
Modeling	  nuclea-on	  and	  propaga-on	  of	  
shear	  rupture	  on	  rough	  faults	  with	  a	  

large	  range	  in	  wavelengths	  
Yuval	  Tal	  
PhD	  student	  

EAPS	  
	  

In	  collabora8on	  with	  Brad	  Hager	  
MIT	  Earth	  Resources	  Laboratory	  

2016	  Annual	  Founding	  Members	  Mee8ng	  
May	  19,	  2016	  



Slide	  2	  
2016	  Annual	  Founding	  Members	  Mee8ng	  

Fault	  roughness-‐	  self-‐affine	  fractals	  	  

	  

Spectral	  density	  

	  

H	  -‐	  Hurst	  exponent	  	  

C	  =	  1x10-‐6	  –	  2x10-‐4	  

	  

	  

	  
Study	  numerically	  the	  effect	  of	  roughness	  on	  the	  nuclea-on	  and	  
propaga-on	  of	  shear	  rupture	  
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Fric8on	  laws	  
Slip	  weakening-‐	  µ	  (urel)	  
	  
	  
	  
Rate	  and	  state	  fric-on	  (Dieterich,	  1979)-‐	  µ	  (Vrel,	  θ)	  
	  
	  
Vrel-‐	  slip	  velocity,	  V*-‐	  reference	  velocity	  
µ*-‐	  steady-‐state	  fric8on	  at	  V	  =	  V*	  
a	  and	  b-‐	  material	  dependent	  empirical	  constants	  	  
dc-‐	  cri8cal	  slip	  distance,	  θ-‐	  state	  variable:	  
	  

Aging	  law	  
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Conceptual	  approach	  
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L	  ~	  10	  cm	  
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Numerical	  challenges	  and	  approach	  
Larger	  fault	  with	  fixed	  minimum	  wavelength	  =>	  larger	  range	  in	  
wavelengths	  	  

1.	  Computa8onally	  expensive	  	  

	  	  	  	  	  	  =>	  Hanging	  nodes	  

2.	  The	  assump8on	  of	  small	  slip	  rela8ve	  to	  the	  size	  of	  the	  elements	  may	  
not	  be	  valid	  	  

	  	  	  	  	  =>	  Mortar	  Finite	  Element	  Method	  

	   	   	  Con8nuity	  in	  an	  integral	  sense	  
	  

Implemen-ng	  slip	  weakening	  and	  rate	  and	  state	  fric-on	  laws	  
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Mortar	  Finite	  Element	  
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1.  Finite	  element	  discre8za8on	  	  

Virtual	  work:	  

	  

!Π !, !! = !Π!"#,!"# !, !! + !Π! !, !! 	

!Π! = ! ∙ !! ! − !! ! !"
!!
!

	
Lagrange	  mul8pliers	  (λ)	  	  	  Total	  Lagrangian	  formula8on	  

(Bathe,	  1996)	  



Slide	  7	  
2016	  Annual	  Founding	  Members	  Mee8ng	  

Mortar	  Finite	  Element	  
2.	  Contacts	  are	  updated	  each	  8me	  step	  

3.	  Contact	  constraints	  	  

Normal	  direc8on:	  non-‐penetra8on	  condi8on	  

	  
	  

Tangen8al	  direc8on:	  Coulomb’s	  law	  	  

	  
	  

gn-‐	  gap	  func8on,	  vt,rel	  -‐	  rela8ve	  velocity,	  	  

µ	  –	  fric8on	  coefficient	  	  
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Mortar	  Finite	  Element	  
4.	  Variable	  8me	  step	  
	  -‐	  Quasi-‐sta8c	  stages:	  backward	  Euler	  	  
	  -‐	  Dynamic	  stages:	  implicit	  Newmark	  	  
	  
5.	  A	  primal-‐dual	  ac8ve	  set	  strategy	  
	  -‐	  Dividing	  slave	  nodes	  into	  non-‐ac8ve,	  s8ck,	  and	  slip	  node	  sets	  
	  -‐	  Replacing	  the	  inequality	  contact	  constraints	  by	  complementarity	  
func8ons	  (Hueber	  and	  Wohlmuth,	  2005)	  	  

	  -‐	  Consistent	  lineariza8on	  to	  give	  itera8ve	  semi-‐smooth	  Newton	  scheme	  
	  -‐	  Sta8c	  condensa8on	  of	  the	  Lagrange	  mul8pliers	  (Wohlmuth,	  2000)	  	  
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Quasi-‐sta8c	  benchmark	  for	  rate	  and	  state	  	  
! = !∗ + !"# !!,!"# + !!!

!∗ + !"# !
!∗ 	
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Example:	  Finite	  fault	  in	  a	  con8nuous	  domain	  

vpl= 0.5x10-6m/s 

 

τ(v) τ(v) 
20 m 

vpl= 0.5x10-6m/s 

 

ℎ ! = !!!! 	! ! = !!! !!!! 	
h - RMS height       br - pre-factor      
L - Profile length     H - Hurst exponent 
smooth 

br = 0.001 

br = 0.005 

br = 0.01 

τxy [MPa] 

λmin = 20cm, H = 0.8 

λmin = 20cm, H = 0.8 

λmin = 20cm, H = 0.8 

σxx = σyy =100 MPa 

Rate-state parameters: 
µ*	  =	  0.6 
a =  0.01 
b =  0.012 
dc = 20 µm 
V* = 1x10-6 m/s 
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Smooth	  fault	  



Slide	  12	  
2016	  Annual	  Founding	  Members	  Mee8ng	  

Rough	  fault:	  br	  =	  0.001	  
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The	  effect	  of	  roughness	  amplitude	  	  
Maximum slip rate 
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Conclusions	  

•  By implementing friction laws into the Mortar Finite Element 
method, we model the nucleation and propagation of shear 
rupture along rough faults with a large range in wavelengths. 

•  We	  numerically	  observe	  and	  quan8fy	  the	  significant	  effect	  of	  
roughness	  on	  the	  following	  quan88es:	  (1)	  Seismic	  moment;	  (2)	  Stress	  
drop;	  (3)	  Slip	  rate;	  and	  (4)	  Nuclea8on	  and	  propaga8on	  proper8es	  
such	  as	  nuclea8on	  length,	  rupture	  velocity,	  and	  breakdown	  zone. 
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