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Caveats about 
Real 

Granular Materials
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Too Real?

http://www.sandgrains.com 

http://www.sandgrains.com/
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Friction Matters

Schröter, Powders & Grains 2017 (EPJ Proceedings 140, 01008)
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Ordered Particles  Ordered Forces

Pressure = 2.7x10-4E                     vs.                  6.9x10-4E  

Owens & Daniels. Soft Matter (2013)
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Are real particles Hertzian contacts? (1)

f ∝ 5/4

area∝ f 2 /5

Owens & Daniels, EPL (2011)
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Are real particles Hertzian contacts? (2)

Majmudar, Sperl, Luding, Behringer PRL (2007)
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Normal and Tangential Forces

Kollmer & Daniels (just a quick sample plot, not published)
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medium
force

high
force

low
force

Photoelastic particles are soft

large
contact
area

Kollmer & Daniels (in prep)
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Roughness  Friction

 Untreated 
Smoothed in NaOH                   Etched in HF

10 mμ

SEM images of glass sphere surfaces

Utermann,  Aurin, Benderoth, Fischer, Schröter. PRE (2011)
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Athermal, Sensitive to Initial Conditions

Kollmer & Daniels, Powders & Grains 2017
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Brainstorm with neighbors: 

What properties of a packing 
are hard/easy (or 

known/unknown) for 
experiments vs. simulations?
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How Particle 
Position Data is 

Collected
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Direct Imaging (2D)

are these 2 
particles 

in contact?

Daniels, Kollmer, Puckett. Rev. Sci. Inst. (2017)
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X-ray Computed Tomography (CT)

sample
on

turntable

camera

x-ray beam

Weis & Schröter. Rev. Sci. Inst. (2017)
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images

radon transform

Matthias Schröter:
https://www.youtube.com/watch?v=76Z1Bbj7CtQ  

https://www.youtube.com/watch?v=76Z1Bbj7CtQ
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Performing Tomography
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Index-Matched Laser Scanning

Dijksman, Rietz, Lörincz, van Hecke, Losert. Rev. Sci. Inst. (2012)
Dijksman, Brodu, Behringer. Rev. Sci. Inst. (2017) 
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Sub-Pixel Resolution & Pixel Biasing

 http://www.physics.emory.edu/faculty/weeks/idl/ 

x coordinate = 10.234          remainder = 0.234→

remainder remainder
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subpixel resolutionone-pixel resolution

http://www.physics.emory.edu/faculty/weeks/idl/
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Measuring 
Interparticle 

Forces

d⃗ mn

f⃗ mn

particle m

particle n
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Forces in 3D

Saadatfar, Sheppard, Senden, Kabla, J. Mech. Phys. Solids (2012)
Mukhopadhyay & Peixinho. PRE  (2011)
Dijksman, Brodu, Behringer Nature Comm. (2015); Rev. Sci. Inst. (2017) 

X-ray tomography laser sheet illumination

obtain normal forces from fitting area of deformation at contacts



21

Force Measurement via Deformation

Saadatfar, Sheppard, Senden, Kabla, J. Mech. Phys. Solids (2012)

Hertzian contact force
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Measuring Interparticle Contact Forces

right circular
polarizer

left circular
polarizer

birefringent
disk

light
source

digital
camera

Daniels, Kollmer, Puckett. Rev. Sci. Inst. (2017)
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Photoelastic Inversion (1)

Daniels, Kollmer, Puckett. Rev. Sci. Inst. (2017)
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Photoelastic Inversion (2)

optimize fringe pattern & force/torque
balance each disk

Daniels, Kollmer, Puckett. Rev. Sci. Inst. (2017)
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Quantifying Interparticle Forces

d⃗ mn

f⃗ mn

particle m

particle n

Σ̂=∑
m ,n

d⃗ mn f⃗ mn

force-moment tensor

Σ̂=V σ̂ Γ=Tr Σ̂
pressurestress tensor

Bi, Henkes, Daniels, Chakraborty. 
Ann. Rev. Cond. Matt. (2015)
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Do the forces 
matter?
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Generality of Force Chains?
Desmond & Weeks. Soft Matter (2013)

Brujic et al. Physica A (2003)
Brodu, Dijksman, Behringer. 

Nat Comm. (2015)

Lin, Bierbaum, Schall, Sethna, Cohen (2016)
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Seeing and Hearing

● photoelastic particles: measure amplitude (hundreds)

● piezo particle: measure temporal dynamics for each (~10)

● show same features, and are on average proportional

driver

photoelastic

piezo
1 cm
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Blue: Original Force Chains
Green: Changes in Force Chains

Eli Owens
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Local force (on average) sets amplitude

high speed 
movies 

measure maximum 
sound amplitude

correct for 
exponential decay

high resolution images 
locate all particles, calculate pressure

Owens & Daniels, EPL (2011)
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(modified) Hertzian contacts

f ∝ 5/4

area∝ f 2 /5

Owens & Daniels, EPL (2011)
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DEM Simulations

Somfai et al PRE (2005)
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History Matters

Majmudar & Behringer Nature (2005)
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(P , τ)

R = 15 cm

vwall v (r )

γ̇=
∂ v
∂ r

μ(r )=
τ(r )
P

I (r )=
γ̇ (r )d

√P /ρ

S

τ (r )=S
R2

r 2 +basal friction

Zhu Tang

laser-cut
leaf

springs
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Nonlocal Rheology 

Kamrin & Koval (PRL 2012)

●length scale  diverges at s
●fit parameters: A, b, s should be a property of the particles 
only (not geometry or driving)

granular fluidity 
field

μ≡ τ
P

outer
edge

inner
edge

– Kamrin, Koval, Hennan
- - Bouzid, Claudin
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Growing cooperative length ξ
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Force fluctuations drop below μs
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Where do I find 
data to test my 

model?
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http://bit.ly/2uejRC4 

● 10 articles from a 2016 Spring School (Erlangen)

http://bit.ly/2uejRC4
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DataDryad.com

Neudecker, Ulrich, Herminghaus, Schröter. PRL (2013)

paper DOI: 10.1103/PhysRevLett.111.028001
data DOI: 10.5061/dryad.qv331.
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What's the Monday Workshop about?

● https://www.nature.com/
news/inequality-quantif
ied-mind-the-gender-gap
-1.12550 

● https://www.aps.org/pro
grams/women/workshops/s
kills/seminars.cfm
 

● “Women Don’t Ask” 
(Babcock and Laschever)

https://www.nature.com/news/inequality-quantified-mind-the-gender-gap-1.12550
https://www.nature.com/news/inequality-quantified-mind-the-gender-gap-1.12550
https://www.nature.com/news/inequality-quantified-mind-the-gender-gap-1.12550
https://www.nature.com/news/inequality-quantified-mind-the-gender-gap-1.12550
https://www.aps.org/programs/women/workshops/skills/seminars.cfm
https://www.aps.org/programs/women/workshops/skills/seminars.cfm
https://www.aps.org/programs/women/workshops/skills/seminars.cfm
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Frustrated and Disordered Homework

● check out volleyball from Buckingham front desk
● go to sand court near Smith Hall
● perform a granular experiment/demo that 

illustrates a phenomenon talked about this week
● send me photo/movie 

● play volleyball

tweet it to me:
@karenedaniels
#frustdistHW

or email a link:
kdaniel@ncsu.edu


