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Seismolet| -¥iceditraction

- To apply fracture mechanics on mathematical planes
representing the fault surfaces;

To numerically simulate the spontaneous rupture

nucleation, propagation, healing and arrest in dynamic
earthquake models;

To model seismic wave propagatlon In the surrounding
medium;

rong motion wavefnnfl

To predict ground shaking.
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Stochastic. & Lierministic?

(or statistic) models: several aspects of the
phenomenon under study are out of range, and they are
replaced by unknowable, and hence random, processes,
whose behavior cannot be predicted exactly but can be
described in probability terms:

- Gutenberg—Richter law
- Omori law

(or physical) models: aim to understanding
(and hence to predict) all the details of the considered
phenomenon which does not Include random
components.




- Quantitative ( instrumental ) seismology is a relatively
juvenile discipline

Contrary to other fields of science, we can not plan
natural ( i.e., at real-world scale ) experiments ( like
biology, chemistry, etc. )...

... and we do know the PHYSICS, i.e., what are the exact
equations which completely describe the complex fault
systems ( on the contrary, climatologists, e.g., know the
equations to be solved through numerical experiments )...

... and we do not know the initial conditions.




{(a) Seismogenic part of fault

Frictional slip
stable or
unstable?
A-B positive
or nagative?

Permeability of
ultracataclasite,
gouge, damage
zones?

Slip zone,
1-5 mm wide

Ultracataclasite
zane, 10s to
100s mm wide

z=10km:

Stable
frictional slip,
A-B positive

z=20 Inem?‘|

How simple and how planar
is fault? Self similar topography W
with amplitude/wavelength ratio \
of 1037 Bends, steps, branches?

How simple is a single rupture? b
Seismic
tremor?

(b) Displacement styles

through lithosphere

A-B
0= AB +or—7

Salsmic slip

Pre- and postseismic

~
localized (%) aselsmic slip \'
Ductila shear zone [width(z)7]

What are temporal and spatial
distributions of displacement at
transilions within and beneath
lithosphera?

~

Origin of finely
fractured "gouge”

material?

Finely fraciured
‘gouge” Fona,
11to 10s m wide

Iz this
localization

characienstic of

all places?

Tullis et al. (2007, MIT Press)




Internal Structure of Principal Faults of the

North Branch San Gabriel Fault 30 - 100 m
(Damage = highly
cracked rock)

(2) (4) (3) (2) (1) 1-10m
1) Undeformed Host Rock (foliated gouge or
gouge)
2) Damaged Host Ro

Fault Zone 3) Foliated Zone
{ 4) Central ultracataclasite layer JK
10s - 100s mm

Fig. 2. Schematic section across the North Branch San Gabriel fault
zone illustrating position of the structural zones of the fault. The diagram (containing the
is not to scale. principal
slipping zone,
which is much
Chester et al. (1993, J. Geoph. Res.) thinner, typically

Sibson (2003, BSSA) <5 mm)
Chester and Chester (2004, SSA, SCEC meetings)
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Fault Governing Law
o= wlu,v, ¥.T,HA,hg.C)o,"

Bizzarri (2010, INTECH)




Eractlure=Critel:- = . Memnstitltive™Eaws

- In full of generality we can express the constitutive ( or
governing ) as:

where:

is the slip (i. e. displ. disc. ) modulus,
is the slip velocity modulus ( its time der. ),
= (%, ..., ¥y is the state variable vector,

iIs the temperature ( related to ductility, plastic flow,
melting and vaporization ),
Is the humidity,

is the characteristic length of surface ( accounting for
roughness and topography of asperity contacts ),

Is the hardness,

is the gouge ( accounting for surface consumption and
gouge formation ),

is the chemical environment

/




“Occel: & “razor

~ We follow the logical principle of simplicity ( i.e., the
Occam’ s razor ):

The simplest way to describe the fault complexity is to

( 1.e., from the canonical
formulations of the governing equations ) and then to
the model all additional phenomena until the
empirical ( instrumentally recorded ) evidence can be
explained.
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Towelrels raz| — wearlel eopelitiens

U, ~ several m Classical laboratory Uy UP to 1.4 mm
v ~ several m/s stick — slip experiments v up to 25 um/s
0.¢"=100 — 200 MPa ( Dieterich, 1981 ) o.e"=10 MPa

Fracture, Friction & Earthquake Data

| FH

Fracture Earthquakes

Friction
Laboratory Data:
v M Fracture
2 Friction (A =100um)

W Friction (A,=200um)
Earthquake Data:

[] Papageorgiou & Aki (1983)
- Ellsworth & Beroza (1895)
4 Ide & Takeo {1997)
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U, = infinite

v=0.1um/s —
o.e" <20 MPa

Shimamoto and Tsutumi (2004,
Str. Geol.)




o€ < 70 MPa

Niemeijer et al. (2009, AGU Fall
Meeting)




Statemer  1e problem
‘and m«  Hdology

We solve fully dynamic, spontaneous problem ( the
fundamental elasto—dynamic equation ), without body forces f

We consider a truly 3—-D problem, for
which the solutions are in the form
u = (u,(X4,X3,t), 0,u5(X,,X5,t)), @and so on

The fault plane X can be governed by
different constitutive laws

The solution of the elasto—dynamic
problem is obtained numerically,
by using 2nd—order accurate, finite—
difference code

Bizzarri and Cocco (2005, Ann. Geophys.); Bizzarri and
Spudich (2008, JGR)
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Slip 1 — D Fourier s heat conduction QT— 02 1

=y—T+~
x5 A zone equation: ot Zagz ¢!
2w
s Coupling of temperature T with pore fluid pressure p,
1
1
l 0 Xpia O 1 0 0?
! =7 Prvia = fud 1 - — P+ @ —5 Ppuia
; ot Bruia Ot Buia®@ 0t o¢
S| A
’ where y is the thermal diffusivity, c the heat capacity for
. . unit volume, ¢, the coefficient of thermal expansion, £, 4
’ the compressibility coefficient, @ the porosity and

permeability of the medium and 7,,, the dynamic fluid

Xy Z ,/g >§ 4 ® = RIng.biuig@ the hydraulic diffusivity (being % the
' 1 / =6 Xq
viscosity). Analytical solutions at ¢= 0 are:
X

ot IR S P O GR-Y ) / ,
Free TGk t)= T gy [ erf(zm}("g""%’t W)

5wl 7 a2 g g |, e wlEg)
Priuia (981’53’75) Prid, +2w(§1,§3)-([ t{ a’—}(er (2\/;((75—75') +a)_Zer ol 1 }
)o2wlng) L0,

e ﬂﬂuid@(t,) ot (5170,53725 ) }

{ T(§1’§3’t,)v(§17§3’t,

Bizzarri and Cocco (2006a, 2006b, JGR)
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Mathematical background

RUINA — DIETERICH WITH FLASH HEATING

2
T T .-Tv _
where vj, = - [CLJ is

Dac

a weakening velocity above which
flash heating is activated, T, is a
weakening temperature, . is the
( average ) shear strength of asperity

contacts and D, their ( average ) size.

Bizzarri (2009, GRL)
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Mathematical background

2

Bizzarri (2010, JGR)




Mathematical background

) & !
TG0 = X3 T(C) + gl




Mathematical background

Coulomb friction is no longer valid
and we then consider a Newtonian
fluid (e.g., Fialko, 2004):

_ U
NP _ 5
2w,

Tla

'}} (¢, 1) =K eT (Ci—e) + 7315

Bizzarri (2010, JGR)




Along depth distance (m)

Without melting

unbroken

2500 5000 7500

Along strike distance (m)

_!-

1500 3000 4500 6000

Rupture velocity (m/s)

Along depth distance (m)

With melting

unbroken

2500 5000 7500

Along strike distance (m)

-

1500 3000 4500 6000

Rupture velocity (m/s)



NSNS AN NS N SR

 Transitlon to 2 viscous rheology -
I

-.:' "'Tr--." e
i

P

L ot et e

——No melting

—1i, =01 mm/s
—1is, =0.5 mms
—r =T mmis
e, =5 mmis

Total traction drops (MPa):
26.04
73.08
79.49
80.13
80.90

&

T =
Traction ( Pa )

.-_:' o 1,--. s

&

(it
A

i
S A e

.-_:' o 1,--. s

S

: e
o S A

=——MNo melting
—i, =0.1 mm/s
—1i =05 mmis
—_—r,, =1 mmis
i, =5 mm/s

&

[y

=

o

o
1

e i

Temperature change (°C)

-.':"Tr--."

_f,__:
(=

=
s

ST =T
{f,-,t.:i‘

IIII-.







Mathematical background

e %ﬂf%//%%/
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Sommerfeld ¢ _ pw +pw
number On

(2w) *pup — nru’ v= 0

In the special case of (temporally) constant gap height (<2w> = <2w,>)

Lubrication pressure

Frictional resistance

Bizzarri (2012, JGR, 117, B05304)
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- Many different physical and chemical mechanisms may
occur during faulting

They strongly affect the overall dynamics of the fault, the
radiated energy and the resulting ground motions

Thermal pressurization of pore fluids, flash heating,
melting and mechanical lubrication tend to enhance
supershear ruptures...

... produce a nearly complete stress drop ( heat paradox )

. increase the ( equivalent ) slip—weakening distance
and thus the “fracture” energy

In some cases the weakening behavior becomes
exponential, as suggested by laboratory observations

\ / _ \




- Different competing mechanisms can significantly affect
the recurrence time of an eartquake sequence...

. and they can make the concept itself of the seismic
cycle meaningless
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(Open quesiions and future clevelopments

Theoretical results will predict a nearly complete stress
drop and therefore we should find a signature of these
high stress drop values in the recorded seismograms.
Seismological estimates of stress drop do not sup
such an evidence;




- We need to test theoretical predictions against laboratory
evidence; numerical results definitively represent an input
for the development of next—generation machines
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contain signatures of the specific friction law governing

the sesimogenic fault?




A _ulfildisciplinany_aproach

Theoretical models ’

behavior based on rock
physics

Inferences from data

Numerical models _
recorded during a real event

of the fault response, given and analysis of some specific

some hypotheses on the fault signatures of the rupture

geometry, governing eqts., dynamics (e.g., kinematic

initial conditions, ... inversions, spectral analysis
of ground motions, etc.)

Geological observations .
Laboratory experiments

conducted in the field
(exhumed faults) and by
analyzing samples in the

laboratory

conducted in “realistic”
conditions on rock (or gouge)
samples
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Why “ truly “

2 — D Mode Il ( pure in — plane ):

2 — D Mode Il ( pure anti — plane ):

3 — D Mixed mode;

3 — D having only one non null component:

Truly 3 —D:

3—D?

u = (u,(xy,t), 0, 0)

u = (0, u,(x,,t), 0)

u = (u,(xy,t), uy(x4,1), 0)
u = (uy(X4,X51), 0, 0)

U = (Uy(Xq,%5,1), Us(X4,%,,1), 0)




Slip=tWealke [ BEriction Eaws

Barenblatt ( 1959a, 1959b ), Ida

( 1972 ), Andrews ( 1976a, 1976b ),
and many authors thereinafter

d, is the characteristic slip -
weakening distance




Rate -"anc -~ :I=Dependent

D= TERICH — FUINA WEFVARSCINE NCIRIVIAESIFR

Linker and Dieterich ( 1992 ), Dieterich

and Linker ( 1992), Bizzarri and Cocco
( 20064, 2006b )




Cracke ' “Pulse

Crack-like rupture

Pulseike rupture




