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The Modified Form of Bath’s Law

» The Gutenberg-Richter scaling for aftershocks

IégN(> m):awbm.l

» Infer the magnitude m™ of the greatest aftershock
from an extrapolation of the Gutenberg-Richter scal-

ing applied to the aftershock sequence:

L 4
m* = mnls - Am -

> The constant a is obtained by setting N (> m*) =

1 sothat a = bm”*. Finally we obtain

T

log N(>m) =b(m*—m), I

'o, NOm)= 5(“’#"'4;' ""')
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Southern California Earthquakes, cumulative
frequency-size distributions for 15 individual years.

The solid blue straight line represents best-fit to
all data 1980-1994, log N = -1.05m + 5.3.
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Application to Southern California P —

» Consider eight earthquakes with magnitude greater
than 5 in southern and Baja California that occurred o,
between 1987 and 2002. S S
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Partitioning of Energy

» The energy E radiated in an earthquake with mo-
ment magnitude m

logyo E(m) = §m + logig Eo

with Eg = 6.3 x 10* Joules.

» The moment magnitude of the main shock myys

3
E[ns —_ EO ],OQ M .

» The total radiated energy in the aftershock se-
quence

Eqs =TZ; E(m) (—%) dm .

PRE-|]

» The aftershock rate

dN = —b(In10) 10 (mms—Am—m) gy,

» Carrying out the integration we find

Eas — b EO 10% (mmS“Am) .

)

» The ratio of the total radiated energy in aftershocks
Eys to the radiated energy in the main shock Eyg

E as —

b —%Am
m—%jbl() .

» The fraction of the total energy associated with
aftershocks

3
T EHSE‘ — 5-b .
‘et Lias b —3Am
1+%Tb 1072
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!7» Combined scaling gives Omori’s law | > Modified form of Omori’s law
AN (p—1) 100 (mms—Am—m) dNgs 1 1
= T o AV
dt c(1+t/c) dt T (14%)

or

1 dN _ (p—1)
Np dt  c(l+t/c)P’

Identical to the form used by Reasenberg and Jones
(1989) and by Yamanaka and Shimazaki (1990)

AN 100+ ()
dt  (c+t)P

Am = — [logio(p — 1) + (p — 1) logyo(c) — @] I

SHES

For 62 California aftershock sequences RJ give ¢ = 0.04
days, a = —1.67, b= 0.9, p = 1.08 = Am = 0.52.

For 27 Japanese aftershock sequences YS give ¢ = 0.3
days, a = —1.83,b =085, p=13 = Am =135

DAO-2

» Gutenberg-Richter law for aftershocks

Nyo(>m) = 10070m

» Modified form of Bath’s law for aftershocks

m’™ ~ constant ~ 1.2
11« — main shock magnitude
m* — “largest” aftershock (from GR)

”®
1= 109" or q = bm*

Nys(> m) = 100 mms—Am*—m)

Am* = mms —

T AN
N / ) _ YLV gy o &
Nys(=m) [{ i dt (p—1)7

- (p—1) l()b (mps—Am*—m)
r \
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» Hypothesis I:
¢ = ¢y = constant ir
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Il SN » Definition of the equilibration time /. ()
SENEREE
e - . e It is the time after a main shock required to establish
- ‘g4 . » .
e o 10 N o Q. the validity of GR scaling for aftershocks with magni-
E|M A O nn N Pl? tudes 11
5
oo o o B e It is the time after a main shock when the aftershock
A= a —|" : ; i
—_———s S|t rate given by the modified Omori’s law
~R88888 g
B P S S S % = = dNgs _l 1
et =2 g “| A I dt 7 (14+ 47
§=8238c =
Sl RIS I - deviates from power-law scaling
* o~
= 2 rlQ IQ E < X - T ANy 1 ((:)P
A= © - —= — ~ —_—{ =
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91 Continuum Damage Mechanics with a Yield Stress
— 19 ..
(e Assume p = .2 » Uniaxial stress
. ) o T ”
Equilibration time: ¢, = 10.9¢(m) o= Eye if o<oy |

e Hypothesis II: ¢(m) = 0.27, [ bl —Am™—m) |

Ey — Young’s modulus (undamaged)

e Assume b = 1, “largest” aftershock m™ = m,,s—Am™
o—oy=FEy(l1-a)(c—¢) if a>ayl

A~ e

but 107" =

where A* rupture area of m* earthquake and o — damage variable.
A rupture area of m earthquake

therefore » Kinetic equation

) _ ¢ if 0<o<ay
P 2
do() _ 1 (o \'(€ 1) i o> 0oy

t4 — characteristic time for damage

PAO-7
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» Constant stress oy > o, applied instantancously at t = 0

d(l(t)_i g 1 p € 1 2
dt tq \o, €y

’ (00/o, — 1) = (¢/e, — 1) (1 — a)

with a=0 at t=0.

» Integration gives

1/3 2
(CV:l—(l—t/tf)/, tf=W|
/Yy —

i

\ og/oy — 1
=e, |1+ —1F

A | u—meJl

» Energy in acoustic emissions

1 i )2
| Eq = 5(00 - Uy)(f —€) = 2E[,y

1
aum“‘%

de, (09— 0y)? 1

BT

oro-%

vie ¥’

=0.

Time to failure 7 after the instantaneous application of a differential pressure at ¢

0.38, atm

P, =

298 ¢

10" 10"

(P-P,),atm

10°

Guarino et al. (1999)
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» Constant strain ¢, > ¢, applied instantaneously at ¢ = 0

-G E]

(/7= ) = (eofe,~ 1) (1= 0) |

with a =0 at ¢ =1(.

B Integration gives

a =1 [1+(p—1(eofe, — 12/t 0 |

7 4 (€o/ey — 1)

oy [1 +(p— 1)(6[]/€y —1)p+2 t/td]l/(p 1)

» Energy in acoustic emissions

» Damage mechanics appliéd to aftershocks

E ; —1/{p-1
o = (60— )" 1= (14 (o = Dleo/e, = 17 2t/ta) ’]

B, S
€ae = 70(6() - Cy)z [1 - [1 + (P - 1)(6(]/67, - l)p%rzt/td] 1/ 1)]

Eqyc?
deqe o _2%%(6('/611 - 1)p+4

at [1+(p— 1)(en/e, — 1)pé2t/td]ﬁ/(i"l)

bAO- |0

t — 00, €get = %U(eo - €y)2 (total ae)

1 deqe tid(en/fy — 1)+

Cact dt L+ (p—1)(eo/€y — 1)p+2t/td]ﬂf(ﬂ*1)

_ — tg
Let 75 =p and ¢ = ooy /e-17

1 dege p—1 1
ent dt ¢ (L—t/c)P
Parkételd
= .09
¢= 12

» Omori’s law for aftershocks

L dN p—1 1
Ny dt e (1—tfe)p

RO~ ||
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» Time dependent rate for the decay of the aftershock | I

activity

~
=]
-

I 1
rt) = ————
"= Aoy

» The probability density function of inter-occurrence
times over a finite time period 7T

3 | |
(=] i
2 | |
‘ At 9 | |
Pr(At) = [r-(At) oo rlu)du 2 |
N ; ; | g
) - [‘.s‘-!-.Af % !
+ r(s)r(s-+ At)e™ Js T
i :
where N = ]“1 r(u) du is the total number of events " o "
during a time period 7. E g | cwown 1
: o [ e v Toda
» Scaling law for the above distribution A e AN
L r{‘ mede 4o
| o —f = | |
LA C At [T\ s i P T
P, . r(At) = = ( ) Fl—1 T e e % % e %
TN\ T T \¢
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E@Vve )3
» Dynamic fiber-bundle model
; 8
| dN } o . H
{__ = —/ (i) ‘f\* s —]/[) (*) j\,’ k‘}% k —8
dt aQ an L ~ L ;: c
* <ol N =
N —number of fibers, o — stress o W owu '."‘ 0 5 .}%
v, — reference hazard rate L(Q Y 3 2
» Assume % = f:, letf =0-1, in= % == ~
; a2
7 g—1 o
AN 3 [t ) \ T
—=——{=] N N 2=l 2
dt T A\T o® .
s v G \ EZ 8 §
with N=Nyatt=0 = W = CXp [— (;) ] :g ;‘, E
» Number of failed fibers Ny = Ny — N IE g
| ) - . [ 9]
» Cumulative probability of failure o [ Lo &
3 RS &
' ! ibull di ity
Pt)y=1—oxp|— |- Weibull dist. R \
T < A g
=
AT 22 °
» Conditional cumulative probability of failure at time : {:E it ':.\‘ -
t if no failure at time 1 R tag:‘_a:_gg
7 . ) f() - t ‘ o
Plit,tg) =1—exp||—] — |- T T T T T A
T T < S = 5 o =
T
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