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Behavior far from equilibrium                                        

•! non-Brownian (kT irrelevant, mgd huge) 

•! friction and dissipation during collisions (cannot easily relax) 

•! free volume important (jamming, dilation) 

Solid-, liquid-, gas-like states  
É  and transitions between them 

(Macroscopic) Granular matter 
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•! Inhomogeneous force paths!
•!Characteristic probability distribution of 

forces, P(f)!
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Jamming 
= geometrical confinement such that relative particle movement is 

suppressed and a yield stress develops 

Hull is flexible! 

Rigidity comes from 
increasing packing density 
by just a few % 



!"#$"$$%

c%

4(@@1)5%a3(D.%G1(5'(@%

c%6('(@.?.'D%<.?.'@1).%8(@@1)57%

J%\.@6.'(?*'.%%

J%NM(1+(H+.%C'..%M;+*@.%6.'%6('O2+.%
X1:.:P%6(2I1)5%<.)D1?FY%%

J%K3.('%D?'.DD%%
JAMMED 

Temperature 

Shear 

Free volume 

Sid Nagel (Chicago), Andrea Liu (UPenn) 

liquids 

loose granular materials 

colloids, 
emulsions 
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Track evolution of 
stream in co-moving 
frame!

vary air pressure !
101 kPa to 0.05 kPa  (factor 
of 6 in drag force)!

grain material:  !
glass 50µm to 350 µm!
copper 100µm!
coated glass  (hydrophobic, 
silver, ....) 
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coefficient of !
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Clean Glass! with Aerosil!

5 µm! 5 µm!

<.2'.(D1)5%2;3.D1;)%
HF%1)2'.(D1)5%D*'C(2.%

';*53).DD%

SEM image of a glass grain!

b;)?';++1)5%b+*D?.'1)5%HF%N+?.'1)5%B#*7'A#,/%
K*'C(2.%`;*53).DD%

Clean Glass! with Aerosil!

5 µm! 5 µm!

K*'C(2.%`;*53).DD%

<.2'.(D1)5%2;3.D1;)%
HF%1)2'.(D1)5%D*'C(2.%

';*53).DD!

b+*D?.'1)5%<*.%?;%mKO2IFp%b;++1D1;)D%

increasing 
cohesion!

Estimate energy loss from AFM data:!

Add small (~ 10 nm) layer of oil !

K2.)('1;%C;'%b+*D?.'%f;'@(O;)!
B/#)%*7CC,/D%+('5.%M.+;21?F%[*2?*(O;)D%=%$%2@"D%X3153%5'()*+('%?.@6.'(?*'.Y%
6('O2+.D%2;++1<.P%+;D.%.).'5F%?;%1).+(DO21?F!
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N)(+;5F%?;%D*'C(2.%?.)D1;)%1)%);'@(+%+1e*1<D% cG%,G%D1@*+(O;)D%]1?3%=$TTPTTT%6('O2+.DP%*D1)5%/?(D2(%afbc<%

K2;-%q(1?*I(1ODP%0.+5.%&'Ä?8.)%

t3;?u%).('%);gg+.%

2;++1D1;)DP%5'(M:%D?'.?231)5%

D3;'?J'()5.<%(-'(2O;)D%

t2;+<.'u%

&'()*+('%\.@6.'(?*'.%%%%%%%%%O*K*5P#$QM%
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•! afbc<P%=$TTPTTT%6('O2+.D%%

,;<.+7%%L1).('%2;)?(2?%x%%
%%%%%%%%%%%%0FD?.'.O2%N-'(2OM.%f;'2.%

Fingerle and Herminghaus, Phys. Rev. E (2008)!

Fcoh = 100 nN! e = 0.80!d = 200µm    D = 3.0mm!

Fcoh = 1,000 nN! e = 0.40!d = 200µm    D = 3.0mm!

&'()*+('%?.@6.'(?*'.%);?%(%D.)D1OM.%<1(5);DO2%

Fcoh =  1000  nN, e = 0.40!
Fcoh =  300    nN, e = 0.61!
Fcoh =  100    nN, e = 0.80!
Fcoh =  000    nN, e = 0.80!
Fcoh =  000    nN, e = 0.04!
Fcoh =  000    nN, e = 0.40!

depth z below nozzle (mm)!
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H.3(M1;'D7%%

K6'(F1)5%

b+*D?.'1)5%

G';6JC;'@1)5%

G'1661)5%

k;%<';6+.?D%C;'%%%%
R/+.*S*T%

B;?3%%*E%R/+.%
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).2I1)5%H.3(M1;'%

G1(5);DO2%;C%5'(1)J5'(1)%(-'(2O;)D%

dD.%+1I.%@;+.2*+('%H.(@Dj%
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NM5:%<';6+.?%(D6.2?%'(O;%n%c%
k.2I%D3(6.%';*53+F%DF@@.?'12% h<1Q.'.)?%C';@%;'<1)('F%+1e*1<D%

k.2I%q1<?3%K2(+1)5%G*'1)5%B'.(I*6!

      Ò effective surface tensionÓ  ~ µN/m!
     4 orders of magnitude below standard liquids!

Different from thermal exponent 
(0.418), instead > 1/2!

Consistent with!

Same scaling as inviscid liquid 
break up (ie. water in air)!

In liquid case!
 

wmin = a t0 " t( )[ ]
2 / 3
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Charge distribution for 265 +/- 15 "m ZrO2
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Fcoh = 1000 nN!
e = 0.40!

Fcoh = 100 nN!
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1 mm!

ds = 200 !m!
DN = 3.0 mm!

Contact!
Number!

Collide and Capture!

Parabolic Orbits!
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Wcoh = Fcoh (x)dx#

Wcoh ~ 10-15 J 

vc ~ 0.5mm/s 
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Nf,%2());?%6';M1<.%2;@6+.?.%612?*'.Ç!
Coarse sand:  Fcoh nearly 
identical to glass spheres, but 
clustering very different!

AFM: only simple, head on 
collisions, measure max. force!

Need total energy loss from 
cohesive & dissipative forces 
(including sliding and rolling 
motion)!

Simplify: Ô stickyÕ  collisions where 
head-on collisions dominate !
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Boudet et al. 2007! Lohse et al. 2004! Cheng et al. 2007!
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