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S1  Dynamic fluid mesh algorithm 

In the DEM model, the centroids of the coarse particles and the contact points between the walls 

and the coarse particles are used to generate the tetrahedral mesh by Delaunay triangulation 

(Blanco, 2015). The mesh is updated dynamically at predetermined time steps as the particles 

move during the calculation. This method provides a good representation of flow in gap-graded 

soils.  

To obtain the porosity of each tetrahedron, the total volume of coarse and fine particles in 

each tetrahedron is calculated separately. For coarse particles, the volume of a tetrahedron 

embedded in the particle is first calculated. Then a volume correction factor is applied to the 

embedded tetrahedron in order to add a small additional volume near the spherical surface. For 

small particles, the total volume is recorded in the tetrahedron in which the particle centroid is 

located. Then the porosity, ߳, is obtained as: 

߳ ൌ ୲ܸୣ୲ െ ୡܸ୭ୟ୰ୱୣ െ ୤ܸ୧୬ୣ
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where ௧ܸ௘௧ is the volume of the tetrahedron mesh, ௖ܸ௢௔௥௦௘ and ௙ܸ௜௡௘ represent the volume of 
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the tetrahedron embedded in coarse and fine particles, respectively. Permeability is obtained by 

using the Konzeny-Carman equation (Bear, 1972), 
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݀୫	ଶ
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where ݀௠ is the average diameter of fine particles in the mesh. 

Low Reynolds number fluid flow in porous medium is described by Darcy’s law: 

࢜ ൌ െ
ࡷ
߳ߤ

ߘ  (S3) ݌

where, ݒԦ is the fluid velocity, p is the fluid pressure, K is the matrix permeability, ߤ is the fluid 

dynamic viscosity, and ߳ is the matrix porosity. 

The compressibility of the fluid is negligible, leading to the incompressibility condition: 

࢜	ߘ ൌ 0 (S4) 

A Laplace's equation (Eq. (S5)) is derived by combining Eqs. (S3) and (S4): 

ߘ 	൬
ࡷ
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൰݌ߘ ൌ 0 (S5) 

This equation is solved for piece-wise constant pressure over the fluid elements, using the fipy 

solver, which is a partial differential equation (PDE) solver (Silpa-Anan and Hartley, 2008). 

Given the boundary conditions, the pressure in each element can be solved. The fluid velocity on 

each element face can be solved by using Darcy’s law, and the fluid velocity at the element centre 

is defined by the following interpolation scheme: 
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where ݒ௜ is the fluid velocity in the i-direction of mesh center, ௝ܵ is the area of each element 

face, and	 ௝݊௜ is the vector in the i-direction of normal vector of surface j. 

The hydro-mechanical forces on coarse and fine particles are calculated separately. For coarse 

particles, the force exerted on a particle from a single fluid element is calculated by multiplying 

the fluid pressure by the surface area of the coarse particle contained in the fluid element. The 

resultant force exerted by the fluid on the coarse particle can be written as: 
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where ௜ܲ is the pressure and ௜ܵ is the surface area of the particle in the fluid mesh. 

For small particles, the total force exerted by the fluid on the particle is the sum of the drag force 

and the buoyancy force: 

௙ࢌ ൌ ௗࢌ ൅
4
3
 (S8) ࢍ௙ߩଷݎߨ

where ࢌ௙ is the total force applied by the fluid, and ࢌௗ is the drag force applied by the fluid, 

which can be expressed as: 

ௗࢌ ൌ
4
3
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where r is the particle radius, ࢌ௕ is the drag force per unit volume in the fluid mesh the particle 

occupies, and ϵ is the porosity. 

The drag force that particles exert on the fluid in each fluid mesh is defined as: 

௕ࢌ ൌ  (S10) ࢁߚ

where ࢌ௕ is the drag force per unit volume, β is a coefficient, and ሬܷሬԦ is the average relative 

velocity between the particles and the fluid, defined as: 

ࢁ ൌ ࢛ െ ࢜ (S11) 

where ݒԦ is the fluid velocity, and ࢛ is the average velocity of all particles in a given fluid 

mesh, defined as: 

࢛ ൌ
1
ܰ
෍ ௝࢛

௝
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where the sum is over all particles that exist in the fluid mesh. 

The coefficient β is calculated in two ways, depending on the porosity of the fluid mesh 

(Tsuji et al., 1993). For low porosity (ϵ<0.8), the relationship comes from observations of 

pressure drop in flow through porous media (Ergun, 1952): 

ߚ ൌ
ሺଵିఢሻ

ௗതమఢమ
ሺ150ሺ1 െ ߳ሻߤ ൅ ߳         หሻࢁ௙݀หߩ1.75 ൏ 0.8 (S13) 
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where μ is the dynamic viscosity of the fluid, ߩ௙ is the density of the fluid, and ݀ is the 

average diameter of the fine particles staying in the fluid mesh, which is defined as: 

݀ ൌ
1
ܰ
෍݀୨
௝

 (S14) 

where the sum is over all particles in a given fluid mesh. 

For higher porosity (߳ ≥ 0.8), β is derived from the corrected nonlinear drag force exerted 

on a spherical particle by a fluid (Wen and Yu., 1966): 

ߚ ൌ ସ

ଷ
ௗܥ
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              ߳ ൒ 0.8 (S15) 

where ܥௗ is a turbulent drag coefficient defined according to the particle Reynolds number: 

ௗܥ ൌ ቐ
24ሺ1 ൅ 0.15ܴ௘௣଴.଺଼଻ሻ

ܴ௘௣
ܴ௘௣ ൏ 1000

					0.44									ܴ௘௣ ൒ 1000
 (S16) 

where, 

ܴ௘௣ ൌ
௙ϵ݀ߩ|ࢁ|

ߤ
 (S17) 

According to Eq. (S17), the Reynolds number is calculated. In this study, the Reynolds 

number is range 320 to 800, which is much lower than 2300. It indicates that the fluid is laminar 

flow. 
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defined as the tangent of the maximum angle of a slope on which the rolling resistance toque 

counterbalances the torque produced by the gravity acting on the body. 

The rolling resistance results in two types of energy partition: the rolling strain energy and 

rolling slip energy. The rolling strain energy is shown as, 

௞௥ܧ ൌ
1
2

ଶ‖்ࡹ‖

݇௥
 (S23) 

The rolling slip energy has the following form: 

ఓ௥ܧ ൌ ఓ௥ܧ െ
1
2
ሺ்ࡹ

௢൅்ࡹሻ ∙ ௕ࣂ∆
ఓ௥ (S24) 

where ்ࡹ
௢  is the rolling resistance moment at the beginning of the time step, while ∆ࣂ௕

ఓ௥ is the 

slip component of the relative bend-rotational increment, defined as the different between ∆ߠ௕ 

and the elastic component of the relative bend-rotational increment ∆ࣂ௕௞, 

௕ࣂ∆
ఓ௥ ൌ ௕ࣂ∆ െ ௕ࣂ∆

௞ ൌ ௕ࣂ∆ െ
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