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Ambient noise Multiple scattering 

What can we do with this??? 

Diffuse fields 
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•  PART	  1.	  
	  Detec>ng	  velocity	  dV/V	  change	  (	  Global	  )	  	  

•  PART	  2.	  
Loca>ng	  changes	  (	  Local	  )	  
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Mul>ple	  scaUering	  regime	  (diffusion):	  

•  AUenua>on	  of	  direct	  waves	  
•  Standard	  imaging	  procedures	  fail	  

•  Increase	  late	  arrivals	  =	  onset	  of	  a	  “coda”	  
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•  Increase	  late	  arrivals	  =	  onset	  of	  a	  “coda”	  

•  …	  the	  coda	  is	  VERY	  sensi>ve	  to	  weak	  changes	  

Monitoring	  and	  loca-ng	  with	  diffuse	  waves…	   	   	   	  E.	  Larose	  

x	  1	  

x	  10	  



Sensi>vity	  of	  coda	  waves	  

Source	  	  Receiver	  Source	  	  Receiver	  

State	  1 	   	   	   	  State	  2	  
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Weak	  change	  :	  2	  effects	  

1)	  Rela>ve	  velocity	  change	  dV/V=-‐τ/t	  
	  -‐>	  global	  macroscopic	  change	  
	  -‐>	  elas>c	  modulus	  
	   	   	   	   	   	   	  	  

τ	  

t	  

Source	  	  Receiver	  Source	  	  Receiver	  

State	  1 	   	   	   	  State	  2	  

=>	  CWI	  

Monitoring	  and	  loca-ng	  with	  diffuse	  waves…	   	   	   	  E.	  Larose	  



Weak	  change	  :	  2	  effects	  

Source	  	  Receiver	  Source	  	  Receiver	  

State	  1 	   	   	   	  State	  2	  

1)	  Rela>ve	  velocity	  change	  dV/V=-‐τ/t	  
	  -‐>	  global	  macroscopic	  change	  
	  -‐>	  elas>c	  modulus	  

2)	  Decorrela>on	  of	  the	  waveforms	  
⇒ CWI	  

⇒ DWS	  
⇒ LOCADIFF	  
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-‐	  

Signal	  date	  2	  	  

Signal	  date	  1	  
Signal	  date	  2	  stretched	  (test)	  	  Numerical	  Test	  
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3 MHz ultrasound in Gelatin + Bubbles 

1 mm 

λ~ 0.5 mm 
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Transmission of « noise » n(t) 

S R 
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S R 

« lunar » like coda 

Hadziioannou et al, J. Acoust. Soc. Am. 
125 (2009) 

Monitoring	  and	  loca-ng	  with	  diffuse	  waves…	   	   	   	  E.	  Larose	  



auto-correlation from one noise source ≠ Green function  
Corrr Coeff ~0.02% 

Hadziioannou et al, J. Acoust. Soc. Am. 
125 (2009) 
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Auto-correlation from one noise source = monitoring  
Hadziioannou et al, J. Acoust. Soc. Am. 

125 (2009) 
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SOME stable noise source 
=> monitoring 

 

Hadziioannou et al, J. Acoust. Soc. Am. 
125 (2009) 
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Installa>on	  in	  january	  2010	  
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road	  

river	  
acquisi>on	  

Sensor	  A	  

Sensor	  B	  

Installa>on	  in	  january	  2010	  
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Daily	  cross-‐correla>on	  
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Campillo	  &	  Paul,	  Science	  (2003)	  
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CURRENT	  DATE	  	  REFERENCE	  

dt/t=-‐dV/V	  
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22	  juillet	  	  
13	  aout	  
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20	  mai	  2010	   23	  aout	  2010	  

Monitoring	  and	  loca-ng	  with	  diffuse	  waves…	   	   	   	  E.	  Larose	  



Monitoring	  and	  loca-ng	  with	  diffuse	  waves…	   	   	   	  E.	  Larose	  

22	  august	  2010	  
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15	  Hz	  
5	  Hz	  

6m	  
50m	  



30	  
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substratum	  

•  Star1ng	  model	  based	  on	  ac1ve	  seismics	  
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30	  
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Numerical	  model	  :	  
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Monitoring	  and	  loca-ng	  with	  diffuse	  waves…	   	   	   	  E.	  Larose	  

Numerical	  model	  :	  
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30	  
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Numerical	  model	  :	  



=>	  MOST	  PROBABLE	  MODEL	  
30	  
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Numerical	  model	  :	  



22	  juillet	  	  
13	  aout	  
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Mainsant	  et	  al,	  JGR	  (2011)	  

Is	  this	  REAL	  ??	  
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Vs	  &	  angles	  
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Displacement	  

Vs	  &	  angles	  
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t1	  :	  Vs	  decrease	  
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t1	  :	  Vs	  decrease	  

t2:	  surface	  change	  



t1	  :	  Vs	  decrease	  

t2:	  surface	  change	  

t3:	  slope	  failure	  
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t1	  >	  t2	  >	  t3	  



•  PART	  1.	  
	  Detec>ng	  velocity	  dV/V	  change	  (	  Global	  )	  	  

•  PART	  2.	  
Loca>ng	  changes	  (	  Local	  )	  

Monitoring	  and	  loca-ng	  with	  diffuse	  waves…	   	   	   	  E.	  Larose	  



€ 

hstate A (S,R,t)

€ 

hstate B (S,R,t)

Single	  scaUering	   	  	   	  Born	  approx. 	  	  	   	   	  Conven>onal	  imaging	  

Image	  between	  two	  states	  (differen>al)	  
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Multiple scattering medium: 
800 scatterers+ 1 change 

(ie concrete) 

Single scattering medium: 
1 changing scatterers 

(ie metals) 
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Conventional techniques…FAIL! 

Multiple scattering medium: 
800 scatterers+ 1 change 

(ie concrete) 
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0 50 100 150 200 250 300 
Time  

210 215 220 25 30 35 

Compare the ultrasonic coda 

Waveform Decorrelation  

€ 

Kn (S,R,t) =1−
ϕA (t)ϕB (t)dt∫

ϕA
2(t)dt∫ ϕB

2(t)dt∫
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Depth	  sensi>vity	  of	  coda	  waves	  

Source	   Receiver	  
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Depth	  sensi>vity	  of	  coda	  waves	  

Source	   Receiver	  

€ 

Dt
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Theoretical prediction assuming: 
- one isolated +local change 
- diffusion constant D 
- geometry of the medium 

€ 

ϕA (S,R,t)ϕB (S,R,t)
Kd

⎫ 
⎬ 
⎭ 

=1− cσ
g(S,x,υ)g(x,R,t −υ)dυ∫

g(S,R,t)
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φ	  :	  Waveform	  (phase	  &	  amplitude)	  

g	  :	  transfert	  func>on	  	  transport	  probability	  	  average	  intensity	  



Inversion	  process	  
First	  approach	  :	  loca>ng	  one	  local	  change	  	  

Experimental	  decorrela1ons	   Theore1cal	  decorrela1on	  

Experiment	  :	   Numerical	  model	  :	  

For	  each	  voxel	  x	  :	  	  	  

	  that	  minimizes	  the	  misfit	  ?	  
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Application to concrete 

3	  mm	  x	  12	  mm	  

Z	  =	  25	  cm	  
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10	  mm	  x	  10	  mm	  

Z	  =	  0	  cm	  

Larose	  et	  al,	  Appl.	  Phys.	  LeU.	  (2010)	  
RosseUo	  	  et	  al,	  J.	  Appl.	  Phys.	  (2011)	  

T.	  Planès	  (PhD	  stud.)	  
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Application to concrete 
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T.	  Planes	  (PhD	  2013)	  
Planes	  et	  al	  (2013)	  
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Inversion	  process	  

Sensors	  

New	  defects	  :	  	  

	  2D	  Acous>c	  Finite-‐Difference	  Simula>on	  

T.	  Planes	  (PhD	  2013)	  
Planes	  et	  al	  (2013)	  



Inversion	  process	  

Linear	  forward	  problem	  :	  

Least	  square	  inversion	  
[Tarantola	  2005]	  :	  

Es>mated	  cross	  sec>on	  map	  

Sensors	  

New	  defects	  :	  	  

	  2D	  Acous>c	  Finite-‐Difference	  Simula>on	  
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T.	  Planes	  (PhD	  2013)	  
Planes	  et	  al	  (2013)	  
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To	  be	  con>nued….	  See	  Brenguier’s	  presenta>on!	  




