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Jamming transition

Hard spheres

Sintered
solid [V. Trappe et al., Nature (2001)]

Irreversible
aggregation
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Stable Evolution Surface (SES)
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Stable Evolution Surface (SES)
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Non-linear dynamics at SES
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Non-linear dynamics at SES
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Summary:

1. Discrete Element (DEM) simulations.

2. Avalanche statistics.

3. Origin of Mean Field (MF) exponents.

4. Comparison with acoustic emission (a.e.).



Quasistatic driving of elastic (f, = k.0) particles
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Energy Balance:
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Avalanches as point process:
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Avalanche Sizes and Energies

Avalanche from vel. profile v(f):

— vmam i to+T
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o Energy peak E,, := vy, (t)dt
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In terms of internal avalanche measures ...?




Avalanche Sizes
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Avalanche Sizes

Elastic E. vs Dissipation
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Avalanche Sizes

Contracting vs Expanding

_ _ Ao
165F : AU o NZ7H(1 = 9) 207 =
Y1070 L ]
"Z 108 © ] o Prop. AU x Aoy:
X o9f - ]
= 107 AU x NU}('SS(S)AJy/JX
10_10 - .
10°20F 3 e No prop. D o< Aoy
"x 10%f 13578 ] D=AU- W, ~ Al|
© g8 - DSKFCS el _: /L |
Z>< = D5kSc6 ¥ i o Two pop. of avalanches in Wy
2 107} D5kFc6 TEeg . .
. DSkFc7 <€ > o Wy o< AU if expanding (< 0)
100 - W~AU A

104 103 102 101 AUN o, 18

rm.cat @]JBcritical



Avalanche Energies
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Avalanche Energies
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Avalanche Energies
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Avalanche Energies
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Avalanche Interevent Times
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e Stationary (exp. decay at long Ae)




Avalanche Interevent Times
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Ael/<Ae>

e Stationary (exp. decay at long Ae)

e Regularity (missing short Ae)




Avalanche Interevent Times
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Ael/<Ae>

e Stationary (exp. decay at long Ae)
e Regularity (missing short Ae)

e Pseudo-gap from dynamic fields:
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Avalanche Interevent Times

Regularity — Time-predictability.
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Avalanche Interevent Times

Regularity — Time-predictability.
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Size & Energy dist. stationary at SES
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Size & Energy dist. stationary at SES
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Size & Energy dist. is scale-free

not scaled
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Size & Energy dist. is scale-free

not scaled
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Size & Energy dist. is scale-free

not scaled
. . P(z)dz =277 @, (x/x")dx

P . ~kATYE Vo e
¥ (N,04,€y) = TN N g7 ¢y

o DSkFcs Re ]
10*F— D5kSc5 % 1 9
5|~ DBKFCH io)y ] 107
ig—fs D5kFc7 S‘IZGIS‘\ ] 10
10% 102 10° 10° 10° 1077
AU 10711,
12
‘ ‘ ‘ ‘ w10k
E 10—13,
] 104
] 10—15 n

il
10% 10" 10 10 102
AU

energies

10 10* 107 1

Jordi Bar6 aro@crm.ca @]Beritical



Size & Energy dist. is scale-free
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Estimated exponents by Max. Lik.
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& 1.36(4) 1.71(5)
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1.02(8) 1.48(7)

2"_:; ~ 133 15
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[*] [Budrikis et al. (2017)]




Results:

Avalanches at SES are scale-free.

Within SES critical exponents depend (at least) on rigidity I":
Stiff particles - MF  Soft particles - EPM

Discussion:

Why mean field in granular and a.e.?
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Avalanches in mean-field models: E.g. RFIM:

H{S}) = Zs > S+ Hext. + hs > TS = M

(i) <j,i>

= Random Thresolds (shell model [Sethna PRL, 1993] ).
when one element /1;is activated:
Hext(t) + M — Hext(t) + M+2J /N

hi v v VY v
shells mean-field
g=0
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\ g=2
\ g=3

aval. of size 4
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Avalanches in mean-field models: E.g. RFIM:
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Avalanches in loopless trees: E.g RFIM:
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Structure of force chains in granular materials

short range vs. long-range

stiffness

PRL 114, 144502 (2015) PHYSICAL REVIEW LETTERS 10 APRIL 2015

Nonlinear Force Propagation During Granular Impact

Abram H. Clark,"" Alec J. Petersen,' Lou Kondic,” and Robert P. Behringer'
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Structure of force chains in porous materials

Analytical solution LEM simulation
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Results in acoustic emission (a.e.) — SiO»

E~ / |Signal (t)|*dt
N ~ 10* pairs: {t;, E;}

[JB, et al., PRL (2013)]
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Results in acoustic emission (a.e.) — SiO»

Vycor (Si02): Computational Model:
JB at. al PRL '(2013) F. Kun, I. Varga, S. Lennartz-Sassinek, I.G. Main
' Phys. Rev. Lett. 112, 065501 (2014)

E~ / |Signal (t)|*dt
N ~ 10* pairs: {t;, E;}

[JB, et al., PRL (2013)]
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Results in acoustic emission (a.e.) — SiO»

[Transducer|

: =

¢

E~ / |Signal (t)|*dt
N ~ 10* pairs: {t;, E;}

[JB, et al., PRL (2013)]
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Results in acoustic emission (a.e.) — SiO»
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Results in acoustic emission (a.e.) — SiO»

[Transducer|

: =

¢

E~ / |Signal (t)|*dt
N ~ 10* pairs: {t;, E;}

[JB, etal., PRL (2013)]
[JB, et al., PRL (2018)]
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Results in acoustic emission (a.e.) — SiO»
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Conclusions

@ Internal measures and theory: AU o« S, K < E .
@ SES behaves as an state-attractor with SOC properties.
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Conclusions

@ Internal measures and theory: AU o« S, K < E .

@ SES behaves as an state-attractor with SOC properties.

@ Non-universal exponents depend on rigidity (I' ~ o)

@ Mean field exponents might appear due to structural heterogeneity

@ The same explanation might apply to a.e. experiments on brittle porous materials (S5iO, glasses)
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Conclusions

Internal measures and theory: AU o« S, K o< E .
SES behaves as an state-attractor with SOC properties.

°

°

@ Non-universal exponents depend on rigidity (I' ~ o)

@ Mean field exponents might appear due to structural heterogeneity
°

The same explanation might apply to a.e. experiments on brittle porous materials (5iO; glasses)

Ongoing research:

@ Understand behavior expanding, contracting avalanches.

@ MF <> EPM: Smooth transition? sharp transition? finite size effect (only exact at " = 0)?
Hidden universal function? New finite size scaling techniques?

@ Determine avalanche properties in terms of SES (different from classic avalanche statistics).
Relation between avalanches at SES and potential energy landscape and kinematics.

@ Archaeology: Can we translate legacy results to SES?
Additional effects of friction, kinematics, rate, temperature, efc..
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@ Internal measures and theory: AU o« S, K < E .

@ SES behaves as an state-attractor with SOC properties.

@ Non-universal exponents depend on rigidity (I' ~ o)

@ Mean field exponents might appear due to structural heterogeneity

@ The same explanation might apply to a.e. experiments on brittle porous materials (S5iO, glasses)

Ongoing research:

@ Understand behavior expanding, contracting avalanches.
@ MF <> EPM: Smooth transition? sharp transition? finite size effect (only exact at " = 0)?
Hidden universal function? New finite size scaling techniques?

@ Determine avalanche properties in terms of SES (different from classic avalanche statistics).
Relation between avalanches at SES and potential energy landscape and kinematics.

@ Archaeology: Can we translate legacy results to SES?
Additional effects of friction, kinematics, rate, temperature, efc..

El.1 A [E . More on SES: talk by M. Pouragha:
4‘ 1

E’F_\‘ _,.;3} https:/ /youtu.be/JclTxuJspQk?t=10650
Eakih  (257:305)



P2

(T|S) ~ S§°¥* where vz =1/2
(E|S) ~ S*™*¥*  where 2—cuvz=3/2 ey
(Em|S) ~ S*?  where 25p=1.

P(S) ~S7" where k=23/2

P(E)~E'"7%%%  where 1+ 2“_2;2 =4/3 )

14
P(Eyn) ~ E,, R where HTH =3/2.
P(AU) dAU = AU ®au(AU/AUY) dAU, o

P(K) dK = K~ & (K/K*) dK,

June 15, 2022
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stiffness

# K € o
D2kSc5  (stiff) 1684  1.62(10) 1.32(10) 1.95(5)
L5k8c5 7”7 979  1.60(7) 1.34(5) 1.85(10)
D5kSc5 77 788 171(8) 1.33(6) 1.83(4)
L20kS5 77 130 1.77(17) 1.45(6) 1.85(15)
D20kSc5 7 236 1.49(11) 1.36(4) 1.69(6)
D5kFc5s 77 1215 1.46(6) 1.36(4) 1.71(5)
D5kSc6 396 141(8) 1.14(11) 1.65(8)
D5kFc6 851 1325 1.14(6) 1.71(4)
D5kF7  (soft) 633  1.08(3) 1.02(8) 1.48(7)
SMFT®) 15 1+ 571 133 2-qz= 15
2 —quz
2D EPM 1.25-1.28 ~1.2[7] ~1.45[7]
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num. of confining driving initial

name particles pressure rate porosity
N ox(N/m) éy(x107% 1) %o

D20kSc5 19520 10° 2.3 0.156
L20kSc5 19353 10° 2.3 0.190
D5kSc5 6374 10° 24 0.159
L5kSc5 5504 10° 2.4 0.192
D2kSc5 1593 10° 1.3 0.165
D5kSc6 6374 10° 2.4 0.154
D5kFc5 6374 10° 7.0 0.159
D5kFc7 6374 10° 7.0 0.154
D5kFc7 6374 107 7.0 0.120

Jordi Bar6 aro@crm.ca @]Beritical



ox  ox/ks = porosity
le5 le-4 0.1685
le6  1le-3 0.1644
le7  le-2 0.1233
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Figures PRL2018

Magnitude Relations:
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Figures PRL2018

@ Acceleration and energy exponent before failure:
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Figures PRL2018

@ Deceleration and energy exponent after failure:
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Figures PRL2018

Complementary Cumulative Distribution of Energies:
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Tables PRL2018

| | va G26 SR2 [ slip MF fracture MF |

3.0 (4) 3.4 (4) 32(4) 3 3

c 140(5) 140(5) 150 (5) 4/3 4/3

m 1.02(13)  1.11(20)  0.99 (8) 1720 1/2°% 1t

ovz 050(6) 045(6)  0.48(5) 1/2 1/2

K 1.60(8) 1.62(8)  1.76(8) 3/2 3/2
o 040(9)  034(9)  024(8) 1/2 1
o’ 0.88(12) 0.80(16)  0.76 (7) 1/2 1

B 37408 46+12 63=+2.1 3 3/2

B 1.67 (24) 1.83(37) 2.00 (25) 3 3/2

Table: First three top rows: fitted exponents in experimental data, compared to the
MF exponents for slip and fracture MF models. Bottom rows: fundamental exponents
estimated from MF theory. Superscripts 2 and b denote two different interpretations of
ASR in terms of MF theory.
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Tables PRL2018

area height driving rate Th N
A(mm?)  h(mm) dp/dt (kPa/s)  (dB)
Vycor (V32) 17.0 5.65 5.7 23 34138
Gelsil (G26) 46.7 6.2 0.7 26 5412
Sands. (SR2) 17.0 4.3 2.4 23 27271

Table: Sample details: crossectional area A; height 1; compression rate dP/dt; number
N of recorded signals above threshold Th.

Jordi Bar6 jbaro@crm.cat @]Bcritical
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Mean-field avalanche from
positive-feedback.
when one element is activated:
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Mean-field avalanche from
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Mean-field avalanche from
positive-feedback.
when one element is activated:
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(increment Ao; & constant)
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e The MF avalanche grows as a branching process.
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Mean-field avalanche from
positive-feedback.

when one element is activated:
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o All elements can trigger a number of elements with the
same Poisson distribution:
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Mean-field avalanche from
positive-feedback.

when one element is activated:
o] — o]+ Ao 1
(increment Ao; & constant)

& .
&é” “gg e Number of triggered? o

1 1
- =" T T T 1

A A A A‘- Uniform distribution A

NS

e The MF avalanche grows as a branching process.

o All elements can trigger a number of elements with the
same Poisson distribution:

o MF-avalanche size = tree-size in Poisson
Galton-Watson:

(nA)A L exp(—nA)



