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How do earthquakes start?

Do small and large earthquakes start differently?
Predictive value of earthquake onset and foreshock sequences?

e Seismological observations: seismic nucleation phase, foreshock sequences
e Laboratory observations

* Friction laws and earthquake nucleation

e Further implications: stress drop, recurrence time, seismicityrate, tremors
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Seismological observations
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Seismological observations

Mainshock Moment vs Foreshock Radius

Foreshock sequences
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Seismological observations
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Seismological observations
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Seismological observations

2 —a4r2
o" u”(¢)de

1/t ~ instantaneous
frequency

Nakamura (1988)

frequency (Hz)

-20 -10
spectral density (dB)




Seismological observations
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Seismological observations
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Seismological observations

Largest Foreshock
(M7.3: 03/09 11:45)

Mainshock (M 9.0:
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Seismological observations — _, mecseommmoes
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Laboratory experiments

Ohnaka (1990)
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Laboratory experiments

position (cm)
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Laboratory experiments
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Laboratory experiments
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Fracture
mechanics
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Static equilibrium in a linear elastic solid
with a crack and boundary conditions:
o(x) = o, for |x| >a and

o(x) =0 for |x| < a.
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Fracture mechanics
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Stress singularity at the crack tips. - K,

+0(Vr)

Asymptotic form:

where r is the distance to a crack tip,

K is the stress intensity factor K] = Ao v/ d f 2

and Ao the stress drop (here, o, - 0)

In reality, stresses are finite: singularity accommodated by inelastic deformation.



Fracture
mechanics

AU

Fx

Energy release rate = energy flux to the crack
tip per unit of crack advance:

K(a)? At?a
=7

G(a) =
(@) 2 o

During quasi-static crack growth, this energy is
dissipated at the crack tip into fracture energy
G(a) = G,

During dynamic growth, G(a) > G,
Atrest, G(a) < G,



Nucleation size

At?a
At the onset of rupture (critical equilibrium): G, = T

2u
- earthquake initiation requires a minimum crack size (nucleation size)
2uG,
a,. =
©  mAt?

(u ~ 30 GPa, At ~ 5 MPa)
Estimates for large earthquakes: G, ~ 10°J/m?2 = a, ~ 1km
... how can M<4 earthquakes nucleate ?!

Laboratory estimates: G, ~ 103 J/m? 2 a.~1m(M-2)

—> G_ scaling problem



Limitations of fracture mechanics:
Rock strength is finite
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Byerlee’s law
T~ 0.60
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Fault zone damage

Internal Structure of a Major Fault Zone
(after Chester et al., 1993; Chester & Chester, 1998; Sibson, 2003)
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(1) Undamaged host rock
(2) Damage zone, highly cracked; 10s m to 100 m wide, minor faults may reach 1 km
(3) Gouge or foliated gouge; 1 m to 10s m wide
(4) Central ultracataclasite shear zone, may be clay rich; 10s mm to 100s mm wide
(5) [within (4), not marked above] Prominent slip surface; may be < 1 to 5 mm wide
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Cohesive zone models

Assumption: dissipative processes are

Slip and stress along a shear crack
(only half crack shown, Andrews 1976)

mapped onto the fault plane,
represented by a distribution of
cohesive stresses near the crack tip

Usual cohesive models:
* constant (Dugdale, Barenblatt)

* linearly dependent on distance to
crack tip (Palmer and Rice, Ida)

* linearly dependent on slip (ida, Andrews)

Slip Stress

Process

Zzone
¢ —>

Singular crack

< ........................

........ T

Slip weakening crack




Cohesive zone size

* Cohesive stresses generate a negative stress
intensity factor

K.~ —(t5 — Td)\/x Slip Stress

that cancels the singularity: K+ K, =0

2 |
e - size of the cohesive zone A ~ K > /L,
(Ts—Tq)
2 < .............................................. T
° GC — K— d
2U
2 -
A~ 2puGe/(ts — Ta) Process

zone size A



Laboratory-derived
friction laws

Requirements : s
* High normal stress (100 MPa) ;"j.u__ :t;lurr:n d
* High slip rate (1 m/s)

* Large displacements (>1 m) oo Mol

* Large sample (>L.) and high resolution Porss Sadiicee NET)

. Displacement
* Gouge + fluids transducer

Rock sample Spring

Fixed plate

Fixed plate ——

-
Only partially met by current experiments etiaka
E ] 5 "1 1ateral piston

N

I Base plate ] Force transducer (LFT)

Actuator for
vertical piston

Scale: 300 mm

Two Axial Testing Apparatus




Laboratory-derived friction laws

Low resolution experiments (= spring+block ) A
o record the average stress and slip

M - macroscopic friction
e

High resolution experiments are densely instrumented

Shear Stress

—> local friction + rupture nucleation and propagation - : N

Slip Displacement
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Slip weakening friction

|
|| o

3 Slip weakening (e.g. Ohnaka) is the main effect during

il Chambon et al )
; (2000) fast dynamic rupture.

. Linear slip weakening is a simplified model.

3
» 2| (e e s
T | Important parameters:
- 0:.
I | * D_=characteristic slip, associated to micro-contact
' ™ | evolution or grain rearrangement.
LG 20 40 60 B0 100 120 140 160
Slip (cm) Without gouge D = 0.1 mm.
‘Strength With gouge D, >10 cm
Yield Strength T e Strength drop: 7, — 74
Initial Stress T Usually a small fraction of normal stress ~ 0.1
GC
i . . . _
Siding Strength T, JSiP * Fracture energy of a linear slip weakening model :
D, 1
Critical Slip- G = 2 (Ts — Ta) D,
weakening

distance



Exponential initiation

Strength
Linear slip-weakening:
Yield Strength T AT = (T _ Td)D/D
- S Cc
Initial Stress T g If there is some viscosity in the fault behavior:
G, 7
. slip At=nD
Sliding Strength T , > Equating bOth:
D, :
Critical Slip- D =sD
weakeni
dstance Hence
D(t) ~ exp(st)
[ % & &
where s = (1, — 14) /1D,
7.2

a One form of viscosity is radiation damping, n = u/2c,

Log Pd (distance corrected)




Dynamic Rupture Simulation
Setup:

» Planar fault embedded in

iat
homogeneous elastic full LY ﬁé‘*._
space ’

» Boundary Integral
Equation Method
(Dunham, 2005)

ra——

Strength
6.8s
Yield Strength T < Colormap
lipped,
(e up
Initial Stress T, Slip Velocit to 6 m/s)
3
G. N
. Slip £ mis
Sliding Strength T ; > N
D, 15 0
0 30
Critical Slip- X [km]
weakening 4

distance



Exponential initiation

logyo(Mo) [Nm/s]

Sm = 2¢5(Ts — 74) /UD,
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| P Rupture arrest
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Rupture arrest

Nucleation
area
Fault plane
16 |
To A, (Eq. (2 3));,.-;;
vy
12} Runaway -4
3 ruptures ar’
B
g t S i
& Stopping
i T ruptures
4t —
Uemishi 2009
Rupture nucleated at a highly stressed patch. [ & 14 increases Background stress
{} i i i i i i i
« Will it stop spontaneously? 01 05 1.0 15 g_Ts—To0

To — Td
 How does the rupture outcome depend on N

patch size and overstress? _ _ _
Numerical simulations compared to

fracture mechanics predictions
(Galis et al, 2014)



Laboratory foreshocks
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Laboratory foreshocks
;ﬂ'—(a) 1.0 ——

| |
L - -%¥-- Rubinstein et al. 2007
Slider --0-- dynamic simmlation
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Lab results reproduced by slip-weakening
Kammer et al (2014) and fracture mechanics models



Rate-and-state friction

friction

0.71F

0.705f

0.7

0.695

< vn—)l €
slow

v > | € v
fast slow

0.69F

0.685F

i +{atn (o) b pin (2
U=u anV* n 7
5 _ Vo
B L

IV = slip velocity, 8 = state variable

a < b: slip weakening

v

10 15 20 25 30
displacement [mm)]

Second order effects: logarithmic healing
(micro-contact creep) and velocity-
weakening

- Phenomenological rate-and-state
friction law introduced by Dieterich
and Ruina in the early 1980s

Essential ingredients:
| non-linear viscosity
* evolution effect

Most important during slow slip
(nucleation and post-seismic)

During fast dynamic rupture, an
equivalent D, can be estimated:

D,=20L



Integration between dynamic rupture
and earthquake cycle modeling T

Earthquake Dynamic rupture simulation
of The 2011 Tohoku earthauake.

o /Micro crack generating

; 5 I low-f
Final slip (m) s Patch of VLF earthquake deep low-frequency tremar

time = 0.000003 year

Peak slip rate (m/s)

200 250 300
Location along-strike: (km)

¥max: (m/s)

Time: (years)

Location along-dip: (km}

(d)

Galvez et al (2014) Yingdi Luo, earthquake cycle simulations



Rate-and-state simulations

of deep tremor swarms

Tremor swarms result from a cascade of triggering
between brittle asperities mediated by creep

transients:
Asperity failure
—> propagating creep perturbation

- loading and failure of next asperity

Dip(km)

Dip(km)
200 180 160 140 120 100 80 60 40 20 200 160 160 140 120 100 B0 60 40 W 0

Strike(km)
a0 ] -4

10g,0(VIVPI) 3 .
0.0 +0.0
-0.5 +0.5
10073 - @10
R —
2088 SH-+2.0
308l L B+30 .
-4.0 e B89 a
-6.0 Mmimis . 8.9 0 .

Strike(km) (c) 439.0 days from (b)
] o =4l b 1]

Il

(a) T=0.46 year in Fig. 2 (

JUN =]

) +41.1 days from (c)

(b) +#76.9 days from (a)

-| {e) +186.9 days from (d)

Quasi-dynamic 3D simulations in
collaboration with K. Ariyoshi (Earth
Simulator, JAMSTEC, Japan)



Rate-and-state simulations of foreshock swarms

Time relative to the mainshock (days)
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Slow fronts during nucleation

(2} - . + . 0.015 :F
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Kaneko and Ampuero (2011)

() Numenecal simulation

(d) Lab, expeciment {(Nielsen of al., 20040)
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Nielsen et al (2010)



Slow fronts In rate-and-state earthquake models

(Kaneko and Ampuero 2011)

10" 10
B - Before the V,,,, stage
-_*g ) (interseismic stage): %“ )
20 inward propagation of two =10
® very slow creep fronts @
g ' g
10"} 10™"°
5‘B 5.8 60 6-2 64
The V,,,, stage starts on a
0 stress concentration 0
al inherited from the i
g of coalescence of the creep g s
£ 4 fronts 5,
3 | ‘ g
TSN | h 2
of . 0
-2 -2
56 58 60 62 64 56 58 60 62 64
Distance along fault Distance along fault
Consider a stress concentration (=Fxlength) over a background stress drop (At). KEEF
. : . . G, =—
The static energy release rate as function of distance to the stress concentration (a) 0 2u

reaches a minimum at some distance.

This implies a roughly constant rupture speed.

Ko(a) =/ra (.ﬁhz

/

T

F

3



Process zone size

St h . . . 4.
Lo In slip-weakening friction:
Yield Strength T, A= uD.[/(Ts —Tq)

Initial Stress T
In rate-and-state friction:

GC
Siiding Strength T Siip Fast sliding far above steady-state (V > L/0)
D, produces quasi-linear slip-weakening with:
weakening. D, ~ Lln—
distance V*
— T, — T4 = boln—
i s td v
] 3
: _ plL
b A~=—= Lb
3 bo

Rubin and Ampuero (2005)



Nucleation size

log V (m/s)

Different nucleation

1 == a3 e
7] — — B . .

- . - regimes depending
- Il [ ona/b(ratio of

] | [ viscous to

weakening effects)

14 4

100 80 60 40

0 100 80 60 -40 20

Localized slip at low a/b

13 3
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10 3
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localization
size = L,

Different
nucleation
sizes
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T
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_ =4 nucleation size g i
72101 B
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2 . -

14 ST T

0.0 0.2 0.4 0.6 0.8 1.0
a/b

Rubin and Ampuero (2005)



Rate-and-state friction and fracture energy

Shear stress / normal stress

0.70

0.65F \\
0.60 }
0.55

0.50
0

1)

— RS response at x=3.0 km
— RS response at x=6.0 km
— RS response at x=9.0km |
----LSW asim SCEC

0.2 0.4 0.6 0.8 1.0
Slip on fault (m)

Kaneko et al (2008)

Most important during slow
slip (nucleation and post-
seismic)

Rate-and-state behaves as
slip-weakening during fast
dynamic rupture

Equivalent :

D.=1L1 <V> 20 L
c — nv* ~ ,

1 |4
G, = > boL In (F)



Faults operating at low stress

How large is stress drop At compared to strength drop 7, — 74 ?
From seismological observations: At =1 — 10 Mpa

From friction and lithostatic overburden:
Ts —Tg = 0(us — pg) = 0(100 MPa)

2> AT L1, — T4
Why so small?



Faults operating at low stress

Fault loaded by deep creep
—> stress concentration at the base of the seismogenic zone
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Faults operating at low stress

Interseismic stress
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Faults operating at low stress
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Faults operating at low stress

K? AT*w
Fracture energy balance: G, = — ~
21U 21U

> At ~ J2uG. /W
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Uenishi and Rice’s nucleation size: L, =
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Recurrence time scaling |

of repeating earthquakes Recurrence time scaling
T ~ A4{)18
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Whereas classical scalingis T ~ Mo/
Nadeau and Johnson (1989)



Repeating earthquakes

Model: a circular brittle patch (radius R) embedded in a creeping fault




Repeating earthquakes
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Recurrence time scaling of repeating earthquakes

Repeating earthquake model: a circular brittle patch (radius R) embedded in
a creeping fault (steady slip rate V;;-¢.p)

l —
_ p10.18
From fracture mechanics At ~ /2uG./R 1 _ I~ My
From elasticity: At ~ uD /R |
= |
Slip budget: D =V, T per event % e
P . g creep! P ] S
Seismic moment: My = umR“D .
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How do earthquakes start?

Do small and large earthquakes start differently?
Predictive value of earthquake onset and foreshock sequences?

e Seismological observations: seismic nucleation phase, foreshock sequences
e Laboratory observations

* Friction laws and earthquake nucleation

e Further implications: stress drop, recurrence time, seismicityrate, tremors
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