Powder and Liquid Flow (differences)

Inherent Yield Stress

£2

Powders heap Liquid spreads

Yield stress = resistance against flow

Dense particle systems:
experiments - simulations




Particle Interactions

Mechanical Chemical Atomic Cluster
(dp>10pm) (10nm<d,<10pum) (dp<10nm)

ay  Surface and Field Forces b) Material Connections

- Van der Waals Kriifte - Organische Makromolekiile (Flockungsmittel)

£ @ permanentes
Dipolmolekiil

- Fliissigkeitsbriickenbindungen

- Elektrostatische Krifte * Niedrige Viskositiit * Hohe Viskositit

* Leiter

LIy Pouy
i/ 3_ g'_ i = Oberfliichenladung /\/ E;E ' @
* Nichtleiter - Festkorperbriickenbindungen infolge

* Rekristallisation von Fliissigkeitsbriicken

—
+Q

* Kontaktverschmelzung durch Sintern
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* Chemische Feststoff-Feststoffreaktionen

I by: J. Tomas, < )< }:;’L j )'

Magdeburg

@ magnetischer Dipol

¢) Formschliissige Bindung durch Verhakung




How to model Contacts?

Atomistic/Molecular ...

Continuum theory + Contact Mechanics
Experiments (Nano-Ind., AFM, Mech., HSMovies)
Contact Modeling

» Full/All Details ... too much!

» (Over-)Simplified Models

£ k8 Linear Contact model
20 - (really too) simple ©
/ - linear
5 . - very easy to implement
min/ p O
N , /6“ Smax k6 for un-/re-loading
“fmm y ﬁhys -

_/\ C6




f=-m0=kS+70 Linear Contact model

kS +78+m,8 =0 - really simple ©
. - linear, analytical
—0+ 22L5 +6=0 - very easy to implement

) y

— o(t)= % exp(—nt)sin(wt)
®;5+2n5+6 =0 @

5() = % exp(—nt)[—nsin(wr)
o

elastic freq. @, = %1 +o cos(a)t)]
v contact duration |f, = %

eigen-freq. o= [wg _ 772 U(l‘ )
y restitution coefficient 7 =——°
. . — v
visc. diss. n 0
2my, = exp(-t,)

http://www2.msm.ctw.utwente.nl/sluding/PAPERS/coll2p.pdf

Time-scales

time-step At <= %O
t, <t different sized particles

c
contact duration |f, = % T ghee > gt

time between contacts
>

sound propagation  V,Z, ... with number of layers NV,

t}’l tC

experiment T

\/

http://www2.msm.ctw.utwente.nl/sluding/PAPERS/coll2p.pdf




Hertz Contact model

- simple ©
- non-linear
- easy to implement

min /

750 o

AN tax ko&**  for un-/re-loading
3 X hys
Jnin o 7=
—kcO
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0.002 |- / / 4

P-wave shape and speed

[x] The peture can't be cspiayed. ‘

Contact force measurement (AFM)

Polystryrene

Deformation Hysteresis in nm

50 100 150 200 250
Force in nN




Contact Force Measurement

e, » =
a

Kraft | |

> ]

O Abstand

Deformation Hysteresis in nm

Hysteresis (plastic deformation)

N
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Polystryrene
e

Borosilicate glass
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Deformation Hysteresis in nm
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Adhesion and Friction

Adhesion force (nN) Friction force (nN)
s00{" T " s

8 1 400 . :’ :
801 | T}\ IEJR:' 300 s A "
] /z\/\;y ;,W i oA

Lol ' 2004 o %
70 P

Iy
65 ’ '

20 30 40 50 60 70 0 1000750 300 250 6 250 500 750
rel. humidity (%) Normal force (nN)

Elastic spheres

CO® P O®

Elasto-plastic spheres
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Contacts

transition to
stiffhess: /’c2

3. re-loading

elastic un/re-loading
stiffness: &,

4. tensile failure
max. tensile
force

0

Alternative contact models

f

3. re-loading
=> more elastic (Thornton)
4, tensile failure 0

=> more abrupt (Walton,
Pasha & Ghadiri, Thakur &
Ooi)

t,max

/k,(3-5:




msm

fh it

Long-range reversible
adhesive branch

Elastic adhesive contacts

- FOM

)

2 Linear Loading

\ stiffness
- 45
Irreversible
adhesive branch
—— O
UNIVERSITEIT TWENT.E@ .

» Long range force.

Reversible elasto-plastic adhesive contacts

e Loading f
Plastic def. W ”
» Re-loading = = k8 k,(8—8:)
“elastic”
e Cohesion \ / N
“ fadn
_kcs

Van-der Waals type interaction.




Irreversible elasto-plastic adhesive contacts

e Loading
Plastic def.

» Re-loading “
“elastic”

» Cohesion

e Long-range

forces ... \

fﬂdr

_kcs
Low velocity: STICKING High velocity: STICKING
Behavior is similar Behavior is different
1 T D
0.8f
—~_ 0.6f
s
e Intermediate velocity:
® 04 BOUNCE / transient
0.2t J
—o— Perfectly—elastic adhesive
—— Elasto-plastic adhesive ‘|
0 1 1 1
| ___] 10—8 10-6 10—4 10—2 100 |

v, (m/s)




msm:::

Energy Calculations
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Coefficient of Restitution ™™

! O_(D_w\\
0.8!
= O,BT
T
® 0.4 f
0,21 —_— <l
| —r1
© DEM simulated data
|| 0”_4 -2 HX)J 2 |
10 10 100 10
z_(vllvp)

Tangential contact model
Sliding contact points:

/ N\
/
\ r ,////’ o \ - static Coulomb friction

o - dynamic Coulomb friction
/ \ _ | - objectivity
/“ “% | Sliding/Rolling/Torsion

N

t ~ . .
(vi —v_/.) +n><(al.(ol. +aj(u/) sliding
v, = a;nx (a), - a)j) rolling

0t~ )

13



Tangential contact model

- Static friction - spring
- Dynamic friction - dashpot

project into tangential plane 9'=9-n(n-9
compute test force f=—k1’ -y, andi =1’/

fto

sticking: - f*<u f f =1 9=+ dr
sliding: 10> . f, 1 =uufui 0=(f+y0)/k,

g S S

before contact static dynamic static

Nano-indenter -> contacts

sliding rolling

O etched 1800 W
25 O  etched 1600 W
@ untreated

z
= 15
S
1
torsion
+rolling N
0 500 1000 1500 2000 2500 3000
f& [pN]

R. Fuchs et al. Granular Matter, 2014
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Flow with friction & rolling resistance

t= 0,200 s t= 0,100 s

u=0.5
u. =0.2

... details of interaction

Attraction + Dissipation = Agglomeration

15



Example: Agglomeration

....................
....................
....................
oooooooooooooooooooo
....................
....................
....................
....................
....................

.............

S. Gonzalez-Briones, MSM, 2010

Asphalt modeling

T. Ormel, V. Magnanimo, H. ter Huerne, S. Luding
Tire&Road Consortium, CTW, University of Twente

S

16



Materials with Microstructure

Asphalt samples

v, [686]

Can we model particle
its internal structure gy
and macroscopic response

simulation

Continuum Theory

Loading/ Unloading stiffness @

f ’/kz(S—Sf)

d
_‘]k Plastic deformation
f 4 tY N : (phi * Particle radius)
t,max

17



Experimental Compaction

(link to parameters)

Bottom Plate —>

s

+ Mold with asphalt \ Force

measuring
« Uniaxial compaction
+ Measuring Force and <& Mould
displacement
+ 2 Types of bitumen & Stamp

Asphalt

Results (Experimental)

c!

Porous asphalt

6_
===Qj| sample
S/ | =m=Bitumen sample ,‘,Ji ' ,‘!
| 2 7
at w o f
I F 4
Stress i : s
N I . . _ i
[ /mmZ] Region 1 | 1 4 /‘l
2, 1
.::'" | //
10 : ‘,f'l .;4'
o e | Region 2
O Lmmeg g8 mn s =" ; l ‘
0 0.05 I o1 0.15 0.2

1
Strain [*L/,, , ]
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Results (Experimental+DEM)

mu = 0.1
Stress 8f —mu =02 Phi=0.1
v/ ] . —mu=03 K1/K2 = 0.1
4_
2,

: s

===0il sample /7
10 .
===Bjtumen sample

o .
Q= —n‘ll“'-'-‘-p'-------u--"

0 0.05 01 0.15 02
Strain [*%/,, ]

Conclusions & further research @

Simple DEM Model fits the experiments
Parameters influencing the fit:

Friction (Scaling the curves)
K1 (Stress slope in region 1)
Phi (Thickness of bitumen layer)

Further research:
Link model to other asphalt mixes

Link discrete model to continuum material models




4x108

stress (Pa)

Tabletting (cohesive, fine limestone powder)
Experiments: R. Cabiscol TUBS
DEM: S. Luding

3.5x10% |-
3x108 [
25x108
2x108
1.5x108 |
1x108 |

5x107 -

T T T 1x1 09 T
exp 5 1 sim
exp 10 exp 20
exp 20
exp 40
0 1 x|
1 1x10” F
1 1x10®
100000

L Il Il Il Il Il
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
strain (-)

L
0.001

1
0.01
strain (-)
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Tableting (cohesive, fine limestone powder)
Experiments: R. Cabiscol TUBS
calibration of DEM: S. Luding vs. H. Cheng

8
4x10 T T T T 8
9XP13 | 2x10 sim‘
ex [
3.5x10° - oxp 20 [4 e’}
exp 40 / 8 |
at0f | P 1.6x10
1.4x108 |-
8
—~ 25x10° - . s |
é Q—“i 1.2x10
g 2x10® | a2 1x10® |
o g
S 1sx10f | B a0’
s 6x10” |
1x10° .
4x10° -
7|
5x10 ox107 -
1 I A I 0 L L I I
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.15 0.2 0.25 0.3 0.35 0.
strain (-) strain (-)

High stress tableting => NEW ingredient

f //<2<a-sf>

Plastic deformation:
NEW non-linear interpolation for k*

d d

21



Tabletting

Vibration test

Results (3D Multigrid FEM)
H. Boffy and K. Venner, 2014

22



We can simulate:

+ element tests (REV)
+ small processes & equipment

— large scales (processes/plants/geophysical scales)
— especially of fine, cohesive powders

Instead:
+ provide constitutive relations = f(contact)
+ model large scales with continuum methods

tension - uni-axial

k [k, =1/2

23



uni-axial compression-tension

kfky=1/5 — =
172 o

0.010

¢ Tension

0.005

6/G,

-0.05 S0 0.05 0.1

compression - uni-axial

k [k, =1/2

24



- uni-axial

compression

k, [k, =1/2

- uni-axial

compression

k [k, =1/2

25



compression - uni-axial

k, [k, =1/2

Sintering / Cementation (back to 2D)

1. Preparation e P,
2. Heating |

L o,
SR RCR

time

Cooling
Relaxation
Testing

ouhk

)

o Theat 1 sinter feool Trelax




fhys k10

loading stiffness: k, =k, (T)

1. Preparation (7=const.)

cold contacts — loose grains

1 f H

3 max
k 2

k, (6) /
/ Sﬂuld
\f

contact stlffness k, =k, (

Sintering /Cem.

2. Heating

k loading stiffness: k, =k, (T)

f “k,

maximum overlap fixed: 8

neutral overlap increasing: &,

27



Sintering / Cem. 3

@

Sintering 4

4. Cooling

N 2

28



Sintering 4

4. Cooling

maximum overlap increasing: o,

neutral overlap fixed: 6,

Sintering 5

5. Relaxation

29



Sintering 6

6. Testing

strain ...

p=const.
—
Sintering 6
strain ...
6. Testing
p=const.
——

30



strain ...

Sintering 6

6. Testing

strain ...

Sintering 6

6. Testing

const.

"

31



6

6. Testing

interi

S

ing

strain ...

¢
4
QO
©
=
O

Sintering (Temperature+Pressure)

Vibration test

32



Sintering

Vibration test

We can simulate:

+ element tests (REV)
+ small processes & equipment

— large scales (processes/plants/geophysical scales)
— especially of fine, cohesive powders

Instead:
+ provide constitutive relations
+ model large scales with continuum methods

33
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Masque amont . protection

imperméable _\

. étanchéité

w N

- drain

N. Limmen and J. F. van den hoogen
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Fluid-particle simulation — multiscale ...
but which length scale?

T
F

Length scale of interest
determines simulation
method

Model 4

Fluid resolution >
particle diameter

Model 1 Model 2 Model 3

Van der Hoef, M. A., van Sint Annaland, Deen, N. G., & Kuipers, J. A. M. (2008).
Numerical simulation of dense gas-solid uidized beds: A multiscale modeling strategy.
Annual Review of Fluid Mechanics, 40 (1), 47-70.

Recent research: 1. bubble 2-phase flow
PhD thesis: P. Cifani (H. Kuerten, B. Geurts) UT

2— — 2 —

35



Recent research: 1. bubble 2-phase flow
PhD thesis: P. Cifani (H. Kuerten, B. Geurts) UT

Recent research: 1. bubble 2-phase flow
PhD thesis: P. Cifani (H. Kuerten, B. Geurts) UT
N

36



Recent research: 2. porous/cement 3-phase flow
PhD thesis: K. Li (M. Stroeven, L. J. Sluys) TUD

OOOOOO
o 00

Q ° 00 o
inlet
0o 0 =
O flow outlet
DRaMuTS — pore topology
HADES - particle packing

Exploration (Stage 3)
(Stage 1) / \ / Tube model for

permeability

ontinuous channel
flow

calculation
(Stage 5)

XIPKM — cement hydration
(Stage 2) SVM — pore size estimation (Stage 4)

Recent research: 2. porous/cement 3-phase flow
PhD thesis: K. Li (M. Stroeven, L. J. Sluys) TUD

v flow outlet
HADES - particle packing\ / DRaMuTS — pore connection

exploration / Tube model for
permeability
calculation

XIPKM — cement hydration SVM — pore size estimation

37



Recent research: 3. swelling particles (YADE, UU)
PhD thesis: T. Sweijen (B. Chareyre, M. Hasanizadeh)

A
f x

Pore throat (;;)

Recent research: 3. swelling particles (YADE, UU)
PhD thesis: T. Sweijen (B. Chareyre, M. Hasanizadeh)

Water pressure

8000 6000 -4000 2000

38



0.25

0.2

0.15

Radius (cm)

0.1

0.05

0 10 20 30

Time (min)

Particle™,

Particle

Example: Mechanical Wave Propagation in Solids

Velocity |u| (m/s)

0.001 0.002 0.003
| il | | |
| Ll

.
0.004
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Fluid-particle simulation — multiscale ...
but which length scale?

Length scale of interest )¢ ag
determines simulation : ]
method I

Fluid resolution <
particle diameter

Model 1 Model 2 Model 3

Van der Hoef, M. A., van Sint Annaland, Deen, N. G., & Kuipers, J. A. M. (2008).
Numerical simulation of dense gas-solid uidized beds: A multiscale modeling strategy.
Annual Review of Fluid Mechanics, 40 (1), 47-70.

System setup

» Afully saturated granular system (FCC + fluid):

» Oscillating pressure on the left (fluid) and constant pressure on the right
(fluid) and periodic boundary condition

» First and last layer fixed to have effective pressure on the solid, ranging
from 0.1 Mpa to 30 MPa

*  Young’s modulus and Poisson’s ratio: 70 GPa and 0.2
» Contact law: Hertzian for frictionless spheres (R = 0.02 mm)
Solid |vel| (m/s) Fluid |vel| (m/s)

0.0e+00 2e-7 3e-7 4e-7 5e-7 6e7 7e-78.0e-07 0.0e+00 1.0e-3 3.0e-3 4.0e
b eee— ‘ ‘

UNIVERSITY Elastic waves in a saturated FCC packing | Hydro-mechanical modeling of wave in saturated granular media
OF TWENTE Hongyang Cheng | micro to MACRO Mathematical modelling in soil mechanics

1 June, 2018
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0.0e+00
|

Solid |vel| (m/s)

2e-7 3e-7 4e-7 5e-7 6e

 —

Atomistic (MD) |

5
AV 2

%
[ Fully resolved (DNS) |

| Meso-resolved

Atomistic approach

Continuum approach

41



Upscaling challenge (movie by: Ken Kamrin)
Constitutive relations => continuum solver

X
X

X Time: 0.00s

Multiscale modeling

\/|
W,

D 7
, = 7:'%':’% <
S S A s
> W%, «
Vo o™ 90 TAVAY 75

(\/

[/
X
al
/N
,"

)

<

AN
X

)
"0
2

\/

'S

[\

Unresolved (DPM)

Atoms/Molecules Continuum approach

W.denOtter & R.Hartkamp K. Yazdchi, |. Gueven M. Robinson, S. Srivastava
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Modelling non-spherical (clay) particles

Numerical sample SEM of kaolin clay in water

[Pedrotti & Tarantino, Strathclyde]

Clay particles

© < B

Sphere Flexible Rod/Fiber Platelet

. __________________________________________________________________________________|
Face-to-Face Edge-to-Face
negative charges negative/positive charges

43



Clay particles

4.5
Clay particles I
0 o Simulationd (vater pH)
35 N
N
o 30 R
€ 25 +—AN
£ L B
2 20 =1
o
- C
1.5
™~ o~
ERmTi -~y QE—"“
0s se o
.. D
0.0 o 0e"sF apne
0.1 1.0 10.0 100.0 1000.0 10000.0
a) Vertical stress, o: [kPa]
0.9
Reversible
mechan :S.‘_ Lo 000
08 D g Ll
‘:S o*° "QM*“"
. 0.7
d
- Non-reversibl¢
2 oo ani Y
2 N
5 e ‘R Reversible
2 o5 f—— og® | |10} || mechanisms: |
H o1
= o 2
| || ) e
04 ——HHHE bl - Ly
0.1 1.0 10.0 100.0 1000.0
b) Vertical stress, o: [kPa]
[Pagano, Magnanimo, et al., under review, Géotechnique, 2018]
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Additional features of rods/fibers

Bending = soft fibers

Polydispersity

What if? nanoscopic particles in visco-elastic fluids

paint, toothpaste, mayonaise, etc

5 e et continued in project with
CBP and Apollo-Vredestein

oBP Pt i

45



Simulation of ellipsoid under shear

(using analytical mobility matrix, non-Brownian)

v

[ 025

simulations agree with Jeffery

S. Kim and S.J. Karrila, Microhydrodynamics Principles and selected applications (1991)
G.B. Jeffery, Proc. Royal Soc. London A 102 161 (1922)

0.5
dimensionless strain (y/y.r)

075

Orientation of ellipsoid under shear

cosl

(with-Brownian)

Pe=100
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A spherical cow

Biaxial box element test

o Top wall: strain controlled

z(t) =z, +%(1 +cost)

» Right wall: stress controlled
p =const.

e Evolution with time ... ?

47



t= 1,03

p=20000

Aot A L L L L

T B N S

LA L

¥
L

TR

L S e e RSy SR R S

3D - Initial Condition Density ?
... van der Waals adhesion

» clusters/agglomerates form ...

48



3D — Density vs. friciton ...

0.7

0.65 -

> 0.55 -

v=0.48

05

0.45

0.4

3D — Density vs. rolling-resistance

07 T T T T T

103 -t

102 o
065 F 100 o
06

> 055 o
05
v=0.45

045 |
04

» Sattigung bei hohem Rollwiderstand




2 dimensions or 3 dimensions?

2D 3D
 disks
» polygons, ... polyedra, ...
 density/porosity
Area-fraction Volume-fraction
* Visualization
less simple
e learn ...

practical use

2D-3D — comparison?

0.08 —— 1.2
2D
3D - vl L ri
0.06 | 7 j
0.8 H
0.04 | {1 &
e s 0.6
0.02 0.4
02 |
0
1 1 1 1 0 1 1 1 1
0 005 0.1 015 02 0. 0 005 01 015 02 021
€n €n

» Saturation at large friction coefficients
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Constitutive model
various deformation modes

Mode 0: Isotropic dy =0
Mode 1: Uni-axial
Mode 2: Deviatoric g =0

Mode 3: Bi-axial (side-stress controlled)
Mode 4: Bi-axial (isobaric, p-contolled)

51



Bi-axial box (stress chains)

t i

iy

Bi-axial box (kinetic energy)
B E e
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Bi-axial box (kinetic energy)

ezz = 0,0000 exx = 0

Bi-axial box (rotations)

53



Bi-axial box (rotations)

ezz = 00,0000 exx

Multiple micro-mechanisms - challenge

54



Bi-axial compression with p,=const.

0.03 T T T T T T T T

#i
002 L N <
9.
w> 8 \Q_ Z
oot | § { ®
g 1
0 ]
1 1 1 1 0| 1 1 1
0 0.05 0.1 0.15 02 0 005 01 015 02
877 877

Microscopic interpretation: memory?

a. overconsolidated
b. critically consolidated
c. underconsolidated

|-

strain
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Yield loci

A

yield loci

T effective yield locus

A 4

Flow behavior

b, f, 1 2 30
fC
fa
ch
fm
[ 1 2 36

impossible

difficult

Free flowing

»

O
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Bi-axial compression with p,=const.

0.03
0.02
>
“0.01
0
1 1 1 1 0] 1 1 1
0 005 01 015 02 0 005 01 015 02
£, £

Material parameters

:
0003 b k=0 ——

[, R
0002 | k=ky
k=2key -eeeeeee
000 | K=
& o &
-0.001 i
-0.002 + 500
-0.003 + q :
0 0.01 0.02 0.03 0 0.01 0.02 0.03
€, €
e . . [ 2sin
Initial Compression: Dilatancy: d'=tan™ - .4
1-siny

j =tan”' (1-2v) Dilatancy Angle:

N w ~0.088 for p=500
Poisson-ratio: v~0.66 v ~0.190 for p=100
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Modulus and yield stress cohesion
p =500 p=100

1000 F ! 450

400
900
350
800 300
N N
© o 250
700
200 [
[ ‘¢
600 15007 kekyf2 e 1
100 ) .
500 L 5 P— . | k=l ——
0 0.01 0.02 0.03 0 0.01 0.02 0.03
SZZ gZZ
Modulus Yield Stress ....
(initial slope) (peak value)

Micro-macro for cohesion

k. /k,=0,1/2,1,2, and 4

80 T T T T
70 1
60 +
50

30 +
20 |/ 1
10¢ 1

k ks

l_kl/k2

micro i macro cohesion c=c¢
"Lk,
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&y

-0.01

Pressure dependence

0.03

0.02

001

Results for friction y=0.5 and different p, and k.=0

1200

1000

800

600

400

200 H/ 7

Bi-axial: p,=200 — varying friction

0.03

0.01

p=0.5 ——




Friction — no cohesion

k.=0and y=0.5

T
P N
7 % ‘\\\ AN
N\
c {
| Oxx | | Oz
T 1 T
. \\\ \
AN / /
\\\\ e /
N e

Internal friction angle ¢ = 27°
Total friction angle ¢ ~31°

Micro-macro for friction

0.7 T T T 7 T T
o prepared pu=0

06 /8 .

05 | 1 prepared p=0.5
e 04r o / .
= ] "
S o03p3, /" . =

o steady-state shear

-2 [Fa

i1
0.L % peak stress O )
0 ; stleady-sltate "

0 02 04 06 038 1
w

micro U macro friction-angle ¢
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Micro-macro for friction
0.7 T T T // T T d _0
ol /e prepared u=
b5 | 1 * prepared x=0.5
o 04t 5 / .
= .
S 032,/ /"= . b
02 I£° steady-state shear
i1
= 0Lt peak stress o 7
0 ; steady-state =
0 02 04 06 038 1
micro ton u macro friction-angle u

Micro-macro for anisotropy — rheology

compression

l

__, tension
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Anisotropy <-> Shear ?

A 4

e Simple shear

0 2¢, 0 e 0 ¢
&= = +
0 O -¢ 0 e 0

Rotation + symmetric shear

S

Anisotropy <-> Shear ?

A 4

* Simple shear

0 2e, 0 ¢ 0 ¢
&= = +
0 O -¢, 0 g 0

Rotation + symmetric shear
» Rotate symmetric shear tensor by 45 degrees

R 0 ¢ RT—gS 0
“le 0) 7 (0 -5 <

« Biaxial “shear”: +

a
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An-isotropy in stress

o/p
88}

0| 1 1 1
0 005 01 015 02

€

77

An-isotropy (Stress)

» Stress: Isotropic: tr o, and deviatoric: dev o = 6,,-6,4
» Minimal eigenvalue: o,y l . ,

» Maximal eigenvalue: o, 3
» Dev. Stress fraction s, =deveo/tro
0 2
- S :ﬂs Smax - 2 7
oe,, P ‘ ( D) ©
» Exponential approach to peak 1
1-5,/5,.. =exp(=B.&p) ol
0 005 0.1
ﬂs (pa P, /u) £,
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An-isotropy (Stress)

0

ESD = ﬂs (Smax _SD)

Stiffness/structure tensor l

tr T T T
0.8 g‘f". 73\.'9;.'.“.: T
06 fy

C"/k

Different moduli:
* against shear
0 005 0.1 015 02 « perpendicular
€, « one shear modulus
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An-isotropy (Structure)

Different stiffness:

» More stiffness against shear
* Less stiffness perpendicular
One (only?) shear modulus

» Anisotropy 4 = (, - (', evolution

0
— A= A —A
agD ﬁF( max )

« Structure changes with deformation l

» Exponential approach to maximal anisotropy

ﬂ

An-isotropy (Stress & Structure)

0
agD SD = ﬂs (Smax _SD)
T 4= B, (A~ )

os,
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An-isotropy (Stress & Structure)

Modulus

/ Friction
e

ESD = ﬂs (Smax _SD)

0
— A= A —A
agD ﬁF( max )

Constitutive model — scalar
(in the biaxial box eigen-system)

oo, = L&, + Ag,

oo, = Ag, + Bg,,
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Stress
continuous approach to plastic behavior!

0.4
0.2 7
0.1 ]
& 0.04 .
2 .
‘:b 0.02 2 7
b . « %, =l
=40 . 0.01 o 9. )
5 =100 ot
0.5 — §=200 = 7 0.004 a 3
p=400  » i
p=500 ° 0.002
o 4 L 1 1 I ;
0 002 004 006 008 0.1 003 0.04 0.05

€
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Summary micro-macro GLOBAL

* Micro-/Macro-Flow Rheology
- micro-adhesion ... macro-cohesion
- micro-contact-friction ... macro-friction-angle

* Non-Newtonian Rheology (Anisotropy?, Micro-polar?)

* Does global averaging make sense anyway?




Ring geometry
outer ring

2011
disks

a) filling

nner ring b) walls

2D shear cell — force chains
= inhomogeneity
+ anisotropy

on

i
R




2D shear cell — energy
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2D shear cell:
- shear localization
- non-Newtonian
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Averaging Density

1
O=v=— Z wyV?
V peV
Any quantity: Q
O =
v
- Scalar: Density/volume fraction
Density profile
1 T T T
0.9 | .
08 - Dg?’i’ &8 : . ? g i
o R '
'.|j l",'z 8
> 07 _0 Q 7
06 |/ 0.789 -
: 0.804 o
0.5 _::' 0.811 i
¢ Global volume fraction
04 L : : '
I 0 5 10 15 20
r
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Velocity field -> velocity gradient

TF T U
"% fit memmesr

s\

01 F
% exponential

S o001 F \
o [ “\
0.001 S i
S
0.0001 1 5 y
I 0.1 0.15 0.2 0.25 ]
r (m)

10 : . : =
:ﬁj—g—i—a—;—a—i—%—i—e—g—a-q-g-g-g-q-m?u—:
o o ]
(\IIA 4
§ T S shear stress oc 7
— ‘Q\’\(\. ]
© T, .
~~~~~~ *
) .\?\’ * "
Oy T
L (0 o
5 o
0.1 L 1 ]
[e— 0.1 0.15 0.2 0.25 e—




dev(F) / tr(F)

Fabric tensor (deviator)

0.6

0.5

0.4

0.3

0.2

0.1

0

v=0.789 —*—

an-isotropy (1)

2mh E /K"

35
3
25
2
1.5
|

Macro (bulk modulus)

2.5

trg

tre
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Macro (shear modulus) G =

O

O = IV W L L O 9 ©

Averaging Rotations

O=vw :%zz wiVrw?

peV ¢
Deformation:
Qp = ? /
J—
- Scalar 0 p
- Vector: Spin density y

- Tensor




Rotations — spin density

eigen-rotation: o =0-W,
0.6 T T T T T T
0.4
0.2
‘3
0
-0.2
0.4
|
r
Spin distribution
T T T o T T T
10° | o 1
:ﬁ%: Bem
10-1 B chD(')' mea.ltb . B
[ DO.O!). Imcth
A u0® 8e8
oy 2 L . oo ® O |
10 .09.59 L
10° ", 0.800 o
0.811 L] oo
10‘4 1 1 1 1 1 1 1
2 <15 -1 05 0 05 1 15 2
Sd/(QD)
|
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Split-bottom ring-shear cell (Leiden, 2003- .

H=0.040m
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(m)

Constitutive relations — shear rate 7/

0.04 T
001 -
| 002 - |
0.03 0.04 o
0.06 .
0.02 - 0.08 o 1
0.16 4
R.(2)
001 R 4W wmeeeee ]
RW e
o .
002 004

no friction

z(m)

Constitutive relations — shear rate 7/

0.04 .
001 - -
002 -
003 F oor .
006 *
002 | 008 o .
0.16 4
R.(2)
001 F g 4w iy
RoW oo
o .
002 004

no friction

(m)

0-04 T T
001 -
| 002 - |
003 oor .
006 o
002} 008 o g
0.(]6; A
R.(z
0011 R 4w e 1
R-W oo
o ) A
0.02 0.04 0.1

friction
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Constitutive relations — shear rate 7/

0.04 ; ; 0.04 - -
001 - 0.01
0.02 - L 0.02 i
0.03 + 0.04 . g 0.03 0.04 R
- 0.06 . —~ 0.06 .
E o002} 008 o {1 E o002} o008 o 4
N 0.16 4 o ,?"6 A
001 | g 1 001 - R(.fii'v ........ 1
s RW ooeeenee
0 - 1 0 L !
0.02 0.04 0.1 0.02 0.04 0.1

90% quantitative agreement with experiments ...

Constitutive relations: stress-structure

friction 500 L E—

408t

300

200




Yield loci

A

A

effective yield

yield loci

locus

A 4

80

Itl

60

40 |

200 T T T
0.01
0.02 =
002 - 0.32
150 + 006 «
008 O
0.16 A -, -
up o A%
® 100 . e
50
1 ) 0 L L I L
0 100 200 300 400 500 0 100 200 300 400 500

no friction u=0

friction pu=0.4




Friction at contact

180 ——————1 T+
'”":8'8‘1) +
| u,=0. x o
160 | ”'?’:8 gs x o
| Wp=0. a} A o |
140 P20 4 o, ]
120 B2Ta 2 o]
< 100 | e o
o
£ s ey a0 o5 ]
~ 80 X< 90 -85 x @
i ) 00550 Qo & x
60 - ’ 5 % X x 4+ 47
L A % e
40 | PR ol _ﬂf—&h‘f -
B N -
200 oexats ]
P A .
) 100 200 300 400 500
P (Nm™)

The slope of termination locus increases with friction.
. __________________________________________________________________________________|

Friction at contact

0.35 [
0.3 |

0.25 |

Mmacro

0.2 k

0.1 ' : '
0 0.5 1 1.5 2

Mmicro

* Low friction: Increase with particle friction.

* High friction: Asxmetotic saturation.
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Cohesion at contact
180 .
J
160 -
140 i
120 .
“-"E‘ 100 -
=
< 80 .
60 .
40 .
20 .
0
500
The termination locus becomes non-linear with cohesion.
Force statistics
Low High
0.015 T 0.015 —
i Cohesion 4 Caohesion
=200 . =200 .
0.01 B 0.01
g 0.005 q g 0.005
0 # 0
-0.005 . q -0.005
0 5.10°
3 (m)
Increasing cohesion, particles tend to drift to limit branch.
|
705
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Mean force

0.0018 T T T T T T T
0.0016
0.0014
0.0012

0.001

<f>(N)

0.0008

p=0.05 —+
0.0006 p=0.10 .
p=0.25 %
0.0004 p=033 o J
p=0.50
p=0.75
0.0002 B=1.0 E
Shaebani Eq. ——
0 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450

P (Nm?)

» Mean force is linear against pressure.
» Cohesion does not affect mean force.
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Mean attractive and repulsive forces

0.003

R U s e
B a R
0.0025 -0.0002 |- g o i
a m * %
-0.0004 - R
0.002
3 2 00006 |-
A, 00015 ", o
4 2 9
o < 00008 |- " e, 1
0.001 B=0.05 —+ \ ©
-0.001 | 3-0.10 1
(=0.25 -
=033 ©
0.0005 -0.0012 | E:o.so 1
$-0.75
B=1.0
0 L 1 1 1 L 1 1 1 -0.0014 1 1 L 1 1 1 Il 1
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
P (Nm?) P (Nm?)

» Low cohesion: Mean forces are linear > cohesion can be ignored.
» High cohesion: Mean forces are non-linear - cohesion cannot be ignored
. __________________________________________________________________________________|
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Split-bottom setup

Let us look closely!

Principal directions in split-bottom

Neutral Direction

/ Compression Direction

\ Extension Direction

\

=
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Principal directions in split-bottom

Average force of these contacts.

Compression

=

Mean forces in principal directions.

50 100 150 200 250 300 350 400

P (Nm2)

[T _I T T T T T L
0.0015 [5=(I)56g * Compressive contacts
=01 % N ﬁ
0.001 - B=025 © A -
ngb?:g S P R L
S 00005 B=075 ~-e- - e | .9 . 4
= p=1 s ¢ i e
o R - S o +
k2 A ;: TR TR ,
X 0 == { Neutral contacts }
% .. G 5. ‘7*1:,,.,_,7%, ek *
Y, .0.0005 | . el B
LN O~ g._
e e
-0.001 | LY
Tensile contacts
-0.0015 I I I I I I 1 v

Cohesion by tension is activated in one major direction only!
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Probability distribution of forces.

Cohesionless

High cohesion

—s—Compressive direction
—e—Tensile Direction
—All Contacts

PfI<f,,>)

—+— Compressive direction

—¢—Tensile Direction y
Nuetral Direction

—All Contacts

L L
0 1 2

3
fi<f_>
all

The probability distribution in two major directions switches for

. . 5 L L L L L L
4 5 6 -4 -2 0 2 4 6 8 10 1
<t >

attractive and repulsive forces!

Summary

realistic DEM meso particle simulations
+ interaction forces (contact physics)

+ micro-macro transition to continuum
=> macro flow behavior ...

+ understand interplay micro-macro
=> in shear. ~1/3 of contacts are cohesive

~1/3 are under compressive stress
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Thanks for your attention

Questions ?

Pile penetration 8
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Pile penetration 10

Pile penetration 12
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Pile penetration 14

Pile penetration 16
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Pile penetration 10

Pile penetration
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Indenter test (DEM)
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Indenter test ' -
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Indenter test (Exp. MPIP Ming&Kappl)

Force

10pm
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Indenter test
(Exp. Sphere
sample.avi)

MPIP Ming&Kappl

Indenter test (Exp. MPIP Ming&Kappl)

20—

Force

21—

292
-2.3mN —
T

-2 0 2 4 6pm
Ind
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Indenter test (Exp. MPIP Ming&Kappl)

Application: Oil exploration (SHELL)

Surface

Source

AT RO
a2 @k
Fast m\ / IOOAA
\ /“\7 {;C&(@“ “ Receiver
Small amplitude \¢ b L Lx]
D '(\— AN X //
i 'D/
Single pulse . -~

y
/ al Oil reserve 17%\\

Sound propagation
Orion Mouraille, PhD thesis, 27.02.2009




System 0: regular lattice Aa=0

P-wave animation
... sound propagation
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Weak polydispersity

6 =a/1000

Aa =98/2,5 and 25

-The system is practically unchanged at the grain level

-Distribution of weak and strong contacts

Sound propagation + polydispersity Aa>0
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Signal Analysis

0.99

time-FFT
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Frequency in kHz
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Frequency-space *
Diagrams
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Dispersion relations
space-time-FFT

o2}
=]

Aa=39

—

Frequency in kHz
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Frequency in kHz
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Frequency in kHz
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Aa=98/2
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Wavenumber in m’'
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