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Anti-lock Braking System
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Earthquakes and faults
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Earthquakes in simple words
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Earthquakes in simple words

Far field tectonic displacements (~cm/yr), u_=v _t

[
>

Fault Friction (F)

r 3

Storage of elastic energy in the
crust U, T
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Earthquakes in simple words
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Injecting fluids and friction

F=u-N
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Injecting fluids and friction

F=p(N-P)
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Injecting fluids and friction

F=p(N-P)
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Injecting fluids and friction

B = 7 (N- Pf) [Terzaghi, 1925]

earthquake
instability point

>

reduced seismic energy

slip control

Fault friction, F(5,6,0,...)
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Increasing complexity: Burridge-Knopoff & Faults
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The mathematical theory of control

ui (t) u(t) y(t)
g -~ 3(P) -
A+
yelt) wlt) YT us(t)
< 3(C) < O
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The mathematical theory of control

Physical process

of earthquakes
wy (t) u(t) v, y(t)
g -~ 3(P) -
A+
ye(t) uc(t) AT uz(t)
< 3(C) < O
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The mathematical theory of control

Fluid pressure Physical process

of earthquakes
ui (1) u(t) P y(t)
g -~ 3(P) -
A+
Ye(t) uc(t) Yo uz(t)
< 2(C) < O
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The mathematical theory of control

Fluid pressure Physical process

of earthquakes

1 (t) u(t) y(t)
O - 2(P)
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The mathematical theory of control

Fluid pressure Physical process
of earthquakes

ui (t) u(t) y(t)
g - s(P)” 4

A+

Y

; u(t) Y- usz(t)
< 2(C) = O

\ Designed

Controller

-+

Target: stabilization, tracking,
optimization & robustness
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Robust non-linear control

If:

1) The friction coefficient is Lipschitz continuous w.r.t the states x:
|z, t) — p(0)] < Blaf, 5> 0

2) The friction coefficient has a lower bound: f(x,t) > ¢ > 0

3) Elasticity and viscosity of the surrounding rocks are bounded

4) Diffusivity has a lower bound greater than zero

then we can design an output feedback stabilizing controller and we can achieve
asymptotic tracking.

[Stefanou, 2020, pre-print
Stefanou & Tzortzopoulos, 2021, submitted

Tzortozopoulos & Stefanou, under preparation] 10/ 60



Example of control of a complex frictional system

800 - quiescence /

/™~__ cascade

W of events

— 7961 quiescence

N

e single event involving 12 blocks

single event involving 4 blocks

800 802 804 806 808 810

Uo

[see also Turcotte, 1992,
- among many others]
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Example of control of a complex frictional system

7961 quiescence

<3 /T~__ cascade
794 of events
792 1 \ single event involving 4 blocks
790 - e single event involving 12 blocks
800 802 804 806 808 810
U 10° 5
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[see also Turcotte, 1992,
- among many others]
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Stock markets?

101 T TTTI T T TTErg T TETHE] T T TTEN] I T TTTTTT I T TTTT

10° [Gabaix, X. 2009]
101 e

10 ¢ ey |
10 S

10 <m 1 +Cq=2.5
105 2
10-% <

107

Probability density P(q)

108 "
10° & = NYSE (1000 stocks) s
10-10 Paris Bourse (30 stocks) i

T < LSE (250 stocks) "%

1012 Lol Lt aasnnil { L daebarl L bopraveal Ll N R

1077 10° 10! 10° 107 10° 10°

Trade size (q)

|.Stefanou, Oct21 12 /60



Tracking and global stabilization
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Tracking and global stabilization

Deactivation of the
controller \
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Strike-slip fault with Rate & State friction

a, b, d. distributed over the fault area
according to a log-normal distribution

[Stefanou & Tzortzopoulos, submitted] 14/ 60



Without control (open loop)

Velocity profile after 0.0 sec Displacement profile after 0.0 sec
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Velocity profile after 0.0 min
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Earthquake control with Reinforcement Learning

Environment
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Deep Reinforcement Learning

Neural Network
Data Feed
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Asynchronous
Parameter Update

Training
[Papachristos

& Stefanou, pre-print] ~ Highest Expected Return ——— Optimal Policy
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DRL, discrete time dynamics & results

Displacement

Velocity
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Conclusions

Earthquake Control?

mathematics "
ImpGSSI'bZE’? mechanics\‘ Adjﬂcenr

physics possible?

experiments
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Greendale fault, New Zealand
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BRIDGING THE SCALES

Systems involving complex materials — multiple inherent scales

physical
process

(Rattez et al, JMPS, 2018a,b)
(Collins et al, JMPS, 2020)

(et
) NI
\‘% Vi
(Robinet et al, WRR, 2012) & y! l({\
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BRIDGING THE SCALES — MULTISCALE MODELING

microscopic

atomistic

(Szost et al, Mat Des, 2013) (Robinet et al, WRR, 2012)

mesoscopic

(Rattez et al, JMPS, 2018)

macroscopic

pm mm

cm

km

\J



BRIDGING THE SCALES — MULTISCALE MODELING

boundary value problem

(@)
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BRIDGING THE SCALES — DATA-DRIVEN MODELING

boundary value problem

(@)
o
@]
<
=
data-driven & / \ B
machine learning auxiliary problem
(@]
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(fast) (slow)



BRIDGING THE SCALES — TANN

MACRO

MICRO

boundary value problem

FEMxTANN

Thermodynamics-based / \

Artificial Neural Networks

auxiliary problem

data

(fast & reliable) (slow)



THERMODYNAMICS

Clausius-Duhem inequality (local)
d:s:ffd}fnézo

d mechanical dissipation rate
s 1° Piola-Kirchhoff stress

f deformation gradient

1 free-energy

n entropy

0 absolute temperature

unit ce

Clausius-Duhem inequality (volume average)
D=S:F-V—-HO&>0

with Y= (y) = ﬁfvyda: and (nd) = H'©



THERMODYNAMICS

STATE SPACE(?) = {x(t), Z(¢)}

state variables:  observable x = {©, F} and internal Z= {7}

state functions: U(x,2) S(x.2%2 H (x,%2) D, 2% ?Z2)
) v stv
time differentiation: v = 20 6 + — P4 Z

THERMODYNAMIC RESTRICTIONS:
ov

stress: S= —
o oF

Nisv

dissipation rate: D = — Z g—gj - Ze>0
= &

ov

t CH = ——
entropy. 50



THERMODYNAMICS-BASED ARTIFICIAL NEURAL NETWORKS

state at ¢ + At = TANN{ state at ¢, AF* }

At
AF'e
\ AS!
F e (
Dt{ At
§t ;
ANN, oz
Zt
1 N
L) = 5 > tlo) |
=1 0= MU(Z) + V(W) + NSSU(AS) + APe(D)
o) = [|o; —oi |

(Masi et al. )] Mech Phys Solids 147, 2021; Masi et al. SPIGL, Springer, 2020)



HYPER- AND HYPO-PLASTICITY
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STATE VARIABLES?

internal coordinates

microscopic state space: displacement, velocity, momentum fields, etc.

internal coordinates &

microstructure
snapshots

1%

macroscale unit cell

(Masi et al. arXiv preprint arXiv:2108.13137, 2021)

MOR techniques (e.g. PCA, AE)

N ’ e

latent dimensions



THERMODYNAMICS-BASED ARTIFICIAL NEURAL NETWORKS

identify state varibles microscopic state
(internal coordinates)

€= XE[O(EL) + 0(FAY)] + AVEn (V) + AY0(F) + A2SE(AS) + AP4(D)

(Masi et al. arXiv preprint arXiv:2108.13137, 2021)



THERMODYNAMICS-BASED ARTIFICIAL NEURAL NETWORKS

microscopic state
(internal coordinates)

€= M0(Z) + A\P0(F) + NASU(AS) + APU(D)

(Masi et al. arXiv preprint arXiv:2108.13137, 2021)



BENCHMARKS FOR LATTICE STRUCTURES

Inelastic lattice cells
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THE FEM<TANN APPROACH

large-scale problem




THE FEM < TANN APPROACH

large-scale problem

MACRO

8 Thermodynamics-based
] Artificial Neural Networks
=

Gauss point

state variables



THE FEM < TANN APPROACH

MACRO

large-scale problem

RS oS
s
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>
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SIS

<Z> K 5

Thermodynamics-based
Artificial Neural Networks
Gauss point

state variables microstructure



APPLICATION TO LARGE-SCALE PROBLEMS
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APPLICATION TO LARGE-SCALE PROBLEMS

Q)
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2O eV ut

Q=50°

vertical
displacement
2 1 0
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APPLICATION TO LARGE-SCALE PROBLEMS
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APPLICATION TO GRANULAR MEDIA

(kPa)
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CONCLUSIONS
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