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A live demonstration

Flexural waves
(Lamb mode AOQ)

Transducers

Camm
|
Digital
sampler
CH2 CH1

Frequency ~ 1 kHz

Real time cross-correlation
C(A,B,)=S,(H) RS, (-t)
between channel A and B

— Reconstruction between two points
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Green’s function recovering

1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
8 channel analog to digital | | : | | | |
sampler — 96kHz — 24 bits 0.8 S S R S o ST
o6F S REREERE | EEEEREE SR SR S
El
8
- Magnet 3
Aluminium|plate ‘ c=omm 2
744 [ =y ohiibl =
‘ 1/ a -Coupling =
i /s ] /] H Q
{ A . F 0
4 "\l 4 7 iC

Time (ms)

RO -0.6 -0.4 -0.2 0 0.2 0.4 0.6
Pélysiyrene patches

0,C 5(t)c[G(4,B,~t)-G(4,B,t)]

Noise filtered between 1kHz and 40kHz

09/06/17

plate noise correlation & TR 7




Previous works

39.9md{131 M) 49,7 m (163 [t} 39.9 m (131 L)
2.0% a)
Exp. Pinned slops Exp.
Ixp: Exp. L L S U T
CGiromnd i

b) Actuator #1
o} [EASHHHTHH . Middle point

016} |

014}

lewel

Splice plate Splice plate
Pier 3 Pier 2 z <—T Pier 1

Figure 1. An elevation view of the portion of the castbound bridge that was tested

Farrar et al., JSV 1997
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Vertical Direction x-axis (A.U.)
Duroux, Sabra et al, JASA 2010

external o GPIB
trigger @ =p
1& synchranized channels To
Air-jel naise source acquisition card , o PC.
L1
}é' f ' Digital
Scope

Lobkis & Weaver., JASA 2001
Larose et al., JASA 2009
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Spatial reconstruction ?

Vibrometer

Digital
sampler

Cross-correlation C(A,Y,t)
between positions
A and X

Controlled sources
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Relationship with time-reversal

Forward step of time reversal process in a cavity

. : C. Draeger
T and M. Fink, 1997
Sp <tz ‘ N RECORDED SIGNAL
'IMlCTO?E:OND

Pulse generation

G(rB,rA;t)@Sp(t)
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A taste of linear signal processing

Backward step of time reversal process in a cavity

; i

IMOREROH 4
|

G(’”A g rB;t)®STR(_t)

r

STR(t):G(rB’rA;_t)®Sp(_t)

v_.=G(r, ',rB,'t)®G(rB,rA;—t)®Sp(—t)
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Noise correlation

RA’(t):G(rA’frB;t)®Sn(t) Correlation

R,(t)=G(r,ry;1)®S,(1
Source of noise S (t)
|| i. fll_.|||' .Ilfl'.-i‘
‘ ﬂ’ !‘I it A‘ |




Time reversal vs Correlations

1PRT B t ZG rBz g — ®G<’”A Fgis )®Sp(_t)

C(A,B:t)=ATD. G(r ,ry—t)®G(r, ry:t)®S, (1)®S,(~1)

Autocorrelation of pink noise of

Medium reciprocity same bandwidth than S (t)

G(r ,rgt)=Grg,r t) Sy(t)®Sy(—t)ocS, (1)
.
WRT(A ','t)ocC(A, A, z‘) RFe)rLoggoe?fal.,JASA,

— Time Reversal equivalent to correlation
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Convergence of the correlation

toward Green'’s function

b) Actuator #1

_ oc® on| FRGETTHEHETE, | Middle point
Aluminum plate 2 A _ o} [
P \:/ - 2600 scanned points ouf [

Ay

04 E o)

|

008 N ]

—axis (A.U.)

0.06 5 7

y
2

8 Transducers

B

\o

O .

\ I
3 : |
|

ol e /ictua‘tor#Z
ol ude (mmis) £ [T TR O IO RN
o xm et _\‘ Y \l Direction x-axis (A.U.)
e | Duroux, Sabra et al.
, | ¥ 2D axis JASA 2010
motor bench

-I T T T T T

Arbitrary

waveform /
generator

o oo o
=

MNormalized amplitude
Lo

-0,
S5 s -l
VS _ﬂ
-0,
-1 0 0.010.020.030.040.050.060.07 0.080.09 0.1
Time(sec)
‘ Record of 2600x8 impulses

responses
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Reciprocity & Correlations

Reciprocity
hla(t):hal(t)

h, . f4)
h,(t)
C12(t):h1a(t)®h2a<_t)

Correlation between transducteurs 1 and 2

500

1000
s 1500
2000
2500
-2.5 1.5 0 . 1.5 2 5
Time(sec) Identical to Duroux et al. 2009
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Green’s function recovering quality

Stacking over noise sources

CL(0=3 by ()@h,, (0

Number of noise sources : 1

Correlation

1.0+

05

oA PR Vﬁw\

-0.5F

Norm correlaton

-1.0¢

-1.0 -0.5 0.0 0.5 1.0
Time(ms)

Convergence toward a symmetric waveform
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Green’s function recovering quality

Stacking over noise sources

CL(0=3 by ()@h,, (0

Number of noise sources : 5

Correlation

e 1.0

+ 2 _ 05f

= 1 S
= _os5}
-1.0+
—]I..D —CI!.5 O.ID 0.I5 l.IO
Time(ms)
. Convergence toward a symmetric waveform

09/06/17 plate noise correlation & TR 21




Green’s function recovering quality

Stacking over noise sources

CL(0=3 by ()@h,, (0

Number of noise sources : 10

Correlation

L2 B
. o * | 20 05 Timciloms) 05 10

Convergence toward a symmetric waveform
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Green’s function recovering quality

Stacking over noise sources

CL(0=3 by ()@h,, (0

Number of noise sources : 50

Correlation
. . [ BN ] ® [ ] 10
+ 2 _ o5t
° o .° % 0.0 JM u\ W\J\/\ W W J‘N M
. %1 ’ S
. . Z _os5}
* e ° -1.0}
] —]I..D —CI!.5 O.ID 0.I5 l.IO
° Time(ms)
° . . Convergence toward a symmetric waveform
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Green’s function recovering quality

Stacking over noise sources

N : .
Number of noise sources : 1000

N —

C12(t)— Z h1a<t)®h2a(_t)
a=1 Correlation

:.: =.=.=== ..:... .... .= [ ] : ....;.g.s ... 10 I
[ ] ...E ;.: =..*::0250::E:o.:035 ° E. E.:.. o. c 051 |
.=...= =.:: ) [ 1] : * E L ] ® :.E.=.. : [ ) % H

o ¢°%e00 00 e e e % 0% o’ o 0.0
[ 1] [ ] .:. : ..... L ] ... ==. .=.... ¢ E W w W W w u& b

o+ 1 L] Ic_:u

SRR AL TP ) I |
o.=::oo E::':.o;: E.:=E o =. .=o. * .=. :. : -1.0+

.... . :f'::.!.;' . ".. "..=“. .o °. 10 ~05 0.0 05 1.0

. %® o so o ® e e% % o o Time(ms)

Convergence toward a symmetric waveform
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Green’s function recovering quality

Stacking over noise sources

N , .
Number of noise sources : 2700
N —
C12(t)— Z h1a<t)®h2a(_t)
a=1 Correlation
Ry Dt LI, Seoe Y
R e B |
N LRSS B | W | W i |
vl ots S0 Sof 1,080 st o E “
et el e pen e Begeeotel = o5 -
P i .
g A R A 1o 05 00 05 o
SO0 S 08 s e s o eses es e s Time(ms)
Wl Convergence toward a symmetric waveform
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Degree of symmetry

Cplt) = C)(—1)

Number of noise sources = 5 Number of noise sources = 10 Number of noise sources = 50

10

' |

Morm correlaton
Morm correlaton

Morm correlaton

T T T T T T T T T } } } } } } } } } T T T T T T T T T
-1.00 -0.75 -0.50 -0.25 000 025 050 075 100 100 -075 -050 -0.25 000 025 050 075 100 -1.00 -0.75 -0.50 -0.25 0.00 025 050 075 100
Time{ms) Time(ms) Time({ms)

Unperfect convergence

toward ImG 19’ nas :
Degree of symmetry —— Experimental result |
1/0( itting result
N N 2 c
_J(Chlcy-o)Pa
- N N 2 s 10°F .
I(Clz(t)_clz(_t)) dt 9; 1
Random signal r-1 §
Symmetric signal r — oo & 10t J
. n,
Simple model 2+ N
—_ T(J 100 1 L L
N o : » — n 10° 10' 107 10° 10*
Clz(t>:Clz(t)+ﬂuctuat10ns(t) 2 o+ O\ Number of point sources (N)
Nrt,
Attenuation Y Modal
time density
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Similarity coefficient

. ® 1 I I I I I I I I I

* . * ) 1’” “‘ || LIAE T

° ° ° 0 AL M M A | [‘\ |l ' ll il ;‘\\,

e A b

\/\// ° .’$\ A | l l l l | ! ! !
* L. h,, () 25 2 15 1 0.5 0 0.5 1 15 2 25
e . Time(sec) #1073
Similarity coefficient socf h,(t)CY(t)dt
go.g
$0.8 %
20 st
3 0
<;’\O.G T
505 .
[ R i T T T T S C S U e S H SC .dt
(,) | H H H M S | H H M 0
0.6;00 101 102 103

Number of noise sources
Why this asymptotic plateau ?
h, (t)oce1 (t)®G12(t)®ez(t) e,( t) and e,(t) electro-acoustical responses of the
~ transducers
Clz(t)oce1<_t)®~5 Glz(t)‘g’ez(t)
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Time Windowed correlation

dT
<>

NELWWNVELW 21J1VML

Modal decomposition as in Lobkis & Weaver, 2001

exp(—t/r) sin(w t)
f):Z:(p r1 ;Dn
f 4
Eigen-modes Attenuation Eigen-pulsation

Correlated
windows ‘

t>0

rl,rz,

o 1 T
Similarity S= 7= TK coth
coefficient \/1_'_3(1_'_2) T, [1+2F(8r)] ( T, )
N
F6D) : K is the two-level K_<n((n)n(w+6u))>
(J,(kr) : Spatial correlation function )? CKO”?]Ia“O” function : (n(w))
0

> Weakly depends on the starting time of the correlated windows
> When N very large S — 1 even for small windows : Instananeous Time-
Reversal (Loshmidt Echo)
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Time windowed correlation

NEWWNRWELW 21V1VML 1 . . — 1T . . — 1T ,‘-_-_
0.8
5
0 0.6
I=
8 — — -dT=0.3 ms (model)
o 04 —-—--dT=1.3 ms (model) |
= ——— dT=2.6 ms (model)
o % dT=0.3 ms (experiment)
£02 O dT=1.3 ms (experiment) |
w V dT=2.6 ms (experiment)
Correlated 0 T DU E U R
dT windows 10° 10" 102 103 10*
Number of sources (N)
Modal decomposition of ‘ g 1
correlation (similar to T 5 z="" o (4L
Lobkis & Weaver, 2001) 1+F<1+Z> Ta Ta
Modal density driven Window size driven Attenuation driven
A - A TSy ~= nyN
Mo dTsny \/dTN T, <dT R o
L, <dlT o 1 dT <7, SV, ‘
T N0 il §S~—0 0o
()] P 2 © % i
-O 3 . [N
2 (1+=) 2 = ’ o .
= N" g s | :
c g £ ’ .
< < i
= — | A =>4
requency Frequency Frequency

31
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Effect of noise

Recorded signal Tragsient ;esponse Noise
() = ht)+n(t)

Assumes that N and dT are large — S=1 w/0 noise

) ?/'Bandwidth 05
e BB(dT) o
S(ODO,CCO ) ~ (1 + N[E—Tﬂflqﬁ (1 — E_dTXTa)]

T T T
— Experimental data

= 0.8 = = = Theoretical model
I
O
S 06
Q
£ T,
[}
€ 0.4 - T +dT 7
l(ﬂ_ ]

0.2 ' ' I I

o

0.01 0.02 0.03 0.04 0.05 0.06

‘ Effect of the bandwdith AND the starting position
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Structural health monitoring

Structural engineering Nuclear plants Transports

Conventional active methods

Echo boundary Ultrasonic transducer
/ 1
/" pInitial” Echo on /\ —
pulse / defect/\ E igj
l_ 11
. d, /\ :y ,;' défaut
tOE ,tl t2 IH“
K / \r
structure
09/06/17 plate noise correlation & TR

33



Passive detection

Ambient noise

Inspected structure

« Detection  Low power consumption

e | ocalization  No interferences with

other electronic

* |dentification .
* Low complexity
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Differential detection & localization

Réseau de N transducteurs (récepteurs)

x

M:g?et r". x’_.

@=9mm ,' %
I

- Coupllng R\#\x
[

—

I‘--.._h -

/SDUI ces -
el
g

P— %
2
i

0 0.5 1 1.5 2 2.5 3 3.5

M ‘ temps (ms)
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passif

0.3

Back-propagation

0.25

1
Io*s

0.2
_ 10.6
bpf (r)=2_ AC, ,(w)e’ "=l o

0.05
(0,0) Pc:mtl:.r,yj x
; »
X X X X X X X

e ; actif

O defaut 0
T

m

T
plaque infinie
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Defects localization

1 1
0.8} 3 08l
xR3™ «R3
0.6} TR 0.6 R
g «R1 “ (b) g R A5
” 0.4} 8T, a8 4, " 04t R e
0.2} ) 0.2}
0'[] Ulﬁ 1 - 1.5 b OU U.5 1 1.5
(a) ' X (m) - ® | X (m) |
Passive localization for different kind of defects
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Resolution

L 06

y (m)
y (m)

104

Io.z

0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
X (m) X (m)

Image performed only from the direct echo

O

Resolution given by the aperture of the array
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Number of probes

-8 7 6 5 4 -3 -2 -1 0 1
dB | : ; B
1 ' ' 0.8} 1 haut parleur
0.8} . X
_ 0.6} X 1
~ 0.6 X X 1 E e
g > .8 0.4} x x ]
> 0.4} XX .
0.2} 1
0.2 . :
I 5410cm
0 1 1 1 1
0 05 1 L5 % 0.5 1 L5
X (m) X (m)

0.8r 1 0.8-

| N | Noise generated

34 | % ¥ | by loudspeaker
0.2} E 0.2+ \ 4 ]
% 03 ; s % 03 ; 4

x (m) X (m)

Detection efficient from 3 receivers
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Heterogenous noise

Friction zone

- -7 /6 -5 -4 3 -2 -1 0
¢ NG T | 2| T
1

X (m)
X (m)

Remains efficient provided that the noise is
spatially stationnary
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Non-linear noise sources : Zebulon

When ambient noise is not sufficient : use non linear LF to HF converter

Rough surface

structure
d'etude - &8

First
Resonator
Second resonator
at elastic wave At low
Ic wav frequency

frequency
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Localization vs number of NL

(6 résonateurs) (4 résonateurs)

0.5 ) 0.5
X (m) X (m)
(2 résonateurs) dB’ (O résonateurs)
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Estimation of the scattering strength

Born approximation

—jk, R

e ondes diffusées

JR A

AG:f(e)Go

\ 4 : ( )
N N e e > 0
A C” ' ( t) — F ((D) A G milieu de propagation )<

]

Scattering cross- @ o= J’ V( 6)|2 40 " diffuseur

onde incidente

(plane)

4752/(0 Ibpf("d)|2 Mean diffuse

section

— ¢ estimé pour une plaque finie

— ¢ théorique pour une plaque infinie

: 5 : Norris ét :
W e, e Vemula,.; SV, ..ol
: : 1995 : :

10 15 20 25
fréquence (kHz)

09/06/17 plate noise correlation & TR



Conclusions

Conclusions

 Plate as reference experiments for
studying noise correlation

» Quantitative study of the
reconstruction of the Green’s function
with respect to windowed correlations
— related to physical guantities

 Robust method for scatterer detection
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Thank you
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Green’s function recovering

8 channel analog to digital Noise generated by
sampler — 96kHz — 24 bits friction
]
0.8
T T

-Coupling

Field amplitude (a.u.)
o

-0.4
-0.6
-0.8
-1
Polystyrene patches 06 Y 02 0 02 04 06
Time (ms)

Noise filtered between 1kHz and 40kHz
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