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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.
\ /




Positive side of the fault

Negative side of the fault

T is asal thigadtita
(extiigse@tiivga ol sipdatie)
kodded on the +ve side on a
particle located on the —ve
side of the fault surface)




TY=T"+3z® total traction (acting on the fault surface).

T"= nio;ef Cauchy’ s formula, where T®'= (T, , G, C3"),

n= (n1’ n2! n3) and

eff _ _
Oy =04+ Dpyia Oy =

where: o ¢ = o — Paig = — — Phig and stresses are
assumed to be negatlve for compressmn

717( = ng®" —ny(n;ny ) shear traction

—n(n o &, ) normal traction




{(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)

b

ERRR | 1 F

) 2) ()@ 3 (@ (1 .

1) Undeformed Host Rock (foliated gouge or

gouge)
Eault Z g Ealmaegdeg Host Ro

auit Zone oliat one

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,

Chester, Evans and Biegel, J. Geoph. Res.,1993 WhICh 'S muph

) thinner, typically <
Sibson, BSSA, 2003 5 mm)
Chester and Chester, SSA, SCEC meetings 2004
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Fault Slip
u

Fault Slip d
Velocity Fault Friction

N T

Pore Fluid
Pr. Change

w
Paus v Prin

Fault Governing Law
"=.“[U- v, T:TJHM»EC)O;‘




Fault Slip
Fault Slip. Velocity

v JI

Fault Friction
T

1!

F

Gouge

“Intact’ Rock
Fracturing
(cracks )

Frictional
Dilatancy

T

=

C

Permeability
Change
k

Porosity
Change
@

1

H. Diffusivity
Change

m

Fault Governing Law
o= uuy, BT H A0 0.C)o,"




Fault Slip
Fault Slip Velocity Fault Friction
u N & L3

Pore Fluid

Fault Governing Law
"=.“[U- v, T:TJHM»EC)O;‘




d \ Faul Slip |
Fault Slip Velocity
u Vi

Fault Governing Law.
= pfu,v, ?:T.HM»F_-CJ%“




Fault Slip
Fault Slip Velocity Fault Friction
u N & L3

Fault Governing Law
"=.“[U- v, T:TJHM»EC)O;‘




d \ Faul Slip |
Fault Slip Velocity
u Vi

Fault Governing Law.
= pfu,v, ?:T.HM»F_-CJ%“




Fault Slip
Fault Slip Velocity Fault Friction
u N & L3

Fault Governing Law
"=.“[U- v, T:TJHM»EC)O;‘




Fault Slip
u

Fault Slip d
Velocity Fault Friction

N T

Pore Fluid
Pr. Change
w

Fault Governing Law
"=.“[U- v, T:TJHM»EC)O;‘




Fault Slip
Fault Slip Velocity Fault Friction
u N & L3

Normal
Str. Change

o’ﬂ

Fault Governing Law
"=.“[U- v, T:TJHM»EC)O;‘




Fault Slip
Fault Slip Velocity Fault Friction
u N & L3

<

Normal
Str. Change

o’ﬂ

Fault Governing Law
"=.“[U- v, T:TJHM»EC)O;‘




i

Anelastic
Deformations

’ Fault Slip o

Fault Slip Velocity Fault Friction
| y

“Intact’ Rock

" Frictional
Fracturing
( cracks ) Dilatancy

Permeability Porosity
Change Change
k @

10
Fluid Density

Chan

C

Pore Fluid
Pr. Change
pmf it i
Normal
Str. Change

rrﬁ

< b

Eff. Normal
Str. Change.

|
|

Fault Governing Law
o= wlu,v, ¥.T,HA,hg.C)o,"

Bizzarri (2010, INTECH )




S 0cca: &irazar

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

The simplest way to describe the fault complexity is to
( i.e., canonical formulations of
the governing equations ) and then to the model

all additional phenomena until the empirical
( instrumentally recorded ) evidence can be explained.




uction

ional fluid

+ el

b

Tremors from
tubd-filled fractures

I
Interseismic creeg

Pracess zone fracturing

Thermal
107 prassunzation

1074

.
5
s
m
=
2
£
]
™
3]
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1 pm 107%

1078
1nm —=
10710

0% 10 107 i 102 10* . 1:15‘ 10® 10" 40?7 0™
Timescale (s) on a log llxla
Tullis et al. ( 2007, MIT Press ) 1ms 1 day1 month 3 yr 1,000 yr 1 million yr
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ERACTURE CRIMERION

lell cpeciies ol e givien fellln ol aie ai o
firares |5 e gligities gr flogt

It can be expressed in terms of energy, in terms of
maximum frictional resistance, and so on.

It is based on (i) the Benioff ( 1951 ) hypothesis: The

fracture occours when the stress in a volume reaches the
rock strength

or, analogoulsy,

(i) the Reid ( 1910 ) statement: The fracture takes place
when the stress attains a value greater than the rock can
endure.




CONSTETYUTIY = EAY

2%

From a mathematlcal pomt of view it is a Fault Beunadary.
Condition ( FBC ) that controls earthquake dynamics and
its complexity in space and in time.

Its simplest form consider only two frictional levels, 7, and
% ; it accounts for stress drop ( or stress realease ), but the
process is instantaneous: there is a singularity at crack tip. 1

Cohesive zone models: Barenblatt ( 1959a, 1959b ),
lda (1972 ), Andrews ( 1976a, 1976b ). In these models the
singularity is removed and the sress release occours over a
breakdown zone distance X, and in a breakdown zone time
Ty vy

Friction laws ( Rate and State dependent f. I. ): Dieterich
( 1976 ), Ruina ( 1980, 1983 ). They accounts for fault
spontaneous nucleation, re — strengthening, healing,etc..




- CONSTITUTIVE EAW Cearniiipties )

- “ The central issue is faults obey simple friction
laws, and if so, what is the friction coefficient associated
with fault slip “ ( Scholz and Hanks, 2004 ).




- CONSTITUTIVE EAW Ccariiiptes )

- 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. ),
= (¥, ..., ¥p) is the State Variable vector,

is the Temperature ( accounting for 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 ),

i§ the Chemical Environment




StrengthEes o1 CiitutivesCaws

SIEESSTHIREN GIIEREARAN ENER

-~ rlysiariezlly rtrocltiese) gy Pes agel Ak L9717zl
L9770 ) to flel/e clefLziftiteiiive exdiizis of ife clg)liny o

freicilife for 2t feilff
Its expression can be generalized as:

where u are the friction coefficient.

We can also define

TrlE EAUET STHENGTR

S SHTENp EicIElER g UL ESSIERERINRNHENRIEE
cearel case, I wrler s fale s deserigecd gy el

recllistle irletion l2wys




Toywelrels raz|l — warle 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)

w
o C
=3
e -
<] C
o =
o F
=) r
w =
w E
Qo r
— -
m =
c E
= E
g [
o =
1] E
o -
m =

10 107 10" 10" 10 10®  10°

Critical Slip Displacement D, (mm)
From Ohnaka ( 2003 )
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ey
=]




111, B09308,

0.1 mm/s
2006b, JGR,

( 20064,

et al

v=1um/s -
o<1 MPa

S
o
0
Y
IS
S

Chambon

on

confining

ACSA cross secl

material
(quartz, 1 mm) | —— (0.5 MPa)

granular

X ._44.,.._
YWY
i

S

shear interface




U, = infinite

v=0.1um/s —10 m/s
o.e" <20 MPa

Shimamoto and Tsutumi ( 2004,
Str. Geol., 39)




ite
9 m/s
o.M <70 MPa

NI

Uy, = iNfi
1 um/s —

V=
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AGU Fall

( 2009,
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Mimer=aweal 11 [ BEiiction S Eaw

ilaw = 11

o {uu—(uu—uﬂw}oneﬁ t—t, <t,

tO
wo,” G-t >t

t = t(§) is the rupture onset time in Andrews (_ 1985 ), Bizzarri et al.
every fault point £ (when u > 0). ( 2001 ) and other following Bizzarri’ s
papers

t, is the characteristic time -
weakening duration.




Rositiont=twer] .1 [ SRrictionSEaw

X e
/uu_(/uu_luf)_:|o-nff ’_R0<x<0
RO

—L<x<-R,

( extendingup to—L ).

R, is the characteristic position —
weakening distance.

X is the position on the fault Palmer and Rice ((1973)
\




Slip=iDepell -/ M=Fnction Eaws

. EINEAR SEIR — WEAKCEING EANY

( ” p ilaw = 21
|::uu_(:uu_:uf)_:|o-n 7u<d0
dy
,ufc)'neff U >d,

\

Barenblatt ( 1959a, 1959b ), Ida
(1972 ), Andrews ( 1976a, 1976b ),
and many authors thereinafter %

d, is the characteristic slip -
weakening distance




ilaw = 22

L INGON = EINEARSS EIR —WENKLEING AN

lonescu and Campillo (1999 )




. NN EINEARS SIEIR — WEALSING EAWS WEFE SEIR —

HARIDENING

Shear Stress

Ohnaka and Yamashita ( 1989 ) and

the following papers by Ohnaka and
coworkers

u,, is associated with the preparatory
phase of the imminent macroscopic
failure in the cohesive zone. It
accounts for micro—cracking




L NGON EINEAR SEIR — WEACENING  EAWS W FF
EXEOINENNAITDIEG/AN

ilaw = 24




FOWERIEAWSSIE|RP —WEAKENING

Qcpp = 9.6 X 102 MPa mpPcea

Pcea = 0.4 Chambon et al. ( 2006b




@Hug@ 2100l Rate - @@g@@m}@ﬂ@mﬁ
CRAEdOn S

u,, controls the duration in slip of the
slip — hardening phase, described by

the function F(u).

££3(0) =0.55 £ 0.09 4 =0.6
Ve = 0.99 £ 0.23 m/s

Qs = 1.26 + 1.54

u, =23 + 160 mm

1
:‘ é EI 0.5 1.0 1.5 Zﬂ 25
Fault dizplacement {m) Slip rate (ms"")




Rate=Depeiils 11 SEriction=Law,

Burridge and Knopoff ( 1967 ),
Carlson __and _Langer 1989 ),
Madariaga and Cochard ( 1994 ),
Cochard and Madariaga ( 1994 )
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Frict | Slkaws

DIETERICE N RERPUCER EORVIUEATTICN

However, while in velocity
stepping experiments the
traction response following
the velocity variation is
directly controlled by the
parameter L, its effects are
much less evident during
the dynamic rupture
propagation.

] B-A) In(% )

—




RUINA = DIETERICHNC RUINA CIRIGINAE FORM )

Ruina (01980, 1983 )




RUINA = DIETERICEN C RUINAMOPIERN FORM.




DI EERICHE =R INANVINNSAARNIINEGHIN@RIVIAIESSHIRS
ilaw = 31
decisl10=T

DR

Linker and Dieterich ( 1992 ), Dieterich
and Linker ( 1992), Bizzarri and Cocco

(2006a, 2006b )




RUINA = DI TERIC P WERR Y ARYING NORIMIAE STFR
ilaw = 32
decisl1l0=T

RD

Linker and Dieterich ( 1992 ), Bizzarri
and Cocco ( 2006a, 2006b )




DIETERICE INRERDUCERD FORY HECIUEANIZED)




v, is a regularization fault slip velocity Bizzarri ( 2002, unpublished work




DIETERICE N RERDUCER EORNV WITE FIEAEING

v

rzl,u* —aln[—*+1J+b1n[
v

v

rm=1s Evolution law proposed by Nielsen et

: : : : : al. (2000 ) and by Nielsen and
t., is the time for healing (slip duration) Carlson ( 2000 ). Usedyin this form by

Cocco et al. (2004 )




DIETERICH N RERPUCER) FCIRNM WITRl 2 SIPATE VAR

Tullis and Weeks (1993 ). Used in this

form by Bizzarri ( xxxx, unpublished
work )




¥, and ¥, are additional state
variables accounting for the coupling
with effective normal stress. The
formulation of friction law is not based
on the Amonton — Coulamb law.

Coupling with effective normal stress
proposed by Prakash and Clifton
(1993 ) and Prakash ( 1998 ). Used
in this form by Bizzarri ( 2005,
unpublished work )




NUINA — DI FERICE WETR FEASE RIEATTINE

2
T T .-Tv _
where Uj, = —£ (C weak J is

D

ac 4

ac

a weakening velocity above which
flash heating is activated, Tweak js a
weakening temperature, 7. is the
( average ) shear strength of asperity

contacts and D, their ( average ) size.

Beeler and Tullis ( 2003 ); Tullis
and Goldsby ( 2003a, 2003b ).
Rice ( 1999, 2006). Modified from
Noda et al. (2009 )




where Q, and Q, are activation
energies ( Kato, 2001 assumes: Q, =
Q; 0.1 MJ/mol ) and T. is a
reference absolute temperature.

Note that T is the
temperature.

absolute

Chester and Higgs ( 1992 ), Kato
(2001)




S0 e clel_State - @@g@@m@]@mﬁ
- RAEdon {Len

Auis an initial artificial stress drop
#1= ¥ (u—uy(dy—uy)

Uy =—dy (tsp — sy + A) (1, — Apt)
d, and d, are characteristic lengths

Hep, = 0 = linear SW with d; as
characteristic length

i1law = 41

Cochard and Madariaga (1994 )




EreeWVelltl::1-¥ Saction™law

7 =0, Arcsinh

d _ A
d_tZ:_Rce x +CZFVZ'U
Xh_
,T<T5€ *
Mo=1 . & n
L e” r>re”
T

= D— D, free volume variable

xs reference value of y for shearing Falk and Langer ( 1998, 2000 );
Lemaitre ( 2002 ); Daub_and Carlson

(2008)

Ah FV value required to create a
Shear Transformation Zone ( STZ)

FV value for compaction
rate of compaction

scaled dilatancy coefficient




Rowitorrelaic-t - ant quantities
torcontitlii\'/-Foarametens

Dynamic Parameters

E, : radiated energy

e

ruputre speed, V.= 0.8 10 0.9 3
= FE, 4+ E. +... : non-radiated energy
. friction (heat), E, : fracture energy

Stress  riction

Ao, =0, — 0, : static stress drop

e

Ao, =0,—0, :dynamic stress drop
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Support Slides:
Parameters, Notes, etc.

To not be displayed directly. Referenced above.




Thermal pressurization:

Sibson ( 1973 ); Lachenbruch ( 1980 ); Mase and Smith ( 1985, 1987 );
Andrews ( 2002 ); Bizzarri and Cocco ( 2006b, 2006c ) .

Morrow et al. ( 1984 ) show that gouge contains water
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Gouge behaviour:

Marone et al. ( 1990 ); Marone and Kilgore ( 1993 ); Mair and Marone ( 1999 );
Mair et al. ( 2002 ); Chambon et al. ( 2002 ); Mizogichi et al. ( 2007 )




Frictional melting:

Jeffreys ( 1942 ); McKenzie and Brune ( 1972 ); Richards ( 1977 ); Sibson
(1977 ); Cardwell et al. (1978); Allen ( 1979 ); Nielsen et al. ( 2007 )

Pseudo -
tachylyte: Fault
vein ( Sibson,
1975 )
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Mechanical lubrication:

Spray ( 1993 ); Brodsky and Kanamori ( 2001 ); Kanamori and Brodsky
(2001)

Acustic fluidization:
Melosh (1979, 1996 )




Gouge gelation:
Goldbsy and Tullis (2002 ); Di Toro et al. ( 2004 )




Bi — material interface:

Andrews and Ben — Zion ( 1997 ); Harris and Day ( 1997 ); Andrews and
Harris ( 2005 ); Ben — Zion ( 2006a, 2006b ); Dunham and Rice ( 2008 )

MTL: Fractured mylonite,
cataclasite and gouge




Humidity effects:
Dieterich and Conrad ( 1984 ); Hirose and Bystricky ( 2007 )

Characteristic length of surface effects:
Ohnaka and Shen (1999 ); Ohnaka ( 2003)




simoplesi iriction mocdels

At a particular fault point & ( following Savage and Wood, 1971; Scholz, 1990 )

T A
Maximum ( or upper, -
or yield ) stress “
Kinetic ( or frictional ) 7+
stress
t L
Strength excess: ,—15=0

Dynamic stress drop: Az =1, — 7

In the Dugdale’ s model ( Dugdale,
1960; Barenblatt, 1962 ) the drop
occurs when u = d,.

(18suo ainmdni
1o ) awn aunjeq
1SalJe ainidny



sSimoles |

At a particular fault point & ( following Savage and Wood, 1971; Scholz, 1990 )

Maximum ( or upper,

or yield ) stress
Initial stress

Kinetic ( or frictional )

stress
Residual stress

Strength excess:

Dynamic stress drop:

Static stress drop:

Breakdown str. drop:

T A

[r]

rlctlorn rroclals

Y

W%
A= — 5
ATS =TO— 2—2

ATb b

A

(18suo aimdni
10 ) awn ainjeq

f
[\)

100YSJIaA0 o1weuiq

N

V2]

1SalJe ainidny



« Savage and Wood ( 1971) also define:

Mean stress: <t>=%(7,+ 1,)
Seismic efficiency: n = EJE , where: E. is the seismic energy

E is the total available energy
Apparent stress: T, = n<t>

» Direct observation of the absolute stress near an earthquake is not feasible,
but it is possible ( Wyss and Brune, 1968 ) calculate 7, and stress drop from
physical observables.

@



Trie conaslva zor e

In the target location we

= 12 ~ = can extimate:
= 10 ¢
2 £ X,=105m T,=0.04s
g 8 >
ko) §3)
®© 6 O
(O] o
O > o
S 4 2  From these quantities:
@ 5 O
o) _ _
2000 4000 . 6000 8000
Distance along x, (m)

0.2r 0.2:

0.15 0.15
€ 0.1 0.1
o
D005 0.05

g | ' | PR TR R
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- Trne sllp - hardenlng (* H phenomenon nes oeer)
also found in seismological inversion stucies (2, ¢
Quiry, 1990: Miyeatalke, 1992 Mikurno arncd Miyeatake,
1993 Beroza and Mikurno, 1996: Ide, 1997 Bolcnor),
1997 ).
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