COMPUTATIONAL

GEOMECHANICS

To see and compute as hever
before in granular materials:

the avatar concept

Jose E.Andrade
Mechanical & Civil Engineering

Keynote |S-Cambridge, UK, September 2014
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Multiscale

Grain Scale (~mm) Continuum Scale (>m)
Newtonian Mechanics Continuum Mechanics

F'=ma V.0 =pa
discrete average, bulk

concept: force [’ concept: stress 0



Concept of Force
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Concept of Force

Isaac Newton: 1643-1727 Robert Hooke: 1635-1703

force relates to momentum



Concept of Force

Isaac Newton: 1643-1727 obert Hooke: 1635-1703

orce relates to momentum cellinosssttuyv



Concept of Force

Isaac Newton: 1643-1727 Robert Hooke: 1635-1703

force relates to momentum



Concept of Force

Isaac Newton: 1643-1727 obert Hooke: 1635-1703
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physical features morphology = shape

behavior behavior = kinematics
& forces

The avatar concept
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experimentally capture morphology & kinematics



Level-set: a one-stop shop
for characterization &
computations



Proposed
Method

Level Set Bridge

[ 1\

Contact Shape Kinematics

| 1 ]

Random | | Clumping/ | | Digital Image
Walk Polyhedra || Correlation

Current
Methods

Level-set: a one-stop shop
for characterization &
computations
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Level-set: a one-stop shop
for characterization &
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3D visualisation of sample in state 12
(9.11% axial shortening)

31 grains selected for analysis
(raw voxelised data)
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All the grains in state 12 (grey)

Macro-micro
experimental

data @ failure

Grains rotating >5° (red)

31 grains selected for analysis
(red and in foreground)




Construct computational model of real 3D particles

BINARY IMAGE LEVEL SET SURFACES NURBS MODEL

Gradient Edge Markers
i

Image
Raw Image Denocised Image QGradlent

mt_}[\; —}i

Watershed

Level Set of Grain

Level Set
Evolution

Binary Initial Guess
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materials (e.g., sand)



Can contact forces be
measured’

e 3DXRCT & 3DXRD:
grain topology,
kinematics & average
grain strains

® Missing link: grain
contact forces Vs. stress

~Radiograph
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experimentally capture inter-particle forces
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Dynamic Validation of Method

Phantom v3 10 high-speed camera

Frictionless “air hockey” table
(only forces are inter-particle)



Dynamic Validation of Method

Phantom v310 high-speed camera Rubber “grains” and rigid impactor

\ (1/500 real time)
vox=-1.14m/s voy=-0.66m/s

More unknowns than momentum equations

Frictionless “air hockey” table
(only forces are inter-particle)



Dynamic Validation of Method

Digital Image Correlation (Vic2d): €.y FEM Simulation (Abaqus/Explicit): €y

(1/500 real time) (1/500 real time)

€ij — 0 €35 Z 0.04



Dynamic Validation of Method

Digital Image Correlation (Vic2d): €., FEM Simulation (Abaqus/Explicit): €z,

(1/500 real time) (1/500 real time)
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Dynamic Validation of Method

Inverse problem FEM Simulation

(1/500 real time) (1/500 real time)
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Application: Penetration

Experiment (vo=3m/s)

(1/450 real time)
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Vertical Force On Intruder
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Granular Element Method

® A new discrete element method that has the ability to
represent complicated grain geometries

® Uses parametric curves and surfaces

® Brings free-form computer-aided graphics design

technology to full force for the realistic simulation of
granular materials




Features of GEM

Captures particle morphology: sphericity & roundness
Can seamlessly go from binary images (XRCT) to model
Can perform calculations with real shapes

Accurately predicts macroscopic response

Retains the simplicity of conventional DEM
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ma; +Cv; = F;
Ia+Cw = M

forces and moments depend
on particle morphology
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Experimental data: stress-strain (macro) & grain
kinematics (micro)



GEM Unit Cell 1 ' GEM Unit Cell 2

Simple shear numerical experiments
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Main multiscale results
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Closure |/3

® VWe can now measure T A
& compute granular | T S
BEHAVIOR: |
kinematics+forces




Closure 2/3

® Coupling between imaging & computational
power is making progress real

BINARY IMAGE LEVEL SET SURFACES NURBS MODEL
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Closure 3/3

® First time EVER a
multiscale model
has captured
accurately macro

behavior of REAL
granular materials!
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