; n is the number of contacts around 
sand i due to sand-sand or sand–wall collisions, and F

c 

k  and M
c 

k  represent force and 
torque of the kth contact, respectively. The Hertz-Mindlin contact model (0) is utilized to 
calculate the normal contact force between two sands. More detail about the contact 
model can be found in Cheng et al. (0). The influence of fluid-sand interaction on sand 
phase are denoted as Fpf and Mpf, and Fps and Mps are the sand-structure interaction 
force and moment on sand phase, respectively. 
     The fluid-sand interaction forces include the drag force, pressure gradient force, 
the viscous force, the virtual mass force, and other related forces (Zhu et al., 2007). For 
the wind-sand interaction, the ratio of the air density and sand density is very small 
(Drew et al., 1979), thus, only the drag force fd, viscous force fvis, pressure gradient 

force fp = -(p)Vp are considered as shown in Eq. (8). 
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     There exists several empirical equations to calculate the drag force, and the 
combination of the equation of Ergun (0) and Wen and Yu (0) equations is used in the 
study as follows: 
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where, Cd is the drag coefficient (Eqs. (10) and (11)), dp is the sand diameter, up is the 
sand velocity.  
     Based on Eq. (9), the fluid-sand moment exchange term Ffp in Eq. (4) can be 
calculated by averaging the drag forces of sands belong to the fluid cell: 
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where, Vc is the calculated cell, Np is the number of sands belong to the fluid cell, δk is 

the weight of volume fraction of sand k in the cell, andup is the averaged sand velocity. 
 

     2.3 Structure equation 
 The conservation of linear momentum for the structure can be presented as (0): 

 ( )   
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 (13) 

where, us is the vector of the structure velocity, ρs is the structure density, σs is the 
Cauchy stress tensor, the conservation of angular momentum is satisfied with 
symmetry tensor of σs. f s,b is the structure body force. 
 Following Tuković and Jasak (0), the St. Venant-Kirchhoff constitutive law is 
applied to model the deformation of the elastic structure, and the integral form of Eq. 
(13) in an arbitrary volume Ωu bounded by a surface Γu in term of the updated 
Lagrangian description can be present as (0): 
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where, λs and μs are Lamé constants, tr is the tensor trace, ds is the structural 
displacement, I is the second order identity tensor, Su is the second Piola-Kirchhoff 
stress tensor, Fu is the deformation gradient tensor. 
 
     2.4 Description of fluid-structure interaction 
 The fluid and structure are coupled by satisfying certain condition on the fluid-
structure interface Γfs. The kinematic and dynamic conditions states the continuity of 
the velocity, the displacement and the forces (0): 

 =fs fsΓ Γ

s fu u  (15) 

 =fs fsΓ Γ

s fd d  (16) 

   = n nfs fs fs fsΓ Γ Γ Γ

s f  (17) 

where, superscript Γfs represents the quantities at the fluid-structure interface, σ is the 
stress field. 
 The coupling conditions shown in Eqs. (15)-(17) is dealt with the Dirichlet–
Neumann domain decomposition method (0) in the research. In the Dirichlet–Neumann 
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domain decomposition method, the fluid traction is calculated at the fluid side, and 
exerted on the structure side as force boundary. And the deformation of the structure 
domain is used to solve the fluid mesh motion with the ALE mapping as shown in Eq. 
(5). 
 

     2.5 Description of particle-structure interaction 
 Considering the properties of sand-structure interaction, the interaction between 
the sand and the structure can be modelled with the surface coupling method (0; 0). 
The contact forces between the structure and particles are used for both domain as an 
external load, and the displacement of the structure is considered in the particle domain. 
In the particle-structure interface Γps, the displacement equation is shown as follows: 

 
 

=sp sp

s pu u  (18) 

 
 

=sp sp

s pd d  (19) 

 

3. Numerical implementation 
 
 The six-ways coupled numerical model for wind-sand-structure interaction is 
implemented with two open-source C++ toolboxes, foam-extend (0) and LIGGGHTS 
(stands for LAMMPS improved for general granular and granular heat transfer 
simulations) (0). The wind-sand interaction is fulfilled based on the CFDEM project 
developed by Kloss et al (0), and the fluid-structure interaction toolbox in foam-extend 
(0) is used to model the two-way interaction between the wind (fluid flow) and the 
elastic structure. The surface coupling between the sand and the structure is realized 
with information transferred between foam-extend and LIGGGHTS. Numerical 
procedure for coupling the wind, sand and structure is illustrated in Fig. 2. And time-
stepping of the six-ways coupling method is introduced as follows. 
i. Initialization of the numerical model. The wind and structure domain is discretized 

with hexahedron elements using finite volume method, and boundary conditions 
are properly applied to fluid and structure domain, respectively. Sands are packed 
with the DEM solver LIGGGHTS. The wind-structure interface and the sand-
structure are also created in the initial step. 

ii. Sand calculation. Firstly, the sand-structure interface in the DEM side is updated 
according to the structural deformation. Then, the forces acted on each sand are 
calculated, and the velocities and positions of each sand are updated with the 
motion equations as present in Eqs. (6) and (7). When the coupling condition is 
meet, the velocities and positions of sands are transferred from the sand side to the 
fluid side. The forces acting on the sand-structure interface are also transferred 
from the sand side to the structure side. 

iii. Fluid and structure coupling loop. Initially, the fluid volume fraction of each cell is 
calculated through the divided particle volume method (0), and the momentum 
source terms caused by the sand motions are determined according to Eq. (12). 
The coupling iteration between the fluid and structure is then carried out. 
Firstly, the displacement of the fluid-structure interface on the fluid side is computed 
based on the structure deformation. And the fluid mesh motion equation in Eq. (5) 
is solved and the velocity of reference ALE coordinate system um,f is obtained. With 
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the velocity of the ALE coordinate system, the fluid velocity and pressure fields are 
updated by solving the Navier-Stokes Equation in ALE formulation (Eqs. (3) and 
(4)). Based on the fluid velocity and pressure, the fluid forces on fluid-structure 
interface are calculated and transferred from the fluid to the structure side, serving 
as the force boundaries of the structure.  
With the displacement boundary conditions and force boundary conditions, the 
structure governing equation (Eq. (14)) is solved, and the vertices-based 
displacements on the fluid- sand interface are transferred from the structure to the 
fluid side using the Aitken relax method (0). In order to evaluate the convergence 
conditions of present iteration, the displacement residual of the fluid-structure 
interface is computed utilizing, and the fluid-structure iterations are carried out until 
the displacement residual satisfies certain limits. When the fluid and structure 
interaction converged, the fluid forces on sands (shown in Eq. (8)) are transferred 
from the fluid to the sand side, and the displacements on the sand-structure 
interface are transferred from the structure to the sand side. 

iv. The procedure of the six-ways coupled iteration will then move back to step ii, and 
continue the solution. 

 
Fig. 2 The flow chart of the wind-sand-structure coupling model. 
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4. Wind-sand-structure interactions case 
 
     4.1 Model set-up 
     The sand-wind channel flow over an elastic flap case is simulated to analyze the 
interaction of wind, sand and elastic structure with the present six-ways coupling model. 
This case is modified from a two-dimensional FSI case, channel flow over an elastic 
flap, which is adopted by many researchers (0; 0) to study two-way fluid-structure 
interaction. In this study, the fluid is substituted by the wind-sand two-phase flow while 

the geometrical properties of the channel and structure follow Rusch 오류! 참조 

원본을 찾을 수 없습니다. as shown in Fig. 3. The bottom end of the flap is fixed and 

the right, top and left ends can freely move. The fluid inflows the channel with constant 
velocity ui = 5 m/s and outflows with constant pressure Po = 0 Pa. The top and bottom 
side wall of the channel are enforced no-slip boundary conditions, which are same with 
the flap surface. 

 
Fig. 3 Numerical model for sand-fluid channel flow over an elastic flap. 

     5000 spheres with 0.05 m diameter are insert into the left of the channel as the 
sands. The width and void volume fraction of the sand packing are 0.50 m and 0.454 
respectively. The domain of fluid and structure are both discretized by hexahedral 
elements as shown in Fig. 3(b). The fluid meshes size is 0.074 m × 0.067 m × 0.3 m, 
and is refined near the flap with 0.025 m × 0.074 m × 0.3 m elements. The mesh size 
for flap is 0.025 m × 0.067 m × 0.3 m. In order to simulate the two-dimensional case, 
the y direction of the channel and flap are set as empty conditions in foam-extend, and 
periodic boundary condition is applied to the sand packing. Meanwhile, body forces are 

ignored in the section for simplification following Rusch (오류! 참조 원본을 찾을 수 

없습니다.). 

     The material properties shown in Table 1 are chosen for the case such that the 
flap deforms significantly under the load of the wind and the sand. The DEM time-step 
is set as 5×10-6 s based on the Rayleigh wave condition and Hertz time limit (0) as 
shown in Eqs. (20) and (21). 
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where, Rmin is the minimum radius of sands; νp, ρp and Ep are the Poisson’s ratio, 
density and Young’s modulus of the sands; u

max 

p  is maximum velocity of sands. 
     The coupling interval between fluid-structure interaction and sands is set as 100 
based on preliminary simulations and Courant condition (0). And the time steps for the 
fluid and structure are Δtf = Δts = NΔtp = 5×10-4 s.  

Table 1 Material properties and computational setting for sand-wind channel flow over 
an elastic flap 

Fluid properties    

Density, ρf (kg/m3) 50 Dynamic viscosity, μf (Pa·s) 1.0×10-3 

Particles properties    

Density, ρp (kg/m3) 1000 Restitution coefficient, e 0.80 
Young’s Modulus, Ep (Pa) 5×106 Particle diameter, dp (m) 0.05 
Poisson’s ratio, νp 0.25 Sliding friction coefficient, μp 0.20 

Wall properties in DEM    

Young’s Modulus, Ew (Pa) 5×107 Particle-wall sliding friction coefficient, μs,pw 0.00 
Poisson’s ratio, νw 0.25   

Structure properties    

Density, ρs (kg/m3) 3000 Poisson’s ratio, νs 0.25 
Young’s Modulus, Es (Pa) 4×107   

Computational settings    

Time step for sand, Δtp (s) 5×10-6 Time step for fluid, Δtf (s) 5×10-4 
Time step for structure, Δts(s) 5×10-4 Coupling interval, N 100 

     4.2 Results 
     The sand-fluid two-phase channel flow over an elastic flap case runs for 16 s in 
the simulation. Fig. 4 shows two snapshots at time instant 0.25 s and 0.95 s when the 
middle point (C) on the top end of the flap is at its relative rightest and leftist positions 
respectively. It is graphically illustrated that the fluid and structure meshes match well 
on their interface in the modelling. 

  
(a) t = 0.25 s (b) t = 0.95 s 

Fig. 4 Deformed fluid and structure meshes at different time. 
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Fig. 5 Development of the displacement of the flap right end. 

      Fig. 5 quantitatively shows the displacement of the top end of flap (point C). And 
fluid velocities uf, sand velocities up, and flap stress σs at six time instants (0.25 s, 0.50 
s, 0.75 s, 1.00 s, 2.00 s, 5.00 s) are depicted in Fig. 6. With the state of the sands and 
the flap, the interactions of the fluid, sands and flap can be classified into the following 
five stages: 
1 Preliminary stage (0.00 s ~ 0.40 s). In this stage, sands are carried by the fluid, and 

move rightward. The distance between the sands and the flap is relatively far as 
shown in Fig. 6(a), therefore, the flap deformation is predominantly affected by the 
fluid phase. The displacement of point C in x direction changes periodically, which is 
consistent with the results of the one-phase channel flow over an elastic flap 
obtained by Rusch (0) and Hertrich(0). 

2 Sands approaching the flap (0.40 s ~ 0.60 s). As shown in Fig. 6(b), sands 
continuously move rightward and approach the flap with the carrying effect of fluid 
flow in the stage. Although no contact between sands and the flap is observed 
(sands and the flap collide at about time instant, 0.60 s), the deformation of the flap 
is enlarged because the movement of sands changes the fluid velocity and pressure 
near the plate as illustrated in Fig. 5. The six-ways coupling method is capable of 
reproducing the indirectly interaction transferred by the fluid between sands and the 
flap. 

3 Sands colliding with the flap violently (0.60 s ~ 1.50 s). Violent contacts between 
sands and the flap are observed in this stage. The contact forces are massive as 
the relative velocities between the sands and the flap are very high. Thus, the flap 
undergoes large deformation as shown in Fig. 6 (c). Besides, some sands move left 
under the forces exerted by the flap as depicted in Fig. 6 (d). 

4 Sands colliding with the flap gently (1.50 s ~ 8.70 s). As shown in Fig. 6(e) and (f), 
there remains some sands contacting with flap while large number of sands moves 
to the right end. These sands mainly come from those sands whose initial positions 
are close to the bottom of the channel. Two reasons may account for the 
phenomenon. Firstly, the fluid velocity is slow here because of the blocking effect of 
the flap and the fluid drag forces on these sands are relative small. Secondarily, 
these sands need move longer distance to the right end of the channel. Owing to 
these contacts, disorder vibration of the displacement of watching point C is 
obtained as illustrated in Fig. 5. Besides, with the fluid velocity vectors illustrated in 
Fig. 6(e) and (f), it can be known that the fluid tends to flow to the bottom of the 
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channel behind the plate because sands accumulate here less than those on the 
top side and the permeability coefficient of the bottom part is larger. 

5 Periodic vibration of the flap (8.70 s ~ 16.00 s). When most sands move to the right 
end of the channel, the deformation of the flap is dominated by the fluid flow, which 
is same as the stage 1. The watching point C vibrate periodically in the stage with 
frequency of about 3.75 and the average amplitude of 0.122 m.  

 

  
(a) t = 0.25 s (b) t = 0.50 s 

  
(c) t = 0.75 s (d) t = 1.00 s 

  

 

(e) t = 2.00 s (f) t = 5.00 s 

Fig. 6 Development of the fluid velocity uf, sand velocity up,and structure stress σs. 
 

5. CONCLUSIONS 
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     A six-ways coupled numerical model for wind-sand-structure interactions problem 
is proposed in the study. In the model, CFD based on locally averaged Navier-Stokes 
equations is adopted to model the wind phase, DEM is applied for the sand phase and 
CSD using finite volume method is used for the structure phase. The traditionally CFD-
DEM method is used for modelling the sand carried by the wind. And the interaction 
between the wind and structure phase is fulfilled with the Dirichlet–Neumann domain 
decomposition method. Information such as fluid force and structure displacement are 
exchanged on the fluid-structure interface, and the interface deforms through dynamic 
Aitken relaxation method. To resolve the sand-structure interaction, the surface meshes 
of the structure is duplicated to the DEM, serving as the interface, and the sand-
structure interaction forces and structure deformation are communicated within the two 
phases. Based on the above algorithm, the model is numerically implemented with two 
open-source programs, and the solution procedure is crated for the six-way coupled 
model. 
     A wind-sand-structure interaction problem is modelled by modifying the channel 
flow over an elastic flap case, and the properties of the fluid flow, the movement of the 
sands, and the dynamics of the flap is well captured by the proposed six-ways coupled 
method. Five stages are classified based on the characteristics of the fluid, the sand, 
and the structure. In the preliminary stage, the sands are far away from the structure, 
and the structure is mainly influenced by the wind. During the second stage, the sands 
approach the structure, and exert indirect influence on the structure transferred by the 
fluid without direct sand-structure impacts. In the third stage, the sands violently collide 
with the structure, and in the fourth stage, the collision between the sands and structure 
is gentle, and disordered deformation of the structure is observed. In the last stage, 
most of the sands move to the right end of the channel, and the flap vibrate periodically 
under the fluid flow. In summary, the proposed numerical method is capable of 
capturing different states of the three phase system, and can be a promising tool for 
studying the wind-sand-structure interaction problem. 
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