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Galis(et(al.((2015)(inves/gated'condi/ons'for'ini/a/ng'ruptures'
by' localized' stresses' in' 3D' and' derived' theore/cal' rela/ons'
between' the' proper/es' of' overstressed' nuclea/on' regions'
(their' size,' shape' and' overstress' level)' and' the' ability' of'
dynamic' ruptures' to' either' stop' spontaneously' (sub,cri/cal'
ruptures)'or'runaway'(super,cri/cal'ruptures).'They'found'that'
•  the'ini/a/on'is'mostly'controlled'by'the'overstressed'area'if'

the'aspect'ra/o'of'the'ini/a/on'zone'is'close'to'1'
•  rupture'is'confined'inside'the'ini/a/on'zone'if'the'ini/a/on'

area'is'smaller'than'es/mated'by'Uenishi'(2009)'
•  stopping' ruptures' occur' if' the' ini/a/on' area' is' between'

es/mates'by'Uenishi'(2009)'and'A2'by'Galis'et'al.'(2015)'
'

Here( we( apply( and( extend( these( results( to( situaDons( that( are(
representaDve(for(the(induced(seismicity(environment(

Krammer( et( al.( (2015)(used' similar' approach' in' 2D' to' successfully'
predict' the' rela/on' between' rupture' arrest' distance' and' external'
loading' in' laboratory' experiments' in' which' fric/onal' sliding' is'
nucleated'by'localized'stresses.''

Figure( 2! above :' sketch' of' the'
experiment'by'Rubinstein'et'al.,'2007'
right:' comparison' of' experimental'
results'with'theore/cal'results'obtained'
using'Linear'Elas/c'Fracture'Mechanics'
,'LEFM'(from'Krammer'et'al.,'2015)'
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Figure( 1( Illustra/on' of' cri/cal' area' es/mated' by' Uenishi' 2009' for' high'
background'stress'and'by'es/mate'A2'(Galis'et'al.,'2015)'for'low'background'
stress.' Note' the' good' agreement' between' numerical' results' and' both'
es/mates.'
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(((
This'work'is'a'first'step'towards'a'more'complete'integra/on'
of'earthquake'physics'and'rupture'dynamics'into'theore/cal'
and' computa/onal' frameworks' for' modeling' induced' and'
triggered'seismicity.''
'
We'present'physics,based'predic/ons'of' the' rupture'arrest'
size.'We'verify'our' approach'against' results'of'3D'dynamic'
rupture'simula/ons.''
'
Our' approach' provides' es/mates' that' are' qualita/vely'
consistent' with' numerical' results' and' thus' provide' insight'
into'rela/ons'between'magnitude,'background'stress,'ini/al'
stress' and' s/mula/ng' pressure' in' generic,' yet' idealized'
situa/ons.'
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1  INTROD(3((VERIFICATION(

•  a'3D'problem''
•  crack'is'at'rest'if''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''','

where'
•  ''''''is'stress'intensity'factor'for'tensile'mode'

'
•  R'is'radius'of'crack'at'arrest'
•  ' ' ' ' ' ' ' ' ' ' ' ' 'are''parameters'of'the'nuclea/on'patch'

(for' example,' radius' of' ini/a/on' zone,' pressure'
amplitude,'/me)''

•  '''is'an'adjustable'factor'to'account'for'departures'
from'circularity,'the'effect'of'dynamic'overshoot,'
etc.'

•  the' resul/ng' equa/on' for' rupture' arrest' is' solved'
numerically'

•  working' explicitly' with' stress' drop' ' ' allows' for'
applica/on'of'our'theory'to'various'cases'
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Figure' 3' illustrates' that' our' theory' predicts' final'
rupture'area'in'qualita/ve'agreement'with'numerical'
results'for'various'values'of'the'strength'parameter,'
shapes' of' ini/a/on' zone' and' types' of' ini/a/on,'
however,' a' correc/on' factor' is' applied' to' get' also'
quan/ta/ve'agreement.''

I.((AssumpDons(and(approximaDons( II.   VerificaDon(with(numerical(simulaDons(
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(((((((a.(((Rupture(arrest(area(

(((((((b.(((Conversion(of(rupture(arrest(area(to(M0((

M0' is' computed' from' rupture' arrest' area' using' a'
scaling' rela/on' for' a' strike,slip' event' by' Mai' and'
Beroza' (2000).' Resul/ng' MW' is' generally' 0.2' lower'
than' MW  calculated' from' final' slip' from' dynamic'
rupture'simula/ons.'Using'scaling'rela/ons'by'other'
authors'or'for'other'faul/ng'type'may'generally'lead'
to'varia/ons'of'±0.5'magnitude'unit.'

Figure(3(Comparison'of' rupture' arrest' area'predicted'by'our' approach'with'final' rupture'
area'from'numerical'simula/ons'for'various'values'of'strength'parameter'S'for'three'types'
of' ini/a/on:' a)' ini/a/on' by' an' overstressed' zone' with' ini/al' trac/on' higher' than' sta/c'
trac/on,'b)' ini/a/on'by'zone'with'low'normal'trac/on'(consequently'sta/c'trac/on'inside'

the'zone'is' lower'than'ini/al'trac/on),'c)' ini/a/on'using' lower'normal'trac/on'that'varies'
smoothly'in'space'following'a'2D'Gaussian.'Circles'and'gray'lines'depict'numerical'results,'
our'predic/ons'are'depicted'by'bold'color'lines'and'crosses.'
(

1  INTROD(4((ESTIMATES(OF((FINAL(RUPTURE(AREA((AND((MAGNITUDE(

•  we'consider'solu/on'of' the' radial,flow'diffusivity'equa/on'
for' cylindrical' reservoir' with' no,flow' boundaries' and'
constant'flow'rate'(Lee'et'al.,'2003)'

•  the' solu/ons' is' valid' for' any' point' inside' a' cylindrical'
reservoir' during' ‘infinite,ac/ng’' as' well' as' ‘pseudosteady,
state’'stages'

I.((PoreRpressure(soluDon((

•  we'adopt'parameters'of'Basel'geothermal'reservoir'(Häring'
et'al.,'2008;'Dyer'et'al.,'2008;'Deichmann'&'Giardini,'2009)'

•  s/mula/on' of' Basel' reservoir' was' performed' with' highly'
increasing'flow'rates'and,'naturally,'size'and'permeability'of'
the' reservoir' changed' in' response' to' the' s/mula/on.'
therefore,'we'use'average'parameters'to'perform'a'simple'
parametric'study'to'inves/gate'effects'of'some'parameters'
on'magnitudes'of'induced'events'

•  we'considered:'
•  three'flow'rates,'q'='500'l/m,'1500'l/m,'3000'l/m''
•  three'sizes'of'reservoir,'R ='250'm,'500'm,'750'm'

II.((Parameters(for(poreRpressure(soluDon(

III.((FricDonal(parameters(and(fault(posiDon(
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'''c)'normal'trac/on'determined'by'a'2D'Gaussian'

corr.'factor'='2.5'

runaway''
ruptres'

conf.' shear'
trac/on'

normal'
trac/on'

dynamic'
coef.'of'fric.'

sta/c''
coef.'of'fric.' dc( S 

A( 69.11'MPa' 120'MPa' 0.525' 0.65' 0.4'm' 1.45'
B( 69.11'MPa' 120'MPa' 0.525' 0.68' 0.4'm' 2.0'
C( 70.56'MPa' 120'MPa' 0.525' 0.68' 0.4'm' 1.45'

•  in'order'to'have'radially'symmetric'stress'drop,'we'consider'
a'fault'parallel'to'the'reservoir'(Figure'4)'

•  Note:' Our' choice' can' be' considered' as' a' conserva/ve'
scenario.' A' fault' crossing' the' reservoir' would' be' more'
typical' but' the' pressurized' area'would' be' smaller' than' in'
our'choice.'

•  fric/onal'parameters'are'summarized'in'table:'

Figure(4((
A' sketch' showing'
rela/ve' posi/on' of' a'
fault'and'a'reservoir.'
(

!  Figure(5(Comparison'of'maximum'Mw'for'configura/on'A'as'predicted'by'our'approach'for'three'considered'sizes'of'
reservoir' and' three' considered' flow' rates.' Ver/cal' do_ed' lines' indicate' /mes' of' transi/on' from' stopping' to'
runaway' ruptures.'Colored'dashed' lines' indicate'Mw corresponding' to'over' cri/cally'pressurized'area.'Horizontal'
gray'dashed'line'indicate'Mw'corresponding'to'area'of'reservoir.'Horizontal'do_ed'line'indicate'Mw'corresponding'
to'the'cri/cal'area'by'Uenishi'2009.''

"  Figure(6(Comparison'of'pore'pressure'in'reservoir'at'the'/me'of'transi/on'to'runaway'ruptures.''

#  Figure(7,(8(Comparison'of'maximum'Mw for'configura/on'B'and'C'as'predicted'by'our'approach.'See'also'Figure'5.''
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IV.((ObservaDons(/(ImplicaDons((
(((((

Configura/on'A'(Figures'5'and'6)'
•  results' summarized' in' Figure' 5' indicate' that'Mw'

of' the' largest' stopping' rupture' only' marginally'
varies'with'reservoir'size'and'flow'rate''

•  for'a'fixed'flow'rate,'the'size'of'reservoir'does'not'
affect' how' long' it' takes' to' generate' a' runaway'
rupture'

•  results' for'R =' 750'm,' indicate' that' the' area' of'
reservoir' is' fully' ruptured' before' the' first'
stopping'ruptures'appear'outside'a'reservoir'

•  comparison' of' pore,pressure' (Figure' 6)' reveal'
that' condi/ons' for' runaway' ruptures' are' much'
less' realis/c' for' small' reservoir,'which'has' to'be'
pressurized'to'~350MPa,'than'for'large'reservoir,'
which'has'to'be'pressurized'to'~50MPa'

Configura/on'B'(Figure'7)'
•  comparison' of' results' in' Figure' 7'with' those' for'

configura/on'A'shows'that''
•  transi/on'to'runaway'ruptures'occurs'at'much'

later'/mes'than'for'configura/on'A'
•  Mw of' the' largest' stopping' rupture' for'

configura/on' B' is' larger' than' that' for'
configura/on'A'

•  transi/on'to'runaway'ruptures'occurs'at'even'
higher'pressures'(due'to'longer'injec/on)'than'
for' configura/on'A' ,' ~550'MPa' for'R'='250m'
and''~60,90MPa'for'R'='750m'

Configura/on'C'(Figure'8)'
•  comparison' of' results' in' Figure' 8'with' those' for'

configura/on' A' shows' that,' although' S'
parameter'is'the'same,''
•  maximum' Mw before' transi/on' to' runaway'

ruptures'is'systema/cally'lower''
•  transi/on' to' runaway' ruptures'occurs' sooner'

and,'consequently,'at'lower'pressures'than'for'
configura/on'A'–'~300MPa'for'R'='250m'and'
~30,60MPa'for'R'='750m'
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(
Mw of( the( largest( stopping( rupture( depends( on( fricDonal(
parameters(of(a( fault' and'only'marginally'on'flow'rate'and'
dimension'of'a'reservoir.'

Runaway(ruptures(are(less(realisDc(for(small(than(for( large(
reservoirs.'Pressure'in'the'reservoir'strongly'depends'on''the'
dimension' of' reservoir,' leading' to' very' high' pressures' in'
small'reservoirs'(up'to'550MPa'in'our'case).'

Strength( parameter( S( is( not( a( representaDve( parameter(
because'magnitude'of'stresses'are'important'in'this'scenario,'
as'supported'by'the'fact'that'two'cases'with' iden/cal'S'but'
different'sta/c'and'ini/al'trac/ons''behaves'differently.)

5((PRELIMINARY(CONCLUSIONS(


