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Quantitative DEM of dense granular packings with a multiple contacts force model

From 2D images to 3D grains Contacts = no border between grains BUT surface area is well defined

Outliers completely eliminated

Step 1: Stack the images into 3D voxels

Step 2: Detect border voxels and assign them to unique grains

Step 3: Fit an analytic surface to these borders

Step 4: Use these surfaces to get accurate forces 6/17

Inferring forces in full 3D

Analytic shape descriptions ⇒ contact properties 

  Measured here: A, C, G₁, G₂, d₁, d₂. Unknown: δ ⇒ Vector forces in full 3D, with orientation, position, norm + grain centers of mass, stress tensor, etc. Contact properties ⇒ forces 1/r = 1/r₁+1/r₂ radius of curvature at contact F = E r¹ / ² δ³ / ² E = effective Young modulus F = E δ a a = √A/π radius of the contact Hence r δ = A/π ⇒ δ ⇒ F (with given E) 7/17 Uni-axial compression cycles Forces = struts joining the grain centers Blue = weakest, Red = strongest 8/17 Top plate moves by 1mm increments A full scan is taken between increments Validation on compression cycles Force (N) Scan number (10 cycles of 60 scans each) measured on the top plate sensor Green = force inferred from the images + measure of E≈23 kPa Full experiment: Maximal compression of Δ ≈13% the initial height Average force at min compression ≈10⁻² N 20 cycles = 1200 scans, >1M contacts (=good stats!). deformable spheres, overlap = δ + Force model F = F(δ) (either linear, Hertz, hysteretic...) + Solid Dynamics (friction, solid bodies) + Newton's law for integrating the new positions after an elementary dt = Trajectories of all particles + all contact properties As close as we can get to the experimental setup Hertz + same material properties Grains are replaced by spheres of the same volume with the same center of mass Same box size and piston motion 12Correlation between contacts (ex [Gonzalez/Cuitiño]) -δ c = the deformation at contact c. -Other contacts i,j,k,l have an extra influence on c New model -A different expression for the correlations -Surfaces are deformed before the grains touch: new contacts can be created -Backed up by data!
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Induced displacements

Sphere-based ideas in the literature Questions?