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ABSTRACT 

This study presents a numerical method to investigate sediment transport processes from the 

micromechanical particulate perspective. This study applies a continuum-particulate modelling 

approach for the fluid-particle interaction, which couples computational fluid dynamics and 

discrete element method (CFD-DEM). This is implemented using the open-source OpenFOAM 

and LIGGGHTS packages. This model considers sediment beds as distinct particles where the 

particle-scale physical behaviour of the sediment movement is captured. This is coupled to a 

coarse-grained fluid domain that comprises multiple particles per fluid cell, which allows for 

computational efficiency in simulating the sediment transport process. The results from the 

simulations are examined and they agree well with well-established empirical results in the Shields 

diagram, showing promise of this modelling approach for understanding the details of sediment 

transport process in alluvial riverbeds. 

INTRODUCTION 

When flows in a river exceed a certain threshold velocity, sediment particles from the alluvial bed 

are eroded, transported and deposited downstream - a process commonly referred to as sediment 

transport (Julien, 2010). Sediment transport in river channels can lead to general effects pertaining 

to the geomorphology, such as meandering, braiding and widening of the channel (Nichols, 2023). 

On the other hand, the localised effects of sediment transport are due to the direct presence of 

objects or structures obstructing flow, and this referred to as local scour is the most significant 

cause of bridge failures (Zhang et al., 2022). Due to the long term and short-term effects, it 

becomes very important to understand the sediment transport process. However, the study of 

sediment transport is very challenging since it is a coupled problem between the fluid flow of the 

stream and the movement of sediments from the bed. 

The Shields diagram is widely used to describe the initiation of motion for sediment bed of 

different particle sizes based on the shear stress at the bed. However, different experimental studies 

(Buffington and Montgomery, 1997; Vanoni, 1964; Yalin and Karahan, 1979) have demonstrated 

that there is considerable scatter observed in the Shields diagram which suggests that there are 

uncertainties in defining the first stage of the sediment transport process. Buffington and 

Montgomery (1997) outlined the three key reasons for the observed scatter or uncertainties, which 

are attributed to the variation of (i) methods for shear stress measurements, (ii) bed material 



properties and sampling techniques to characterise the bed, and (iii) the definition of initiation of 

motion. Adding to the experimental approaches, physics-based numerical approaches are taking 

prominence for sediment transport research. There have been ample numerical studies to 

understand the macroscopic process of sediment transport (Olsen and Melaaen, 1993; Gautam et 

al., 2021; Chauchat et al., 2017; Ghzayel and Beaudoin, 2023). However, the understanding of the 

sediment transport from the particle-scale perspective is still underdeveloped. This provides the 

rationale for the application of continuum-particulate modelling approaches, such as coupled 

computational fluid dynamics and discrete element method (CFD-DEM). In this approach, the 

fluid is modelled as a continuum and the sediment bed as particulate. With the sediment bed 

modelled as discrete particles, the particle-scale physical behaviour of the sediment movement 

could be captured, with the particle collisions and the fluid-particle interaction. Since the flow 

regimes are affected by the particle size in the sediment bed, whose phenomenon is very 

complicated and difficult to understand, CFD-DEM provides a tool to study the complex flow 

phenomenon caused by the sediment beds of different particle sizes. 

Sitek and Lottes (2017), Plenker and Grabe (2016) and Yazdanfar et al. (2021) conducted sediment 

transport research using the coarse-grained approach of CFD-DEM. However, these research on 

the granular movement have not studied the fluid flow and near bed flow characteristics (bed shear 

stress) in detail. This paper addresses the gap by investigating the initiation of sediment transport, 

using the coarse grained CFD-DEM elucidating the flow characteristics around the bed for the 

hydrodynamically smooth flows. The flow profile is analysed with the determination of the shear 

stress, which can mimic near wall characteristics for particles from the laminar region of the 

Shields diagram. 

METHODOLOGY 

The CFD-DEM approach represents the combination of two numerical approaches: Computational 

Fluid Dynamics (CFD) for the Eulerian continuum approach to model the flow of water and 

Discrete Element Modelling (DEM) to capture the movement of the granular particles. In DEM, 

the trajectory of each particle is calculated in Lagrangian space considering the forces due to 

particle collisions and external forces. DEM is based on Newton’s second law where the force on 

a particle (𝐹𝐹𝑝𝑝 ) which comprises body forces, contact forces, and fluid-particle interaction forces 

and is denoted by: 𝐹𝐹𝑝𝑝 = 𝑚𝑚𝑝𝑝𝑎𝑎𝑝𝑝 (1) 

where 𝑚𝑚𝑝𝑝 is the mass of the particle and 𝑎𝑎𝑝𝑝 is the acceleration of the particle. The contact forces 

between the particles for the transmission of normal and tangential forces is done through Hertzian 

contact model. 

With the CFD-DEM coupling, the fluid-particle interaction is described as the forces imparted on 

each other as the fluid-particle exchange forces (𝐹𝐹𝑒𝑒𝑒𝑒). The commonly used forces from the fluid- 

particle interaction for the forces in the DEM particles are drag forces (𝐹𝐹𝐷𝐷), pressure gradient 

forces (𝐹𝐹Δ𝑃𝑃) and viscous forces (𝐹𝐹μ). 
For the coupling of CFD-DEM, a coarse-grained approach is used, which is a modified version of 

the Navier-stokes equation to account for the porosity of the CFD cell (Equations 3 and 4). 

Continuity Equation: 
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Momentum Equation: 

𝜕𝜕α 
 

 𝜕𝜕𝜕𝜕 𝜕𝜕αu𝑓𝑓 
+  𝑖𝑖  = 0 (3) 𝜕𝜕𝑒𝑒𝑖𝑖 

𝜕𝜕𝜕𝜕𝑓𝑓 𝜕𝜕𝜕𝜕𝑓𝑓𝜕𝜕𝑓𝑓 ∂𝑃𝑃 ∂τ𝑓𝑓 𝜌𝜌𝑓𝑓𝛼𝛼 ( 𝑖𝑖  + 𝑖𝑖  𝑗𝑗 ) = α + 
𝑖𝑖𝑗𝑗 

+ 𝐹𝐹 + 𝐵𝐵 + 𝐸𝐸 (4) 𝜕𝜕𝜕𝜕 𝜕𝜕𝑒𝑒 
 ∂𝑒𝑒𝑖𝑖 ∂𝑒𝑒𝑗𝑗 𝑒𝑒𝑒𝑒 𝑓𝑓 𝑓𝑓 

where α is the porosity, t is the time, 𝑒𝑒𝑖𝑖 is the distance in direction i, 𝜕𝜕𝑓𝑓 and τ𝑓𝑓 is the velocity of 𝑖𝑖 𝑖𝑖𝑗𝑗 
the fluid in i direction, ‘P’ is the pressure, τ𝑓𝑓 is the shear stress ij of the fluid in ‘i’ direction and 

experienced in ‘j’ face respectively, 𝜌𝜌𝑓𝑓 is the density of the fluid, 𝐹𝐹𝑒𝑒𝑒𝑒, 𝐵𝐵𝑓𝑓 and 𝐸𝐸𝑓𝑓 are the fluid- 

particle interaction forces, body forces and external forces respectively. 

The CFD time-step is coupled every 50 DEM time-steps. Hence, the simulation is governed by the 

DEM time-step which is based on the critical Rayleigh time-step (∆𝜕𝜕𝑐𝑐𝑐𝑐(𝐷𝐷𝐸𝐸𝐷𝐷)). The critical Rayleigh 

time is given by: 

 𝜋𝜋𝜋𝜋 
 𝑚𝑚𝑖𝑖𝑚𝑚 

 
 √𝜌𝜌 𝐺𝐺 ∆𝜕𝜕𝑐𝑐𝑐𝑐(𝐷𝐷𝐸𝐸𝐷𝐷) = 

2(0.1631𝛾𝛾 + 0.8766) 
(5) 

where, 𝜋𝜋𝑚𝑚𝑖𝑖𝑚𝑚 , 𝜌𝜌, 𝐺𝐺 and 𝛾𝛾 is the minimum particle diameter, particle density, shear modulus and 

Poisson ratio of the particle. 

The results of this study for initiation of motion are compared with the Shields diagram, which 

provides a relationship between two dimensionless parameters; critical shields number (𝜃𝜃𝑐𝑐) and 

dimensionless grain size (𝐷𝐷∗), which are given by: 
 𝜃𝜃𝑐𝑐  𝜏𝜏𝑐𝑐  

= 
(𝜌𝜌 − 𝜌𝜌 )𝑔𝑔𝜋𝜋 (∆ − 1)𝑔𝑔 1/3 

(6) 

𝐷𝐷∗ = 𝜋𝜋50 [ 𝜇𝜇2 
] (7) 

where, 𝜏𝜏𝑐𝑐 is the critical bed shear stress, 𝜌𝜌𝑠𝑠 is the particle density, 𝜌𝜌𝑤𝑤 is the water density, 𝜋𝜋50 

median particle size, ∆= 𝜌𝜌𝑠𝑠/𝜌𝜌𝑤𝑤 and 𝜇𝜇 is the dynamic viscosity. Bed shear stress is an important 

parameter which is calculated from the simulation and the subsequent analysis of initiation of 

motion using the Shields curve. The bed shear stress is calculated at the surface of the bed by: 𝜋𝜋𝜕𝜕𝑒𝑒 𝜏𝜏 = 𝜇𝜇 𝜋𝜋𝑑𝑑 
(6) 

Where, 𝜇𝜇 is dynamic viscosity, 𝜕𝜕𝑒𝑒 is the velocity in the x-direction and 𝑑𝑑 is the direction 

perpendicular to the flow (opposite to gravity). 

SIMULTION SETUP 

Simulations were carried out for a particle size (D) of 0.1mm, which lies in the laminar zone of 

the Shields diagram. The flow in the laminar region of the Shields curve is considered 

hydrodynamically smooth. Quartz is considered as the most prevalent material found in alluvial 

riverbeds, and hence, its properties are considered for DEM particles. The DEM properties for the 



simulation are represented in Table 1 Standard properties of DEM particles in the bed Approximately 

5,000 DEM particles are simulated (approx. 100, 10 and 5 particles along the length, breadth and 

depth, respectively). 

Table 1 Standard properties of DEM particles in the bed 
 

Parameter Value 

Median Grain Size (𝜋𝜋50) 0.01cm 

Modulus of Elasticity (E) 7.25 x 107 N/cm2 

Shear Modulus (G) 3.10 x 107 N/cm2 

Coefficient of Friction (µ) 0.4 

Coefficient of Restitution (e) 0.9 

Acceleration due to gravity (g) 9.8 m/s2 

Poisson ratio (𝜈𝜈) 0.17 

To prepare the sediment bed, a non-interacting particle cloud is randomly generated and 

subsequently compressed using a mechanical plunger as shown in Figure 1. The DEM bed sample 

is surrounded by solid walls on 5 sides and open on the top side along the height, which is exposed 

to the flow. For the DEM domain, the total length is 3 times the length of the DEM bed (LDEM) 

with the DEM bed placed at the center. The breadth is the same as the DEM bed (BDEM) and the 

height is 3 times the DEM pit with it extending from the bottom of the DEM bed (HDEM). For all 

the three directions the boundary conditions for DEM are considered fixed. 
 

 

Figure 1. CFD-DEM Domain (Top Left), CFD Domain (Top Right) and DEM Domain (Bottom Center). 



The length, breadth and height (above the sediment bed) of the CFD domain is 100D, 10D and 

20D respectively. Along the height of the flow the CFD cell size is maintained at 1D, whereas 

along the direction of the flow and the out of plane direction the CFD cell size is maintained at 

2D. The fluid properties for the CFD considered in the simulation are presented in Table 2. 

Table 2 Standard properties fluid in CFD 
 

Parameter Value 

Density (𝜌𝜌) 1g/cm3 

Kinematic viscosity (𝛾𝛾) 0.01 cm2/s 

The fluid flow is provided along the x-direction from the velocity inlet with a fixed value boundary 

condition. A logarithmic profile is provided at the inlet which is represented as: 𝑈𝑈(𝑑𝑑) = 
𝜕𝜕∗ 𝑙𝑙𝑚𝑚 ( 

𝑑𝑑 
) (6) 𝜅𝜅 𝑧𝑧0 

where, 𝑈𝑈(𝑑𝑑) is the velocity along the height in the y-coordinate, 𝜕𝜕∗ is the frictional velocity, 𝑧𝑧0 is 

the roughness length and 𝜅𝜅 is the von Karman’s constant. A pressure outlet boundary condition is 

provided at the outlet with the fixed value of zero. Wall conditions of fixed velocity value of zero 

is provided for boundaries for the walls making the DEM pit. For the remaining boundaries, 

Neumann’s boundary condition of zero gradient is applied for both velocity and pressure fields. 

Before the actual CFD-DEM simulations were run where the particles were allowed to move, the 

flow parameters were initialized by running a steady-state analysis with the particles in the bed 

kept static for 1000 iterations. Thereafter, the main transient simulation using a PISO loop to 

analyze the particle movement was carried out with a simulation time of 5 seconds. 

 

RESULTS AND DISCUSSION 

The CFD-DEM simulations were compared with a pure CFD case with the same inlet flow profiles 

to verify the flow conditions. The other boundary conditions were also the same as the CFD-DEM 

case, however for the pure CFD case the boundary condition where the DEM sediment bed would 

be exposed to the flow was modelled as a wall. In the pure CFD case, the flow profiles are assumed 

to be correct, and hence, the CFD-DEM case is intended to agree to the profile of the pure CFD 

case. 

Figure 2 illustrates the comparison of the velocity profile along the length of the pure CFD and the 

CFD-DEM case. The analytical profile in Figure 2 is presented in Equation 6, which is also 

provided at the inlet. 𝐿𝐿 is the notation for the total length of the DEM domain and the plots are 

compared for 0.5𝐿𝐿 and 0.9𝐿𝐿. It is seen that there is a good agreement of the plots of the CFD-DEM 

compared with the pure CFD case. At 0.5𝐿𝐿, the flow profiles are similar to that of the inlet 

analytical profiles. However, there are some differences observed between the analytical profile 

and the simulation results at 0.9𝐿𝐿. This may be attributed to the frictional effects exerted by the 



DEM bed (walls in the pure CFD case). With the comparison of CFD-DEM with the pure CFD 

case, it is proven that the fluid flow is correctly modelled in CFD-DEM. 
 

 

 

Figure 2. Comparison of the flow profiles with the at length of 0.5L and 0.9L along the length. 

With the satisfactory modelling of fluid flow in CFD-DEM, three different scenarios with the 

different inlet flow magnitudes have been analyzed which are termed upper bound, best fit and 

lower bound. For the inlet velocity profile, Equation 6 has been used and for the 3 scenarios, 

different values of frictional velocity (𝜕𝜕∗) in the inlet profile are used, which are 0.909 cm/s, 1.11 

cm/s and 1.289 cm/s for upper bound, best fit and lower bound, respectively. 

Lower bound was the scenario where the flow magnitude is the least and no movement of DEM 

particles were observed. When the flow magnitude was increased to the values of best fit, there 

was displacement of articles from the top surface. Since, this is the instance at which movement 

was first observed, this point is labeled as the initiation of motion for sediment transport. The 

initiation of motion is defined at the instance where there is any kind of movement of particles 

above the bed. Additionally, when the flow magnitude is further increased the to the upper bound, 

a grain carpet movement as observed by Yalin and Karahan (1979) is noted, where the top particles 

of the sediment bed is eroded and displaced. 

Figure 3 illustrates the Shields diagram with the three cases and its comparison to the function 

provided by Soulsby and Whitehouse (1997) and the lower & upper limit provided by Buffington 

and Montgomery (1997). From the analysis of the particle movement, the best-fit scenario is 

observed quantitatively to be the instance of initiation of motion. However, there is an over- 

prediction of the critical shields number (𝜃𝜃𝑐𝑐) as observed in the Shields curve. The reason for this 

could be attributed to the absence of the lift models for the DEM simulations. Lift forces are 

understood to be critical for the particle movement as it reduces the vertical force to resist the 

motion. With regards to the lower bound and upper bound, it cannot be described as the instance 

of initiation, as there is no movement in the former and excess movement in the latter. 



 

 

Figure 3. Shields Diagram representing the different scenarios particle size (d) of 0.1mm. 

 

 

CONCLUSION 

The coarse-grained approach shows potential for the application of CFD-DEM in the field of 

sediment transport. From the study, the first stage of the sediment transport i.e. initiation of motion, 

for hydrodynamically smooth flows has been well predicted to approximately match the plots of 

the Shields diagram. Nonetheless, improvements to the model could be achieved by the 

incorporation of the lift forces. In this study, the conditions are assumed to be hydrodynamically 

smooth, where the laminar flow would be effective and hence turbulence modelling would not be 

required. However, as the particle size increases, turbulence is understood to play an integral part 

in the sediment transport process. Hence, in the further analysis turbulence modelling is required 

to be included in the models. 
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