Abstract

NOJAVAN, SAEED. Damage Imaging Algorithms for Structural Health Monitoring using

Electromagnetic Waves. (Under the direction of Dr. Fuh-Gwo Y uan.)

Recongtructing damage geometry with computationally efficient and effective
algorithms is of primary importance in establishing a robust structural health monitoring
system (SHMS). To this end, two linearized imaging algorithms, electromagnetic (EM)
migration and Born imaging, are formulated for 3-D damage imaging of structures using EM
waves. These algorithms are derived in both differential equation (DE) and integral equation

(IE) formalisms in time-domain for inhomogeneous anisotropic and lossy structures.

When sensor data is collected in a common-source configuration (i.e., each set of sensor
data is collected by individual actuator), the proposed imaging algorithms consist of three
steps: (1) Back-propagation (migration) of the scattered field data derived from the measured
sensor data; (2) Zero-lag cross-correlation of the back-propagated scattered field with the
incident field in image area; and (3) Summation of partial images obtained from individual
actuators. The back-propagation step can be carried out numerically based on either the DEs
or the |Es associated with the back-propagated scattered field. In DE approach, the associated
differential equations are discretized and solved by a finite difference time domain (FDTD)
method. Although mathematically this approach is draightforward, it may be
computationally intensive for 3-D cases. In |E approach, however, the Green's functions of
the pristine structure are required. For general 3-D cases, numerical solutions of these
Green's functions may be computationally intensive when analytical solutions are not

available. Fortunately, the numerical solutions of the Green’s functions, if needed, are carried



out only once prior to the monitoring stage. Having calculated the Green’s functions, the
back-propagation of the scattered field data is performed by integral (summation) operations

during the monitoring stage.

To lower the computational cost of the zero-lag cross-correlation imaging condition in
step (2), the incident field at each image point is approximated by a single-event function
parameterized by a traveltime and an amplitude. It is shown that by applying similar
approximations to the fields associated with the Green’s functions of the pristine structure in
the IE formalism of the algorithms, real-time damage imaging algorithms suitable for SHM

application can be realized.

Another way of reducing the computational cost of the algorithms is to employ the
poststack concept, typically used in geophysical exploration. Using this concept, the incident
field in the image area is not needed in the imaging process at all but the sensor data should

be collected in a zero-offset configuration (i.e., actuators and sensors are collocated).

To show the effectiveness of the DE and IE formalisms of the imaging algorithms,
numerical simulations in 2-D transverse magnetic case for a reinforced concrete slab and a
glass/epoxy composite plate with multiple damages are performed. In this simulated study,
all sensor data, incident field, back-propagated (migrated) field, and the Green’s functions of
the pristine structure are generated via a FDTD method with second—order of accuracy in

time and space.

It is concluded that the proposed imaging algorithms are capable of efficiently
identifying the damages geometries, are robust against measurement noise, and in their |IE

formalism may be employed in a SHMS.



DAMAGE IMAGING ALGORITHMS FOR

STRUCTURAL HEALTH MONITORING USING

ELECTROMAGNETIC WAVES

by

SAEED NOJAVAN

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

MECHANICAL ENGINEERING

Raleigh
2006
Approved by:
~ _ / ’-7“[}4’_’ f}dh’” e - /?/,‘#
Dr. Mohammad Noori 'Dr. Kara Peters
ety B Y
Dr. Gianluca Lazzi Dr. Fuh-Gwo Yuan

Chair of Advisory Committee



Dedication

To My Dear Wfe Fateneh



Biography

Saeed Nojavan was born on September 21, 1969 in Teharn, Iran. He is the son of Ali
Akbar Nojavan and Mandegar Abbaszadeh and the brother of Majid, Hamid, Vahid, and
Mohammad Nojavan. He began his academic career at Amir Kabir University of Technology
(Polytechnic) in the fall of 1987 and completed his BS degree in Mechanical Engineering in
summer 1992. He continued his education at University of Tehran in the fall of 1992 and
completed his MS degree in Mechanical Engineering in summer 1995. He entered graduate
school a North Carolina State University in the fall of 2002 in pursuit of a PhD degree in
Mechanical Engineering.



Acknowledgements

| would like to thank Dr. Fuh-Gwo Y uan for suggesting the following work and serving
as my graduate advisor over the past four years. | appreciate his support and guidance
throughout the work.

| would also like to thank Dr. Mohammad Noori, Dr. Kara Peters, and Dr. Gianluca

Lazzi for serving on my committee members and reading this dissertation.

Thanks also go to all the members in our research group specially Dr. Yun Jin, Mr. Lei
Wang, Mr. Hussein Harb, Dr. S, Yang, Mr. Lei Liu, and Mr. Feng Zhang for their care and
help. Special thanks go to Dr. Amir Homayoun Heidari for helping me with the migration
theory.

Finally, | would like to thank my family and friends, specially my wife Fatemeh, for
their encouragement and support to continue my education over the years.

This research was supported in part by the following grants. National Science
Foundation Grant CMS-0301441, a fellowship from Goodrich Corporation, and a fellowship
from North Carolina Space Grant Consortium.



Table of Contents

LISt OF FIQUIES. ..ttt sttt et b e nne e e beeenne e Vii
LT OQUCTION. ...ttt sttt ab e s b e et e et e e nbe e e beesnneennee s 1
1. Fundamental EQUALIONS. .......cccuiiiiiiiieiiieie ettt sttt ae e 12
2. Forward Scattering of Electromagnetic Waves...........coccveveiiieniienie e 19
3. INVEISE SCAITENTNG. ... eiitieitie ettt st be et e b e e ae e e nneeenns 22
4. The Electromagnetic Migration Algorithm...........ccoovieiiiiiiine e 25
4.1, The FIrst APPIrOaCH......cocuiiee e 26
4.2. The Second Approach (Lagrange MUItIPHENS) .......cooveeririiiiiiieciieseeee e 32
5.Born Imaging Algorithim.........cooeo e 39
5.1. Born ImMaging FOIMUIBS..........c.oiiiiiiiiiiie ettt 39
5.2. The Relation between Adjoint Operators and Gradients.............cceveerieerieeeneennenne 47

6. Imaging Stepsin Electromagnetic Migration and Born Imaging Algorithms............ 50
7. Two-Dimensional Electromagnetic Field ... 57
7.1. BornImaging Formulas in TM Field ... 58
7.2. Electromagnetic Migration Imaging Formulasin TM Field..........ccccoooiniiiniiiennn 64

8. NUMENICAl RESUILS ...ttt 69
8.1, ISOLrOPIC CASE......ueeeieee ittt ettt ettt st sae e ettt esaeeebeeebeennneen 71
8.1.1. Born Imaging (DE FOrmaliSm) ... 74

8.1.2. Born Imaging (DE Formalism; POSEStACK) ...........uuuuummiiiiiii e 8l

8.1.3. Born Imaging (IE FOrmMaliSM)........ceuueeiiiiiiiiiiieee e et e e 86

8.1.4. EM Migration (DE FOrmMaliSM)......cceeeeeiiiiuiiiirieieeeeessiiineeeeeeessessisnneeeeee s e e s nnsnenes 93

8.1.5. EM Migration (DE Formalism; POSIStACK) .......uevreereeeiiiiiiiiiiieieee e eee e 101

8.1.6. EM Migration (IE FOrmaliSm) ........ceeeieeiiiiiiiiiieieeee e e e st eee e e e e e e e e e e 106

8.2. ANISOLIOPIC CBSL ...ttt ettt sttt ettt sbe et e st e e b e ebeesnbeennee s 113
8.2.1. Born Imaging (DE FOrmMaliSIM) .......ceeuiiiiiiiiiiiieieiee e e e s ssiineeeee e e e s e s ssisnnneeeee e e e e 116

8.2.2. Born Imaging (DE Formalism; POSEStACK) ..........uuuuummmmmiiiiiee 121

8.2.3. Born Imaging (1E FOrMaliSM)........uueiiiiiiiiiiiiiiiee e e e e e st e e e e e e e e 125

8.2.4. EM Migration (DE FOrmMaliSM).......eeeeeeeiiiiiiinirieeeeeeesssiiineeeeeee e s e s sssnssneeeeeeeeennns 130



8.2.5. EM Migration (DE Formalism; POSIStACK) .......ceveeireeeiiiiiiiiiiieieeeeeessiieieeeeee e 136

8.2.6. EM Migration (IE FOrmaliSm) ........eeeeieeeiiiiiiiiiieiee e s st e e e e e e e e e e e e 140

9. CONCIUSIONS......coitietee ettt sttt be et e bt e s bt e e bt e s b e e nbeeebeesane e e 145
REFEIBNCES......c ettt ettt e et b e ae e e b e enns 149
APPENAICES ...ttt e et b e et e et e e b e et e bt e nbe e e b e e nneennee s 157
A. Dyadic Green’s Functions in an Infinite Homogeneous I sotropic and Lossless Media......... 158

B. Reciprocity Theoremsin EIeCtromagnetic .........cooeeeeeeee e 159

C. The Fourier Transform Properti€S........ocuvuviiiiieee et e e e e e e 163

Vi



List of Figures

31

811

8.1.2

8.13

8.14

8.15

8.1.6

8111

8112

8113

8114

8115

8116

8117

8.118

8.1.19

8.1.1.10

81111

8.11.12

8.11.13

8.11.14

81115

The inverse medium problem: Finding scatterer EM properties using field measurement at sensor

[OCaLiONS OULSIAE TE SCAITENEF ...t s sbe e e 22
Cross section of areinforced concrete dab with multiple damages..........covvveveevicicicccccee 71
Thetimehistory of the excitation SIgNal ...........ccooiiii i 71
The amplitude spectrum of the excitation SIGNal ..........coieiiie i 71

The y-component of the scattered eectric field data, EY excited from an actuator a x = 50mm
With Sensor SPaCcing Of A = 6 mm «---voeeeeseerireini 72

The x-component of the scattered magnetic field data, H¢ _ , excited from an actuator at x = 50mm
With Sensor SPacing Of A = 6 mm «---ereeeeseereneinsini 72

The z-component of the scattered magnetic field data, H¢ r’ excited from an actuator at x = 50mm

With Sensor SPacing Of A = 6 mm «+--eeeeeseerenriniin 73
Case (A); Permittivity image; Zero-lag cross-correlation imaging condition;.........c.cccvvvcevvreeeennn. 76
Case (A); Permittivity image; Excitation-time imaging condition (Max-energy arrival);................ 76

Case (A); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival); . 76

Case (A); Permittivity image; Excitation-time imaging condition (First-arrival); .........ccccceevernenne 76
Case (A); Permittivity image; Modified excitation-time imaging condition (First-arrival); ............ 76
Case (A); Permeability image; Zero-lag cross-correlation imaging condition; ...........cccoeeeveveeenenen. 76
Case (A); Permeability image; Excitation-time imaging condition (Max-energy arrival); .............. 77

Case (A); Permeability image; Modified excitation-time imaging condition (Max-energy arrival); 77

Case (A); Permeability image; Excitation-time imaging condition (First-arrival);........cccocceveennne 77
Case (A); Permeability image; Modified excitation-time imaging condition (First-arrival); ........... 77
Case (A); Conductivity image; Zero-lag cross-correlation imaging condition;..........ccceeeevvveeennnen. 77
Case (A); Conductivity image; Excitation-time imaging condition (Max-energy arrival);............... 77

Case (A); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival); 77
Case (A); Conductivity image; Excitation-timeimaging condition (First-arrival); ..........cccoeeeenene 77

Case (A); Conductivity image; Modified excitation-time imaging condition (First-arrival);........... 78

Vi



8.1.1.16

8.1.1.17

8.1.1.18

8.1.1.19

8.11.20

81121

8.1.1.22

81123

8.1.1.24

81125

8.1.1.26

8.1.1.27

8.1.1.28

8.1.1.29

8.1.1.30

81131

8.1.1.32

8.1.1.33

81134

8.1.1.35

Case (B); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival); . 78
Case (B); Permeability image; Modified excitation-time imaging condition (Max-energy arrival); 78
Case (B); Conductivity image; Modified excitation-timeimaging condition (Max-energy arrival); 78
Case (C); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival); . 78
Case (C); Permeahility image; Modified excitation-time imaging condition (Max-energy arrival); 78
Case (C); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival); 78
Case (D); Permittivity image; Zero-lag cross-correlation imaging condition; Noisy data SNR=5;.. 78

Case (D); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);
Lo TS Y = = S AN R 79

Case (E); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);
Ay T LB b et 79

Case (F); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);

(00 [0 £ 1 <P PPPPRRRPUPPNE 79

Case (G); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);
[ Fo T S 7= o oo 0 = =SSR 79

Case (G); Permittivity image; Excitation-time imaging condition (First-arrival); Half-space

(00 [0 £ <P PPRRRRPPNY 79

Case (G); Permeability image; Modified excitation-time imaging condition (Max-energy arrival);
[ Fo T S 7= o oo 0 = =SSR 79

Case (G); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
[ Fo T S 7= o oo 0 = =SSR 80

Case (H); Permittivity image; Excitation-time imaging condition (Max-energy arrival); Modified
[T LTSS (1 (1= SRR 80

Case (H); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);
MOdified Pristing SUCIUIE; .......veieiieee e e ceesteeesee e ste e se e e et e s e e sste e ste e et e e snaeennanesneeesnneeennees 80

Case (H); Permittivity image; Excitation-time imaging condition (First-arrival); Modified prigtine
SETUCEUIE, ... ieeeeeeeitte e i e e e et ettt e e e e e e et ees b e e e eeee s e e s s bt eeeeseesssaa s eaeeseassaannsaaessessssannsseasssessrsannseeeesernrnen 80

Case (H); Permittivity image; Modified excitation-timeimaging condition (First-arrival); Modified
[T LTSS (1 (1 =SS 80



8.1.1.36

8.1.1.37

8.1.1.38

8121

8122

8.1.23

8124

8.1.25

8.1.2.6

8127

8.1.2.8

8.1.2.9

8.1.2.10

81211

81212

8.1.2.13

8.1.2.14

8.1.2.15

8.1.2.16

8.1.2.17

8.1.2.18

Case (H); Permeability image; Modified excitation-time imaging condition (Max-energy arrival);

MOdified Pristing SIIUCIUNE ........ciieiieiiiie i s sttt ee e 80
Case (H); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
MOdified Pristing SIIUCTUIE ........ciiueiieiiiiiieee et be e 80
Case (1); Permeability image; Modified excitation-time imaging condition (Max-energy arrival);
ConCrete ab WItNOUL TEDAIS, ...t e e e et e e e e e e e sbaae e e e e e e eenasnnees 80
Case (A); EX. -image obtained by poststack BOrn imaging; ........cccevuvevieereeiieeeneeenieeeseeeeseeens 83
Case (A); H®_, -image obtained by poststack BOrnimaging;..........c..ocuvvinvniniiniinisics 83
Case (A); HP_ -image obtained by poststack BOrnimaging;..........cc.ocuvinicinniiniicisics 83
Case (B); Ef -image obtained by poststack BOrn imaging;........ccovuvevveeierineeeneeeseeeseeeseee s 83
Case (B); H®°_ -image obtained by poststack BOrn imaging; ..........cccoeevviniminininiisincs 83
Case (B); H®*_ -image obtained by poststack BOrn imaging; ..........cc.ovvvvinimininiiniinisncs 83
Case (C); B -image obtained by poststack BOrn imaging;........ccoovvevereieeineeeneeeseeeseeseee e 84
Case (C); HE -image obtained by poststack BOrn imaging; .........cccoevveereniereneresieesieesieeseee e 84
Case (C); HE -image obtained by poststack BOrn imaging; .........ccccevieerirerenerenieesieesieesiee e 84
Case (D); EX . -image obtained by poststack Born imaging; Noisy data SNR=5;..........ccccceveenen. 84
Case (E); EX. -image obtained by poststack Born imaging; A= _ ;e 84
Case (F); EX. -image obtained by poststack Born imaging; Half-space concrete;.............ccooueneee. 84
Case (F); s -image obtained by poststack Born imaging; Half-space concrete ...............c........ 84
Case (F); H  -image obtained by poststack Born imaging; Half-space concrete; ..................... 84
Case (G); EX . -image obtained by poststack Born imaging; Modified pristine sructure; ............. 85
Case (G); HE -image obtained by poststack Born imaging; Modified pristine sructure; ............. 85
Case (G); H, -image obtained by poststack Born imaging; Modified pristine structure; ............. 85
Case (H); EX . -image obtained by poststack Born imaging; Concrete dab without rebars,........... 85



8.13.1

8.1.3.2

8.1.3.3

8.1.34

8.1.35

8.1.3.6

8.1.3.7

8.1.3.8

8.1.39

8.1.3.10

8.1.3.11

8.1.3.12

8.1.3.13

8.1.3.14

8.1.3.15

8.1.3.16

Case (A); Permittivity image; Both G and Ey;im
arrival criterion; Without amplitude; ...................

Case (A); Permittivity image; Both Gob and Ey;im
arrival criterion; With amplitude; ...........cccoceeeee

Case (A); Permittivity image; Both Gob and Ey;im
Without amplitude; .........ccocvvvievineeree e

Case (A); Permittivity image; Both GyEx“fb and Ey;im
With @amplitude; ........coeveeeiiieieecee e

Case (A); Permeability image; All gHM

xx;b !

Case (A); Permeability image; All G}, GHY, H

;b

arrival criterion; With amplitude; ...........cccoceeeee

Case (A); Conductivity image; Both GEM and E,,
arrival criterion; With amplitude; ...........ccooceeeee

Case (A); Conductivity image; Both GEM and E,,
criterion; With amplitude;.........cccoeevvvveevinennnen,

Case (B); Permittivity image; Both GyEf;b and Ey;mc
arrival criterion; With amplitude; ...........ccoeceeeee

Case (B); Permeability image; All Gy GoY H
maximum-energy arrival criterion; With amplitude;

Case (B); Conductivity image; Both GEJ and E,,
arrival criterion; With amplitude; ...........cccoceeeee

Case (C); Permittivity image; Both GyEz’\;Ab and Ey;mc
arrival criterion; With amplitude; ...........ccoeceeeee

Case (C); Permeability image; All Gon, GIY H
maximum-energy arrival criterion; With amplitude;

Case (C); Conductivity image; Both GEM and E,,
arrival criterion; With amplitude; ...........ccccceeeee

Case (D); Permittivity image; Both Go and Ey;mc

G, H
b L
maximum-energy arrival criterion; With amplitude;

are approximated based on maximum-energy

are approximated based on maximum-energy

are approximated based on first-arrival criterion;

are approximated based on first-arrival criterion;

and H_.  areapproximated based on

X; |nc z;inc

and H_.  areapproximated based on firgt-

x;inc ’ z;inc

are approximated based on maximum-energy

are approximated based on firg-arrival

are approximated based on maximum-energy

and H_.  areapproximated based on

X; |nc z;inc

are approximated based on maximum-energy

are approximated based on maximum-energy

and H_.  areapproximated based on

X; |nc z;inc

are approximated based on maximum-energy

are approximated based on maximum-energy

arrival criterion; With amplitude; NoiSy data SNR=5;......cooiiiiiiiiic e 90

Case (E); Permittivity image; Both GEM and g
arrival criterion; With amplitude; 4., =151,,;

X

y;inc

are approximated based on maximum-energy



8.1.3.17

8.1.3.18

8.1.3.19

8.1.3.20

8.1.3.21

8.1.3.22

8.1.3.23

8.1.3.24

8.1.3.25

8.1.3.26

8.1.3.27

8.1.3.28

8.1.3.29

8.1.3.30

8141

8.14.2

8.14.3

Case (F); Permittivity image; Both G2 and g, = are approximated based on maximum-energy

y;inc

arrival criterion; With amplitude; A, S 20 e s 90

Case (G); Permittivity image; Both GyEX“j‘b and g . areapproximated based on maximum-energy

y;inc

arrival criterion; Without amplitude; Half-Space CONCIate; ..........covverieieeiiereee e 90

Case (G); Permittivity image; Both GyEX“j‘b and g areapproximated based on maximum-energy

y;inc

arrival criterion; With amplitude; Half-Space CONCrete; ........coocvevieiiiiierececee e 91

Case (G); Permittivity image; Both GyEX“j‘b and Ey;mc are approximated based on first-arrival criterion;

Without amplitude; Half-Space CONCIELE; ..........ccvriieieiii e e e raee e 91
Case (G); Permittivity image; Both GyEX“j‘b and Ey;mc are approximated based on first-arrival criterion;
With amplitude; Half-Space CONCIELE;.........ccueiiieeiei et e e e e e nnae e 91
Case (G); Permeability image; All G, GhY Hx;inc , and Hz;inc are approximated based on

maximum-energy arrival criterion; With amplitude; Half-space concrete; ..........coovcvvievevieneenne 91

Case (G); Conductivity image; Both GyEX“j‘b and Eyne A€ approximated based on maximum-energy
arrival criterion; With amplitude; Half-Space CONCrete; ........coocveieeiiiiieiececeee e 91

Case (H); Permittivity image; Both GyEX“j‘b and g . areapproximated based on maximum-energy

y;inc

arrival criterion; Without amplitude; Modified pristing SrUCIUIE;.........cooveveeieene e 91

Case (H); Permittivity image; Both GyEx“;"b and Ey;im are approximated based on maximum-energy
arrival criterion; With amplitude; Modified pristine StrUCIUNE; .........cooveieeneeieeeeeee e 92

Case (H); Permittivity image; Both GyEx“fb and Ey;im are approximated based on first-arrival criterion;
Without amplitude; Modified pristing StTUCLUFE; ........cocvvveiieeiiee e se e e e e e e nnee e 92

Case (H); Permittivity image; Both GyEx“fb and Ey;im are approximated based on first-arrival criterion;

With amplitude; Modified pristing StTUCIUNE; .......cooveeiiiee e e e e e 92
Case (H); Permeability image; All G, G, H .., ad H_, = areapproximated based on
maximum-energy arrival criterion; With amplitude; Modified prigtine Sructure;..........c.cceevveneenee 92

Case (H); Conductivity image; Both GyEx“fb and Eyne A€ approximated based on maximum-energy

arrival criterion; With amplitude; Modified pristine StrUCLUNE; .........oooveieenicieeie e 92
Case (1); Permeability image; All Ghn, GhY Hx;inc’ and Hz;inc are approximated based on

maximum-energy arrival criterion; With amplitude; Concrete dab without rebars;.............c.oc....... 92
Case (A); Permittivity image; Zero-lag cross-correlation imaging condition;.........ccccveeeveveeeennn. 95
Case (A); Permittivity image; Excitation-time imaging condition (Max-energy arrival);................ 95

Case (A); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival); . 95

Xi



8144

8.1.4.5

8.1.4.6

8.1.4.7

8.1.4.8

8.1.4.9

8.1.4.10

81411

8.14.12

8.1.4.13

8.14.14

8.1.4.15

8.1.4.16

8.14.17

8.1.4.18

8.1.4.19

8.1.4.20

8.14.21

8.1.4.22

8.1.4.23

8.1.4.24

Case (A); Permittivity image; Excitation-time imaging condition (First-arrival); .........ccccovevernenne 95

Case (A); Permittivity image; Modified excitation-time imaging condition (First-arrival); ............ 96
Case (A); Permeability image; Zero-lag cross-correlation imaging condition; ...........cccoeeevevveenennn. 96
Case (A); Permeability image; Excitation-time imaging condition (Max-energy arrival); .............. 96

Case (A); Permeability image; Modified excitation-time imaging condition (Max-energy arrival); 96

Case (A); Permeability image; Excitation-time imaging condition (First-arrival);........cccoceveenenne 96
Case (A); Permeability image; Modified excitation-time imaging condition (First-arrival); ........... 96
Case (A); Conductivity image; Zero-lag cross-correlation imaging condition;..........cccceeeeveveeenenen. 96
Case (A); Conductivity image; Excitation-time imaging condition (Max-energy arrival);............... 96

Case (A); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival); 97
Case (A); Conductivity image; Excitation-timeimaging condition (First-arrival); ........ccccoevenene. 97
Case (A); Conductivity image; Modified excitation-time imaging condition (First-arrival); ........... 97

Case (B); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);
(B PRI = (S0 SR 00| (0 97

Case (B); Permeability image; Modified excitation-time imaging condition (Max-energy arrival);
(B PR i< (S0 SR 00| (0 97

Case (B); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
(B PRI = (S0 SR 00| (0 97

Case (C); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);
Only Ej;w AS B s 97

Case (C); Permeability image; Modified excitation-time imaging condition (Max-energy arrival);
Only Ej;w AS B s 97

Case (C); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
Only Ej;w AS B s 98

Case (D); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);
Only H 9o 8 B 98

Case (D); Permeability image; Modified excitation-time imaging condition (Max-energy arrival);
Only H 9 AS B, e naannas 98

Case (D); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
Only H 9 8 B 98

Xii



8.1.4.25

8.1.4.26

8.1.4.27

8.1.4.28

8.1.4.29

8.1.4.30

8.14.31

8.1.4.32

8.1.4.33

8.14.34

8.1.4.35

8.1.4.36

8.1.4.37

8.1.4.38

8.1.4.39

8.1.4.40

81441

8.151

Case (E); Conductivity image; Zero-lag cross-correlation imaging condition; Noisy data SNR=5;. 98

Case (E); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
N[0 TS Y = = TS AN R 98

Case (F); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);

Case (G); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
A =2) S et e e e eaeeaeeaeeae e eae e eaeeaeeae e e e e e e e e e e e e e e e e e e e e e e e e e e n e e e e aarann 98

sa mn

Case (H); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);
[ Fo T RS 7= o oo 0 = =SSR 99

Case (H); Permeability image; Modified excitation-time imaging condition (Max-energy arrival);
[ Fo T RS 7= o oo 0 = =SSR 99

Case (H); Conductivity image; Excitation-time imaging condition (Max-energy arrival); Half-space
(00 g [0 £ <P PPPPRRRUPPE 99

Case (H); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
[ Eo T S 7= o oo 0 = =2 OUR 99

Case (H); Conductivity image; Excitation-timeimaging condition (First-arrival); Half-space
(00 [0 £ <P PPPPRRRPUPPE 99

Case (H); Conductivity image; Modified excitation-time imaging condition (First-arrival); Half-
S oLz o X o 0 (01 = (PP POPPPPPPP 99

Case (I); Permittivity image; Modified excitation-time imaging condition (Max-energy arrival);

MOdified Pristing SUCIUNE; .......veieiieeeceie e e see ettt et e e sree e ssee e snae e st e e nneeennaeesnneennneeenneeas 99
Case (I); Permeability image; Modified excitation-time imaging condition (Max-energy arrival);
MOdified Pristing SIUCIUIE; .......veiesieeeieiee e see e ee st se et e st e e see e snte e snae e et e e nnaeennaeesneeennneeennees 99
Case (I); Conductivity image; Excitation-time imaging condition (Max-energy arrival); Modified

[T LTSS (1 (1 =S 100
Case (1); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
MOdified Pristing SIUCIUIE; ........veiieeecieeesiie et s e ee et e e e et e et e et e e nsaeennenesneeesneeesnens 100
Case (I); Conductivity image; Excitation-time imaging condition (First-arrival); Modified prigtine
SETUCEUIE, ... eeeeeettitee s e eee et ettt e e e e e e e et e st seeeee e e st ba s eeaessessbaaa s aeasseessaannssaaeseesssaanseaessenssnnnnseeessennrren 100
Case (I); Conductivity image; Modified excitation-time imaging condition (First-arrival); Modified
[T LTSS (1 (1= SR 100
Case (J); Conductivity image; Modified excitation-time imaging condition (Max-energy arrival);
CoNCrete Sab WItNOUL FEDAIS .......ccvvveiieee et e e e e s e e e e e e e saraeeeeeeeesnsnnres 100
Case (A); S -image obtained by poststack EM migration; ...........c.ccoovveveeneenieene e 103

Xiii



8.1.5.2

8.1.5.3

8.1.54

8.1.55

8.1.5.6

8.1.5.7

8.1.5.8

8.1.5.9

8.1.5.10

8.1.5.11

8.1.5.12

8.1.5.13

8.15.14

8.1.5.15

8.1.5.16

8.1.5.17

8.1.5.18

8.1.5.19

8.1.5.20

8.1.5.21

8.16.1

Case (A); H -image obtained by poststack EM mMigration; ...........cccveveeiineiiiensiensneeeneee e 103

Case (A); H -image obtained by poststack EM mMigration; ..........cccccvevueevineiiiensiensnee e e 103
Case (B); S -image obtained by poststack EM migration; Datatreated as SOUrces; .................. 103
Case (B); H", -image obtained by poststack EM migration; Datatreated as sources;.................. 103
Case (B); H, -image obtained by poststack EM migration; Datatreated as sources;.................. 103
Case (C); S -image obtained by poststack EM migration; Only Bl 8SBC 104
Case (C); H, -image obtained by poststack EM migration; Only Bl 8SBC oo 104
Case (C); H, -image obtained by poststack EM migration; Only Bl 8SBC oo, 104
Case (D); S -image obtained by poststack EM migration; Only H¢  asBC;..........cccoceeenve. 104
Case (D); Hr_, -image obtained by poststack EM migration; Only ¢ asBC;...........cccocoeenee 104
Case (D); HI_, -image obtained by poststack EM migration; Only ¢ asBC;..........cccoceenee 104
Case (E); HI_, -image obtained by poststack EM migration; Noisy data SNR=5; ..................c..... 104
Case (F); H[",, -image obtained by poststack EM MIigration; A= ;v 104
Case (G); S -image obtained by poststack EM migration; Half-space concrete....................... 105
Case (G); HI_, -image obtained by poststack EM migration; Half-space concrete ...................... 105
Case (G); HI_, -image obtained by poststack EM migration; Half-space concrete ..................... 105
Case (H); S -image obtained by poststack EM migration; Modified pristine structure; ............ 105
Case (H); H -image obtained by poststack EM migration; Modified pristine sructure,............ 105
Case (H); HI_, -image obtained by poststack EM migration; Modified pristine structure............ 105
Case(l); H - -image obtained by poststack EM migration; Concrete dab without rebars; .......... 105

Case (A); Permittivity image; All yEbe GyEy{b, and g . areapproximated based on maximum-

yiinc

energy arrival criterion; Without amplitUde; ...........ccooeiiiiiin e 108

Xiv



8.1.6.2

8.1.6.3

8.1.6.4

8.1.6.5

8.1.6.6

8.1.6.7

8.1.6.8

8.1.6.9

8.1.6.10

8.1.6.11

8.1.6.12

8.1.6.13

8.16.14

8.1.6.15

8.1.6.16

Case (A); Permittivity image; All GyEXM , GEJ and g . areapproximated based on maximum-

yiinc

energy arrival criterion; With amplitUde;..........cooveveiiee i e 108
Case (A); Permittivity image; All G&v b GyEbi, and Eylnc are approximated based on first-arrival
criterion; Without @amplitude] ............ooiieriiriee e 108

Case (A); Permittivity image; All GyEXM , GyEyJ;b! and Ey;mc are approximated based on first-arrival

Criterion; With @amplitUE .........ceee it e e eees 108
Case (A); Permeability image; All GHJ , GHJb, Gov . Gy mec and Hz;inc are approximated
based on maximum-energy arrival criterion; With amplitude; ..........cococvevee v, 108
Case (A); Permeability image; All GHJ , Gzyb’ G mec and Hz;inc are approximated
based on firg-arrival criterion; With amplitude;...........ccovevieiiee e 108

Case (A); Conductivity image; All GyEX“j‘b, GyEy{b, and Eyinc are approximated based on maximum-
energy arrival criterion; With amplitude] ..........coeoieiiiiiieneeeee e 109

Case (A); Conductivity image; All GyEXM , GEJ and E
Criterion; With @amplitUE; .........ceee et e e eees 109

are approximated based on firg-arrival

yiinc

Case (B); Permittivity image; Both GEM and g . are approximated based on maximum-energy

yiinc

arrival criterion; With amplitude; Only Eg;w; ............................................................................. 109

Case (B); Permesbility image; All g1, GIY . H and H__ areapproximated based on

x; x;inc ! zinc

maximum-energy arrival criterion; With amplitude; Only T N N NI 109

Case (B); Conductivity image; Both GEM and g areapproximated based on maximum-energy

y;inc

arrival criterion; With amplitude; Only Eg;w; ............................................................................. 109
Case (C); Permittivity image; Both GEJ and Eylnc are approximated based on maximum-energy
arrival criterion; With amplitude; Only HE g 3 eoeereessmssms s s 109

Case (C); Permeability image; All GHJb, G;Jb, H and H_. areapproximated based on

x;inc ! zjinc

maximum-energy arrival criterion; With amplitude; Only H G} 110

Case (C); Conductivity image; Both GyEyJ;b and Ey e A€ approximated based on maximum-energy
arrival criterion; With amplitude; Only HE g 3 ooeemeessmssms s s 110

Case (D); Permittivity image; All GyEX“j'b, GyEy{b, and Ey;mc are approximated based on maximum-
energy arriva criterion; With amplitude; Noisy data SNR=5; ......oocevevive v 110

Case (E); Permittivity image; All yEbe GyEy{b, and g . areapproximated based on maximum-

y;inc

energy arrival criterion; With amplitude; A, SLEA st 110

XV



8.1.6.17

8.1.6.18

8.1.6.19

8.1.6.20

8.1.6.21

8.1.6.22

8.1.6.23

8.1.6.24

8.1.6.25

8.1.6.26

821

8.2.2

8.2.3

8.24

8.25

8.2.6

8211

Case (F); Permittivity image; All G2, G, , and E,  are approximated based on maximum-

y;inc
energy arrival criterion; With amplitude; A_, =24 1o 110
Case (G); Permittivity image; All GEJb, and Eylnc are approximated based on maximum-
energy arriva criterion; With amphtude, Half-9pace CONCIELE; ........coovueeiieece e 110
Case (G); Permittivity image; All GEv b GyEbi, and Eylnc are approximated based on first-arrival
criterion; With amplitude; Half-Space CONCIetE]...........vevveriieiirie e 111
Case (G); Permeability image; All GHJ , Gzyb, G mec, and Hz;inc are approximated
based on maximum-energy arrival criterion; With amplitude; Half-space concrete;...................... 111

Case (G); Conductivity image; All GyEX“j‘b, GEJ and g . areapproximated based on maximum-

yiinc

energy arriva criterion; With amplitude; Half-space CONCrete;..........oovceevceeiceeesee e 111

Case (H); Permittivity image; All nyb, wa, and Eylnc are approximated based on maximum-

energy arriva criterion; With amplitude; Modified pristine Structure; .........c.occvveveeeveeveeesieeenee 111

Case (H); Permittivity image; All G)I'Ex’\;ﬂb’ GyEy{b, and Ey;mc are approximated based on first-arrival

criterion; With amplitude; Modified pristing StrUCIUNE; ..........oooveeeiiee e 111
Case (H); Permeability image; All GHJ , Gzyb’ G Hx;inc’ and Hzm are approximated
based on maximum-energy arrival criterion; With amplitude; Modified pristine structure; ........... 111

Case (H); Conductivity image; All gE™ b wa, and Eyine are approximated based on maximum-

energy arriva criterion; With amplitude; Modified pristine Structure; .........cocccevevevevceevceescveeenee 112

Case (1); Permittivity image; All GyEXM , GyEy{b, and Eym are approximated based on maximum-

energy arriva criterion; With amplitude; Concrete dab without rebars;.........occcvvvvevceevceesieenee 112
Cross section of a glass/epoxy composite plate with two delaminations..........ccccocevevceevceevcveennee. 113
Thetimehistory of the eXCitation SIgNal ..........cooeiiiiiiii s 113
The amplitude spectrum of the excitation SIGNal .........ccoveriiiiiii e 113

The y-component of the scattered eectric field data, E! . excited from an actuator at x = 25mm
With ensor SPaCiNg Of A_ = 2 mm +rerveeeeernnmnnne s 114

The x-component of the scattered magnetic field data, HY . , excited from an actuator at x = 25mm
With Sensor SPaCiNg Of A_ = 2 mm wreeveeeeemnemnmrnen s 114

The z-component of the scattered magnetic field data, HY . , excited from an actuator at x = 25mm
With Sensor SPaCiNg Of A_ = 2 mm «wreeveeeeernnrnnnen s 115

Case (A); £, -image; Zero-lag cross-correation imaging condition;..........cccoccveveevieerieesceeenne 118

XVi



8212

8213

8214

8215

8.2.16

8217

8.2.18

8219

8.2.1.10

82111

8.21.12

8.2.1.13

8.21.14

8.2.1.15

8.2.1.16

8.21.17

8.2.1.18

8.2.1.19

8.2.1.20

82121

8.21.22

Case (A); gw-image; Excitation-timeimaging condition (Max-energy arrival); ........cocoevrevernenne 118
Case (A); gw-image; Modified excitation-time imaging condition (Max-energy arriva); ............. 118
Case (A); gw-image; Excitation-time imaging condition (Firg-arrival);.......ccccoveveveieeriiensienenennnn 118
Case (A); gw-image; Modified excitation-timeimaging condition (First-arrival); .........ccccceveennen. 118
Case (A); u, -image; Zero-lag cross-correlation imaging Condition; ... 118
Case (A); u, . -image; Modified excitation-timeimaging condition (Max-energy arrival);............. 118
Case (A); u, -image; Modified excitation-timeimaging condition (First-arrival);...........cocoeeeenee 118
Case (A); u,,-image; Zero-lag cross-correlation imaging condition; ............coveerinnieninnninincne, 118
Case (A); u,-image; Modified excitation-timeimaging condition (Max-energy arrival);............. 118
Case (A); u,,-image; Modified excitation-timeimaging condition (First-arrival);.........c.cocovene. 118
Case (A); g, -image; Zero-lag cross-correation imaging condition;...........cccceccevvcevireeeneeenieenns 118
Case (A); g, -image; Modified excitation-time imaging condition (Max-energy arrival); ............ 119
Case (A); g, -image; Modified excitation-timeimaging condition (First-arrival);.........cccocvennne. 119
Case (B); u,, -image; Modified excitation-timeimaging condition (Max-energy arrival);............. 119
Case (B); u,, -image; Modified excitation-timeimaging condition (First-arrival); .......c.cocovveeenee 119
Case (C); p,, -image; Modified excitation-timeimaging condition (Max-energy arrival);............. 119
Case (C); p,, -image; Modified excitation-timeimaging condition (First-arrival); .......c.cocovveeenes 119

Case (D); u, -image; Modified excitation-time imaging condition (Max-energy arrival); Noisy data

R N S SSPSR 119
Case (D); u, -image; Modified excitation-timeimaging condition (First-arrival); Noisy data

R N S SSPSR 119
Case (B); u,,-image; Modified excitation-time imaging condition (Max-energy arrival);

D,y D2 4 e 119
Case (E); u,,-image; Modified excitation-time imaging condition (First-arrival); 4__ =24, ;.....119

XVii



8.2.1.23

8.21.24

8.2.1.25

8.2.1.26

8.21.27

8.2.1.28

8.2.1.29

8.2.1.30

8221

8222

8.2.2.3

8224

8.2.25

8.2.2.6

8227

8.2.2.8

8.229

8.22.10

82211

Case (F); p,, -image; Modified excitation-time imaging condition (Max-energy arrival);

Case (F); p,, -image; Modified excitation-time imaging condition (First-arrival); 4., =2674,,-119

Case (G); u, -image; Modified excitation-timeimaging condition (Max-energy arrival); Longer
(0= o A48T o 7= o PP OPR PSRRI 120

Case (G); u, -image; Modified excitation-timeimaging condition (First-arrival); Longer datatime

Case (H); u, -image; Modified excitation-timeimaging condition (Max-energy arrival); Longer
datatime span; Modified pristing SIUCIUIE; .........cueeiiee i 120

Case (H); u, -image; Modified excitation-timeimaging condition (First-arrival); Longer datatime
span; Modified Pristing SITUCLUIE] .........ccvveeieee e ciee e ee e e st e e sre e e snee e saeeseeeenneeenneeeans 120

Case (1); p,, -image; Modified excitation-timeimaging condition (Max-energy arrival); ES ;
MOdified Pristing SITUCLUIE; ........eeiieeeciei et e ee st see e e e ee et eeneeeessaeennenesseeesnneeesneees 120

Case(l); p, -image; Modified excitation-timeimaging condition (First-arrival); Ey: Modified

[T LTSS (U (1= ST 120
Case (A); EX. -image obtained by poststack Born imaging; ........ccooveeveenieenieeneeie e 123
Case (A); H , -image obtained by poststack BOrn imaging;............ocovvvvininiiiiiisiiis 123
Case (A); HE , -image obtained by poststack BOrn imaging:;............ocoevvvinniiiiiniis 123
Case (B); EX . -image obtained by poststack Born imaging; ..........ccovveeveeneeniee e 123
Case (B); H_, -image obtained by poststack BOrN imaging; ..o 123
Case (B); H | -image obtained by poststack BOrN imaging; ..o 123
Case (C); EX . -image obtained by poststack BOrn imaging; ........ccceccovvvnerenieesieeseeseessee e 123
Case (C); H¥_, -image obtained by poststack BOrN imaging; ..o 123
Case (C); H¥  -image obtained by poststack BOrN imaging; ..o 123
Case (D); H - -image obtained by poststack Born imaging; Noisy data SNR=5; ............ccceeneee. 123
Case (EB); HE -image obtained by poststack Born imaging; A= _ ..o 123

XViil



8.22.12

8.2.2.13

8.22.14

8.22.15

8231

8.23.2

8.23.3

8.234

8.235

8.2.3.6

8.23.7

8.2.3.8

8.239

8.23.10

82311

8.23.12

8.23.13

Case(F); H - -image obtained by poststack Born imaging; A=1.331 , ; «veeveenenininen. 123
Case (G); HE -image obtained by poststack Born imaging; Longer datatime span;................... 124

Case (H); HE -image obtained by poststack Born imaging; Longer data time span; Modified
[T LTSS {1 (1= SR 124

Case(l); H¥  -image obtained by poststack Born imaging; E Modified pristine structure ......124

Case (A); gw-image; Both GyEyJ;b and Ey;mc are approximated based on maximum-energy arrival
criterion; Without @amplitude] ............ooiieriiiir et 127

Case (A); gw-image; Both GyEyJ;b and Ey;mc are approximated based on maximum-energy arrival
Criterion; With @amplitUE .........ceei it e e e e 127

Case (A); gw-image; Both GyEyJ;b and Ey;mc are approximated based on first-arrival criterion; Without
0010 (1 L= 127

Case (A); gw-image; Both GyEyJ;b and Ey;mc are approximated based on first-arrival criterion; With
0010 (1 L= 127

Case (A); u, -image; Both GXHyfb and |-'|X;mC are approximated based on maximum-energy arrival
Criterion; With @amplitUE .........ceee it e e enes 127

Case (A); u, -image; Both GXHyfb and |-'|X;mC are approximated based on first-arrival criterion; With
0010 (1 L= 127

Case (A); u,-image; Both G;fb and H_.  areapproximated based on maximum-energy arrival

zjinc

Criterion; With @amplitUdE ........ccee et e e 127

Case (A); u,-image; Both G;fb and Hz;inc are approximated based on first-arrival criterion; With
0] 0 (1 L= 127

Case (A); gw-image; Both GyEyJ;b and Eyine are approximated based on maximum-energy arrival
Criterion; With @amplitUE .........ceee et e e e e 127

Case (A); gw-image; Both GyEyJ;b and Eyine are approximated based on first-arrival criterion; With
0] 0 (1 L= 127

Case (B); u,-image; Both G and |-'|X;mC are approximated based on maximum-energy arrival
Criterion; With @amplitUE .........ceee it snee e e 127

Case (B); u,, -image; Both G and Hx;im are approximated based on first-arrival criterion; With
0010 (1 L= 127

Case (C); u,, -image; Both g™ and Hx;im are approximated based on maximum-energy arrival

;b

Criterion; With @amplitUE .........cee et e e e e 128



8.23.14

8.23.15

8.2.3.16

8.2.3.17

8.2.3.18

8.23.19

8.23.20

8.23.21

8.23.22

8.2.3.23

8.23.24

8.2.3.25

8.2.3.26

8241

8.24.2

8.24.3

Case (C); u,, -image; Both g™ and Hx;im are approximated based on first-arrival criterion; With

;b

0010 (1 L= 128

x;inc

criterion; With amplitude; NoiSy data SNR=D5; .......oociveiieccen e 128

Case (D); u, -image; Both GxHyfb and H_ . areapproximated based on maximum-energy arrival

Case (D); u, -image; Both GxHyfb and Hx;im are approximated based on first-arrival criterion; With
amplitude; NOISy data SNR=5;......ccueieiiie et ste et e st e e nnaeenneeenneeennees 128

x;inc

Case (B); u,,-image; Both GxHyfb and H_ . areapproximated based on maximum-energy arrival
criterion; With amplitude; A, S 2], 0 et s 128
Case (B); u,,-image; Both GxHyfb and Hx;im are approximated based on first-arrival criterion; With
amplitude; A, S 2], 0 e s s 128

Case (F); p,, -image; Both GxHyfb and H . are approximated based on maximum-energy arrival

x;inc

criterion; With amplitude; A, S2BT A e s 128

Case (F); p,, -image; Both GxHyfb and H_ . are approximated based on first-arrival criterion; With

x;inc

amplitude; A, S2BT A i seeesesisesinsisisisii s s s 128

Case (G); p,, -image; Both gHY and H ,  are approximated based on maximum-energy arrival

;b x;inc

criterion; With amplitude; Longer data time SPan; .......ccceveerireeevieeciee e seeeseee e seee e 128

Case (G); u, -image; Both G and Hx;im are approximated based on first-arrival criterion; With

amplitude; LoNger datatime SPaN;........oieeieeiee it siee sttt sree bbbt be b saeenbeeeeenneens 128
Case (H); u, -image; Both G and Hx;im are approximated based on maximum-energy arrival
criterion; With amplitude; Longer datatime span; Modified pristine Structure;...........ccoveeveenene 129
Case (H); u, -image; Both G and Hx;im are approximated based on first-arrival criterion; With
amplitude; Longer datatime span; Modified pristine Structure; ..........cccovveeveieeenee v 129
Case(l); p,, -image; Both G and Hx;im are approximated based on maximum-energy arrival
criterion; With amplitude; Ey; Modified pristing StrUCLUIE; .........cooierieiiiiiienee e 129
Case(l); p,, -image; Both G and Hx;im are approximated based on first-arrival criterion; With
amplitude; E‘y’; Modified Pristing SITUCLUME]........cccveeiie e e snee e ns 129
Case (A); £, -image; Zero-lag cross-correation imaging condition; ..........cccoeveveeveesceescieenne 132
Case (A); gw-image; Excitation-timeimaging condition (Max-energy arrival); ........cocoeveevernenne 132
Case (A); £, -image; Modified excitation-time imaging condition (Max-energy arrival);............. 132

XX



8244

8.24.5

8.24.6

8.24.7

8.24.8

8.24.9

8.24.10

8.24.11

8.24.12

8.24.13

8.24.14

8.24.15

8.24.16

8.24.17

8.24.18

8.24.19

8.24.20

8.24.21

8.24.22

Case (A); gw-image; Excitation-timeimaging condition (Firs-arrival);........cccoevvvviviinieninnieen 132
Case (A); gw-image; Modified excitation-timeimaging condition (First-arrival); .........cccceveennen. 132
Case (A); u, -image; Zero-lag cross-correlation imaging Condition; ... 132
Case (A); u, . -image; Modified excitation-timeimaging condition (Max-energy arrival);............. 132
Case (A); u, -image; Modified excitation-timeimaging condition (First-arrival);.........c.cocoeeeenee 132
Case (A); u,,-image; Zero-lag cross-correlation imaging condition; ............cveerneinninnnninne, 133
Case (A); u,-image; Modified excitation-time imaging condition (Max-energy arrival);............. 133
Case (A); u,,-image; Modified excitation-timeimaging condition (First-arrival);.........c.cocovene. 133
Case (A); g, -image; Zero-lag cross-correation imaging condition;...........cccceccvveevineeevieenieenns 133
Case (A); g, -image; Modified excitation-time imaging condition (Max-energy arrival); ............ 133
Case (A); g, -image; Modified excitation-timeimaging condition (First-arrival);.........cccccvvuene. 133

Case (B); u,, -image; Modified excitation-timeimaging condition (Max-energy arrival); Data
LU= 105 0 [F= SRS 010 | (0= u 133

Case (B); u,, -image; Modified excitation-timeimaging condition (First-arrival); Datatreated as

Case (B); u,,-image; Modified excitation-timeimaging condition (Max-energy arrival); Data
LU= 0= 0 [ S 010 | (0= 133

Case (B); u,,-image; Modified excitation-timeimaging condition (First-arrival); Datatreated as

Case (C); y,, -image; Modified excitation-timeimaging condition (Max-energy arrival); Only Ef
BS B, 133

Case (C); u,-image; Modified excitation-timeimaging condition (First-arrival); Only Ef o 85
B, e e —e e —e e —e et te e te e te e te e be e beebeeteeteeteereenreenes 133

Case (D); u, -image; Modified excitation-timeimaging condition (Max-energy arrival); Only
HY o, 8 B, ittt e e et e e e e a e et e et aeeeanteeeeanneeeeannreeeenneeeaeanns 134

Case (D); u, -image; Modified excitation-timeimaging condition (Firgt-arrival); Only HY o 8
B, ettt E b bbbt b bt bt bt e bbbt et ettt e bt e re b e 134

XXi



8.24.23

8.24.24

8.24.25

8.2.4.26

8.24.27

8.2.4.28

8.24.29

8.24.30

8.24.31

8.24.32

8.24.33

8.24.34

8251

8.25.2

8.253

8.254

8.255

8.25.6

Case (E); u, -image; Modified excitation-time imaging condition (Max-energy arrival); Noisy data

Case (F); u, -image; Modified excitation-time imaging condition (First-arrival); 4. =24, ;.....134

min

Case (G); u, -image; Modified excitation-timeimaging condition (Max-energy arrival);

Case (H); u, -image; Modified excitation-timeimaging condition (Max-energy arrival); Longer
(0= oA 0T o 7= o OO PSRRI 134

Case (H); u, -image; Modified excitation-timeimaging condition (First-arrival); Longer datatime

Case(l); u -image; Modified excitation-timeimaging condition (Max-energy arrival); Longer data
time span; Modified Pristing SIUCIUIE; .......c.ceeiieeiee et e e e e e e e e e e 134

Case(l); u  -image; Modified excitation-time imaging condition (First-arrival); Longer datatime
span; Modified Pristing SITUCLUNE] .........ccveeiieee e cee e esee s s e e st e sre e e sneeeseeeseeeenneeenneeeans 134

Case (J); u, -image; Modified excitation-time imaging condition (Max-energy arrival); Ej and
HY, Modified pristing StTUCIUIE; ...........coiiiiiiiiiii e 135

Case (J); u, -image; Modified excitation-time imaging condition (First-arrival); Ef and HY;

MOdified Pristing SIUCLUIE; ........eeiieeicieeesie st et e e see e e e s e e st e et e e ssaeennenesnneesnneeesnenes 135
Case (A); S -image obtained by poststack EM migration; ...........c.ccovvvereeneeneene e 138
Case (A); H - -image obtained by poststack EM mMigration; ..........ccccvevueevieeiiiensiensnieeeneeeseeens 138
Case(A); H L -image obtained by poststack EM mMigration; ..........ccccvevueevineiiiensiensnee e e 138
Case (B); S -image obtained by poststack EM migration; Datatreated as SOUrces; .................. 138
Case (B); HT", -image obtained by poststack EM migration; Datatreated as sources;.................. 138
Case (B); H, -image obtained by poststack EM migration; Datatreated as sources;.................. 138

XXil



8.25.7

8.25.8

8.259

8.25.10

8.25.11

8.25.12

8.25.13

8.25.14

8.25.15

8.25.16

8.2.5.17

8.25.18

8.26.1

8.2.6.2

8.2.6.3

8.26.4

8.2.6.5

8.2.6.6

8.2.6.7

Case (C); S -image obtained by poststack EM migration; Only El 8 2] O 138

Case (C); H", -image obtained by poststack EM migration; Only Bl 8SBCS i, 138
Case (C); H, -image obtained by poststack EM migration; Only Bl 8SBCS i, 138
Case (D); S -image obtained by poststack EM migration; Only H¢  asBC'S;..................... 138
Case (D); HI_, -image obtained by poststack EM migration; Only ¢ asBC'S;...................... 139
Case (D); HI_, -image obtained by poststack EM migration; Only ¢ asBC'S;...................... 139
Case (E); HI_, -image obtained by poststack EM migration; Noisy data SNR=5; .................c..... 139
Case (F); H[", -image obtained by poststack EM MIigration; A=, ;oo 139
Case (G); HI, -image obtained by poststack EM migration; A=1.334 5o, 139
Case (H); HI_, -image obtained by poststack EM migration; Longer datatime span; .................. 139

Case (l); HT -image obtained by poststack EM migration; Longer data time span; Modified
[T LTSS (1 (1= SRS 139

Case (J); ngw-imageobtained by poststack EM migration; E¢ and H¢; Modified pristine

SETUCEUINE, .eiiiiiiiie e e e e et ettt ee et e e e e et ettt e e e e e e e e e st ba s seeee s e s s b s a e eesseessaaansaaeseesssaansseaessesssannnsaeaseeenrnen 139
Case (A); gw-image; All GyEX“j'b, GyEy{b, and Einc are approximated based on maximum-energy
arrival criterion; Without amplitUE; .........ceveieriiie e 142
Case (A); gw-image; All yEbe GyEy{b, and Ey;mc are approximated based on maximum-energy
arrival criterion; With @amplitude] .........c.eeeeieeiiie e 142
Case (A); gw-image; All GyEX“j'b, GyEy{b, and Ey;mc are approximated based on firg-arrival criterion;
WithOUE @MPLITUAE] ....eeeeeeceeee et e e snte et eente e e sneeesneeennneeans 142
Case (A); gw-image; All GyEX“j'b, GyEy{b, and Einc are approximated based on firg-arrival criterion;
WIth @MPHTULE, ...t e st e st e e s e e s e e neeesnseesnneeenneeesnnenans 142
Case (A); u, -image All GXHyfb, Gov s and Hx;im are approximated based on maximum-energy
arrival criterion; With @mplitude] .........c.eeeeieiiiie e 142
Case (A); u, -image All G Gl s and H, . areapproximated based on first-arrival criterion;
With @MPITUTE, ... s e st e et e ene e e nneeesseeesnneesnneeennneesnsenans 142

Case (A); u,-image; All G, Gon and H__

b’ zjinc

arrival criterion; With @mplitude] .........c.eeeeieeiiiecee et 142

are approximated based on maximum-energy



8.2.6.8

8.26.9

8.2.6.10

8.26.11

8.2.6.12

8.2.6.13

8.26.14

8.2.6.15

8.2.6.16

8.2.6.17

8.2.6.18

8.2.6.19

8.2.6.20

8.26.21

8.2.6.22

Case (A); u,-image; All G Gon and H_. areapproximated based on firg-arrival criterion;

b’ zjinc

WIth @MPHTUTE, ... s e e e st e ene e e nseeesneeesnseesnneesnneeesnnenans 142

Case (A); gw-image; All GyEthb, GE ,and g . areapproximated based on maximum-energy

yyib’

arrival criterion; With @amplitude] .........c.eeeiieeieie et 142

y;inc

Case (A); gw-image; All GyEXM , GyEy{b, and Eyine are approximated based on firg-arrival criterion;
With @MPITULE, ... s et e st e s s e e st e e sneeesnneesnneesnnneennnenans 142
Case (B); u,, -image; Both G and Hx;im are approximated based on maximum-energy arrival

criterion; With amplitude; Only Eg;w; ........................................................................................ 143

Case (B); u, -image; Both g™ and H

ib

amplitude; Only ij e 143

are approximated based on first-arrival criterion; With

x;inc

Case (C); y,, -image; Both GxHyfb and H

x;inc

criterion; With amplitude; Only HE g 3 oeeeesm st 143

Case (C); y,, -image; Both GxHyfb and H

x;inc

amplitude; Only H ) e s 143

Case (D); p, -image All GxHyfb, Gon s and H_ . areapproximated based on maximum-energy

arrival criterion; With amplitude; Noisy data SNR=5;.......ccoiiiiiiiiie e 143

x;inc

Case (D); p, -image All G Gl s and H___ areapproximated based on firg-arrival criterion;

With amplitude; NOiSy data SNRED5; .......vveiieeieceie e re e e s s e enneeennae e 143

x;inc

Case (B); p, -image; All GxHyfb, Gon s and Hx;im are approximated based on maximum-energy

arrival criterion; With amplitude; A, S22 5 et s 143
Case (B); p, -image; All Gl Gln s and H, ., areapproximated based on first-arrival criterion;
With amplitude; A, S 2], 3 ettt 143
Case (F); p,, -image; All GxHyfb, Gon s and Hx;im are approximated based on maximum-energy
arrival criterion; With amplitude; A, S 267 A sttt 143
Case (F); p,, -image; All GxHyfb, Gon s and Hx;im are approximated based on firg-arrival criterion;
With amplitude; A, S2BT A 5 oottt 143

Case (G); u, -image All GxHyfb, Gon s and Hx;im are approximated based on maximum-energy

arrival criterion; With amplitude; Longer datatime SPan; ........cooeeveeieeieenee e e sieesieeneeens 144

Case (G); u, -image All GXHyfb, G™ and H

xb

are approximated based on firg-arrival criterion;

x;inc

With amplitude; Longer datatime SPa; ........coieeieiieeiieiee ettt see e sbe e e 144



8.2.6.23

8.2.6.24

8.2.6.25

8.2.6.26

Case (H); p, -image All GXF;J , G and H

x<b

are approximated based on maximum-energy

x;inc

arrival criterion; With amplitude; Longer data time span; Modified pristine structure,................... 144

i are approximated based on firg-arrival criterion;
With amplitude; Longer datatime span; Modified pristine StruCtUre; ..........coccvvvevienieenie s 144

x;inc

Case (H); u,-image; All g1, G, and H

Case(l); p,, -image; All ng G and Hx;im are approximated based on maximum-energy arrival
criterion; With amplitude; EJ and H!; Modified pristing Structure; ............c.cocovvvninininiicnns 144

Case(l); p, -image; All G:y” G and Hx;inc are approximated based on first-arrival criterion;
With amplitude; ES and H?; Modified pristing StruCtUre; ............c.coovvinnnniiic, 144

XXV



Introduction

The integrity of structures such as aircrafts, bridges, and dams needs to be monitored to
avoid unexpected failures. In order to ensure both safety and functionality of these structures
and prevent their failures, it is crucial to continuously monitor their condition and detect the
presence, the location, and the extent of damages as they occur. Proper corrective actions can
then be taken to temporarily mitigate the effects of such damages until structures can be
repaired.

Periodic inspections or scheduled maintenance using conventional nondestructive
evaluation/inspection (NDE/NDI) techniques require extensive labor, cause downtime, and
are expensive. Most inspection techniques such as conventional ultrasonic or eddy currents
need a transducer to be scanned point-by-point over the structure under inspection which isa
time-consuming process. Moreover, for structural components that are hard to inspect,
disassembly of the structure may be necessary (Krautkramer and Krautkramer, 1990 and
Bray and McBride, 1992).

The essence of structural health monitoring (SHM) technology isto develop autonomous
built-in systems for the continuous (or on-demand) monitoring, inspection, and damage
detection of structures with minimum labor involvement (Chang, 1997). The potential
benefits from a structural health monitoring system (SHMS) are enormous such as real-time
monitoring and reporting, saving in maintenance cost, reducing labor, downtime and human
error, and improving safety and reliability. Typically, such a built-in diagnostic system, in
addition to the structures to be monitored, would include two major components: a built-in
network of sensors for collecting sensor data and damage identification software for
interpretation of the sensor data in terms of the physical condition of the structures. The
diagnostic systems available for SHM can be broadly classified based on sensor
functionality: passive sensing system without known inputs (sensors only) and active sensing
system with known inputs (both sensors and actuators). A passive system uses sensors such
as MEMS, fiber optics, strain gages, piezoelectrics, and accelerometers to continuously
“listen” for characteristic signals from the structure due to external impact events, damage

evolution, the change in environmental conditions in terms of loads, temperature, chemistry,
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and etc. The most significant passive sensing systems are acoustic emission, strain/loads
monitoring, and frequency response methods. Along with the sensors, an active system is
also equipped with actuators to generate selected diagnostic (excitation) signals to interrogate
the “health” status of the structures. In general, a passive system is used to monitor the
condition and/or detect the damages of the structures; while an active system is targeted to
identify the location and the nature of the damages of individual components of the
structures.

SHM systems can also be broadly classified into two categories:. (i) global methods that
infer or assess the state of a structure from its overall modal response; and (ii) local methods
that monitor the material degradation (property changes, flaws, etc.) at critical areas of the
structure (Johnson et al., 2004). The global methods are attractive primarily because they
only need fewer sensors, thus cost effective, but their sensitivity to the damage is low. While
the local methods are more sensitive to localized damages and can provide more quantitative
information. It should be pointed out that the so-called vibration-based SHM systems fall into
the global SHM systems. A local SHMS using actuators and sensors for active sensing is
studied in this dissertation.

Generally, the excitation signal (wave) in an active SHMS can be mechanical or non-
mechanical. Mechanical signals, such as acoustic and ultrasonic (frequency > 20 kHz), are
those in which a mechanical medium (i.e., solid, fluid, or gas) is required for wave
propagation. In contrast, non-mechanical signals, such as electromagnetic (EM), can
propagate in any medium including vacuum, thereby enabling non-contact diagnosis. It is
worth mentioning that radio waves, microwaves, infrared light, visible light, ultraviolet light,

X-rays, and y-rays reflect different regions of the EM spectrum. However, in this study,

“EM waves’ will imply the microwave region of the EM spectrum, generally between a few
hundred MHz and a few hundred GHz (Bahr, 1995). It should be noted that various types of
excitation signals with different waveforms may provide different degrees of sensitivitiesto a
specific type of damage in a structure. This is because the sensor response from a specified
excitation signal generally depends on the interaction between the sensor/actuator and the
host structure, the material properties of the structure through which the signal propagates,
and the damage mechanisms.



Regarding the sensitivity of mechanical and non-mechanical waves in detecting the
damages, Lemistre and Balageas (2004) showed that low-frequency electromagnetic waves
(~ 700 kHz) were more sensitive to damages generated by aggressions such as burning,
lightning, and liquid ingress in graphite/epoxy composites where the electrical properties
show a large contrast in the damage regions; ultrasonic waves (~ 400 kHz) more sensitive to
delaminations due to impact. Blyukoztirk (1998) concluded that imaging methods using
microwaves were effective in locating and imaging rebars, cracks, and voids in concrete
structures. However, microwaves experience high attenuation in moisture, and total
reflection from metals which makes it difficult to image areas beneath closely spaced rebars.
In contrast, ultrasonic waves are not affected by the presence of reinforcements and moisture,
but they suffer high attenuation for the size of inhomogeneities comparable to the excitation
wavelength due to wave scattering (lyer et al., 2005). Zoghi (2000) and Liu and Bethesda
(1998) also showed that the ultrasonic wave might not be a good option for NDE of thick,
multilayered composite structures specially when composites were made of porous, coarse
grained, low-permittivity or low-loss dielectric materials such as glass/epoxy composites,
commonly used for ship-hall and masts in marine environments. The high attenuation of
ultrasonic signals in such materials dictates the application of relatively low excitation
frequency in order to obtain the required penetration depth, thereby reducing image
resolution. On the contrary, EM waves can penetrate deep inside these materials and interact
with their inner structure without suffering from high attenuation. A reverse situation occurs
with conductive materials (e.g., metals) or non-perfectly conductive materials (e.g.,
graphite/epoxy composites) where the high attenuation of EM waves forces the use of
relatively low excitation frequency, leading to a poor depth resolution of the image.

Having considered the above arguments, to ensure the identification of all types of
damages in a structure, different types of excitation signals (i.e. mechanical and non-
mechanical) should be employed for monitoring the structure (Lemistre and Balageas, 2004).
While mechanical waves have been widely used in SHMS, the usage of EM waves has been
very limited. In order to show the salient features of EM waves in providing high-resolution
image of damages specially in dielectric structures, complement to the mechanical waves, the
application of EM waves will be investigated in this study.
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The damage characterization plays a major role in quantifying the damage in SHMS and
can be regarded as the brain of the system. Mathematically speaking, determination of the
physical condition of a structure based on sensor data is an inverse problem. Typically, such
inverse problem is both nonlinear and ill-posed. By ill-posedness, in the sense of Hadamard
(Hadamard, 1923), it is meant that one of the following conditions is violated: the existence
of the solution; the uniqueness of the solution; or the continuous dependence of the solution
on the data (stability condition). The uniqueness condition is generally violated because
complete data collection from limited number of sensors is not practically feasible in SHM.
In addition, the instability refers to the sensitivity of the solution to noise and measurement
errors (Haykin, 1999). Regularization techniques are usually used to handle the ill-posedness
of inverse problems.

In terms of the type of the model being inverted to determine the physical conditions of
the structure, an inverse scattering problem is often classified into inverse medium problem
and inverse obstacle problem. In inverse medium problem, one attempts to reconstruct the
material properties of a scatterer (damage) inside a host structure. On the other hand, in
inverse obstacle problem, the goa is to merely reconstruct the shape (geometry) of the

scatterer: reconstruction of the material properties is of secondary importance.

The methodologies available for solving inverse scattering problems can be categorized
roughly into three different classes: I) Nonlinear inversion methods; 11) Linearized inversion
methods; 111) Linearized imaging methods.

I) Nonlinear inversion methods

A rational way to solve the nonlinear inverse problem is via nonlinear inversion
methods. These methods attempt to construct a full solution of the inverse problem by
sequentially updating a model that can simulate the real structure response. Born iterative
method (Chaturvedi and Plumb, 1995), distorted-Born iterative method (Weedon et al.,
2000), local shape method (Weedon et al., 2000), dual-space method (Colton and Monk,

Belkebir et al., 1997, and Tarokh et al., 2004), contrast source method (van den Berg and
Kleinman, 1997 and Abubakar and van den Berg, 2002), level-set method (Ramananjaona et
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al., 2001), and genetic algorithms (Chien et al., 2005) are different iterative nonlinear
inversion methods that have been investigated. These methods are the most accurate methods
for solving inverse problems and tolerate irregular and coarse data collection as well.
However, they are computationally very intensive and cannot be employed practically in a
SHMS. In addition, slow convergence rate and/or convergence to a local minima are some of

the important issues that should be carefully considered.

It is worth mentioning that the linear sampling method (Colton et al., 2003) and its
modifications such as factorization method (Kirsch, 2004) for shape reconstruction, do not
require any iterations in spite of belonging to the nonlinear inversion methods. These
methods are computationally efficient, but they have been shown to be very sensitive to
incomplete and noisy data (Ramm and Gutman, 2005).

Other nonlinear inversion methods employing artificial neural network (Rekanos, 2002)
and support vector machine (Bermani et al., 2004) concepts have been explored. These
methods which require a large amount of training data are computationally efficient for
SHM. At present time, their applications have been limited to very simple damage

geometries.

Due to the impracticability of employing the nonlinear inversion methods in SHMS,
linearized inversion and imaging methods are discussed separately below.

I) Linearized inversion methods

In linearized inversion methods, an approximation is made that transforms the full
nonlinear inverse scattering problem to a more tractable linear problem. Commonly used
approximations are the Physical Optics (PO) or Kirchhoff approximation typically for
impenetrable (perfect conductor) scatterers, and the weak scatterer approximations called
Born and Rytov approximations for penetrable (dielectric) scatterers (Blyukoztirk, 1998).
While the PO-based linearized inversion methods reconstruct the shape of the scatterer, the
methods based on the Born or Rytov approximation can estimate the material properties of
the scatterer. It should be pointed out that the linearized inversion methods still remain ill-
posed, thus an appropriate regularization technique is usually required.



In the EM PO-based method, it is assumed that the total tangential (to the surface)
magnetic field is twice the incident tangential magnetic field on the illuminated side of a
perfect conductor scatterer and zero on the shadow side (Bojarski, 1982). This approximation
yields valid results only for the scatterers that are large compared to the excitation
wavelength (i.e., in a high-frequency range) and have convex surfaces (Langenberg, 1989).
When afar-field approximation is included in the PO-based inversion methods, the method is
called Physical Optics Far-Field Inverse Scattering (POFFIS). Langenberg et al. (1997)
applied a time-domain EM version of POFFIS to locate metal ducts in reinforced concrete
structures. However, the formulation was limited to homogeneous isotropic and lossless
structures. Other examples of the PO-based shape reconstruction for perfect conductor and
dielectric scatterers embedded in a homogeneous isotropic and lossless structure can be
found in Soldovieri et al. (2005) and Liseno and Pierri (2004), respectively.

In Born approximation (or distorted Born approximation for inhomogeneous
structures), which is the very commonly used weak scatterer approximation, the scattered
field inside the scatterer is neglected. Therefore, the linearized inversion methods based on
Born approximation can only estimate the material properties of the weak scatterers: when
the material properties of the scatterer and the host structure are close and the size of the
scatterer is small compared to the excitation wavelength (i.e., in a relatively low-frequency
range) (e.g., Leone et al., 1999 and Slaney et al., 1984).

In some special cases, for example, a half-space homogeneous isotropic structure, an
explicit inversion of the linearized equations can be constructed often with Fourier or related
integral transforms. Using fast Fourier transforms in the implementation, this method, so-
called diffraction tomography (DT), is computationally efficient and quite tolerant to noise
and measurement errors (Cui and Chew, 2002). However, most DT algorithms place severe
constraints on the sensor configurations, such as the requirement that sensors be uniformly
separated by a maximum of one-half excitation wavelength (Kak and Slaney, 1988 and
Weedon et al., 2000). Deming and Devaney (1997) mentioned that DT was adequate for
quantitatively reconstructing scatterers with roughly 20% contrast, when the size of the
scatterer was on the order of an excitation wavelength. In general, as the scatterer size
decreases the allowable contrast increases for maintaining similar quality of the
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reconstruction. It has been further shown that for strong scatterers, DT can ill be used for
identifying the location and size of the scatterer (Cui and Chew, 2002). Wang and Oristaglio
(2000) developed an explicit linearized inversion method utilizing the generalized Radon
transform for inhomogeneous isotropic structures. They used geometrical optics (ray theory)
approximation for the Green’s functions of host structure and far-field approximation in
addition to the Born approximation. Unfortunately, the imaging results were not satisfactory.

It is worth mentioning that when the scatterer size is much greater than the excitation
wavelength (i.e., in a very high-frequency range), Computerized Tomography (CT) method,
which is based on geometrical model of radiation propagation, can be employed, e.g., X-ray
and ultrasonic CT. However, when the scatterer size is comparable or smaller than the
excitation wavelength, diffraction effect becomes significant and ray theory (geometric
propagation) based concepts should not be used; instead one must resort directly to wave
propagation and diffraction-based phenomena (Kak and Slaney, 1988).

An alternative to the Fourier algorithms of DT is to discretize the linearized integral
equations and solve the set of linear algebraic equations numerically, e.g., using aregularized
least-squares method. For instance, Barkeshli et al. (1992) applied method of moments
(MOM) to discretize the linearized integral equations, solved the set of algebraic linear
equations by a conjugate gradient algorithm, and presented 3-D images of some flaws in a
one-layer graphite/epoxy composite slab. However, this approach, which requires the
Green’s functions of the host sructure, is not computationally efficient due to the iterative
process involved in the solution of the linear algebraic equations. Recently, new linearized
inversion techniques based on some modifications on the Born approximation such as
extended Born approximation (Liu et al., 2002), modified extended Born approximation
(Tseng et al., 2003), quasi-analytical approximation (Zhdanov and Hursan, 2000), localized
guasi-linear approximation (Zhdanov and Tartaras, 2002), and modified quasi-linear
approximation (Zhou and Liu, 2000), have been reported. Although these methods are more
accurate than the Born approximation-based methods in terms of material properties

estimation, they are more computationally intensive.

Although the determination of damaged material properties using the above methods is

desirable, identifying the shape of damages with computationally efficient algorithms is the
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primary and minimum practical goal of a SHMS. As such, linearized imaging methods
should be employed.

I11) Linearized imaging methods

Linearized imaging methods can only provide the geometries of damages in a structure,
sufficient for SHM application. A very important advantage of these methods is that unlike
linearized inversion methods, they are well-posed. Holographic imaging methods, synthetic
aperture focusing techniques (SAFT), migration algorithms, and timereversal (TR)
techniques mentioned in the literature all belong to this category of linearized imaging
methods.

Langenberg et al. (1986) showed that the images obtained from both conventional and
generalized holography are poor solutions to the inverse scattering problem. Kim et al.
(2004) adopted a holographic technique to identify different damages in concrete slabs. Guo
et al. (1998) aso developed a near-field holographic algorithm to locate highly conducting
small buried objects such as mines. However, both approaches were limited to homogeneous

isotropic structures.

Johansson and Mast (1994) employed a SAFT algorithm in time-domain to construct 3-
D images of different flaws and rebars in a concrete slab. Although the method was capable
of handling layered structures, the polarization (vector) characteristic of EM waves was not
utilized and also the quality of the resulting images was not satisfactory. Fear et al. (2002)
presented a confocal microwave imaging technique for breast cancer detection which is
conceptually similar to time-domain SAFT. Marklein et al. (2002) also mentioned that SAFT

might be extended to EM vector fields and inhomogeneous anisotropic structures.

Migration algorithms, widely used in seismic prospecting and geophysical exploration,
have also been used in EM applications such as ground penetration radar (GPR) and
electromagnetic induction (EMI). In GPR, used for imaging shallow scatterers (i.e.,
scatterers close to the ground surface), displacement currents are dominant due to high-
frequency of EM field, so the field propagates into the structure, whereas in EMI, used for
imaging deep scatterers, conduction currents are dominant due to low-frequency of the EM
field, therefore, the field diffuses into the structure. Generally, migration algorithms are
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classified into two groups (e.g., Gray, 1999): poststack migration (all the data are stacked
into a greatly reduced data volume to simulate an ideal zero-offset data before migration) and
prestack migration (all the data are migrated before the images are stacked to form the final
image). Prestack migration is computationally more intensive than poststack migration but
provides high fidelity of the image, i.e., image with better resolution and higher signal-to-
noise ratio. Migration algorithms can also be performed in different domains such as time-
space, frequency-space, and frequency-wavenumber (f-k) domains. Kirchhoff migration
(KM), f-k migration, phase-shift migration, one-way finite difference migration, and Rever se-
time migration (RTM) are some common types of migration algorithms. Although migration
algorithms are well established in acoustic and elastic cases and recently in SHM of plates
(e.g., Linand Yuan, 2005 and Wang and Y uan, 2005), they are not yet fully explored in EM

case.

Regarding time-reversal (TR) techniques, they follow the same principles as migration
algorithms. Kosmos and Rappaport (2005) simulated the TR technique for breast cancer
detection considering a 2-D lossy inhomogeneous breast model and using a minimum
entropy criterion for imaging time. Yavuz and Teixeira (2005) also investigated the super-
resolution characteristic of the TR technique in a continuous random lossless structure. The
technique focused back the received signals generated by a point source and collected by a
linear array to the original source position.

In what follows, major studies on different EM migration algorithms are reviewed. The
EM migration based on the Maxwell’s equations was originally developed by Zhdanov
(1988). Zhdanov et al. (1996) presented a 2-D one-way finite difference migration in
frequency-space domain for EMI applications which was modified later by Peng et al.
(2001). Zhdanov and Portniaguine (1997) developed time-domain EM migration in both
integral equation and differential equation forms for EMI application corresponding to KM
and RTM, respectively. Feng and Sato (2004) applied a prestack time-domain KM for
landmine detection. However, their method was based on scalar wave equation assumption
and inhomogeneity of the host structure was partially taken into account. Zhdanov and Li
(1997) and (1998) applied a 2-D prestack RTM for EMI applications. Also, Sanada and
Ashida (1998) employed a 2-D poststack RTM for GPR application, but the synthetic zero-
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offset data was based on incorrect exploding reflector model. Later, Leuschen and Plumb
(2001), introduced a 3-D matched filter-based RTM for GPR application in both poststack
and prestack forms. Recently, Di and Wang (2004) used finite element method instead of
finite difference in a 2-D RTM for GPR application. Regarding to the f-k migration,
Blyukozturk et al. (2003) adopted such a method for NDE of fiber-reinforced-plastic-
confined concrete using wide-band microwaves, but the method was based on scalar wave
equation assumption. Xu et al. (2003) introduced an optimized version of f-k migration for
GPR application that took into account the roughness of air-ground interface and the
attenuation of the ground. However, the method was not computationally efficient and it was
based on scalar wave equation assumption as well. The method proposed by van der Kruk et
al. (2003), a 3-D imaging algorithm in a (f-k) domain for GPR application, took into account
the vectorial characteristics of the EM waves but was limited to half-space homogeneous
isotropic structures. It should be mentioned that in all these studies, the case of the
anisotropic structures has not been studied.

In this dissertation, the EM migration developed by Zhdanov for geophysical exploration
in inhomogeneous isotropic structures is extended to anisotropic structures and used as a
damage imaging algorithm for a SHMS.

It has been identified that the standard prestack migration operator can be regarded as
the adjoint of the linear forward modeling operator (Claerbout, 1992). Based on this analogy,
the adjoint operators for general transient EM fields in an inhomogeneous anisotropic
structure are derived, and Born imaging algorithm as the second proposed linearized imaging
technique is introduced.

In this study, first the two proposed linearized imaging algorithms, EM migration and
Born imaging, are formulated in both differential equation (DE) and integral equation (IE)
formalisms in time-domain for 3-D damage imaging of inhomogeneous anisotropic and lossy
structures. Then, it is shown that by applying proper approximations in the IE formalism of
these algorithms, real-time damage imaging algorithms suitable for SHM application can be
realized.
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This dissertation is divided into several chapters as follows:. Chapter 1 begins with the
Maxwell’ s equations, their solutions in terms of dyadic Green’s functions and their adjoints.
Also, some properties of ordinary and adjoint dyadic Green’s functions such as reciprocity
relations and time-translation properties are reviewed. To prepare for the modeling the
inverse scattering problem, a forward scattering problem of EM waves when a scatterer is
embedded in a host structure is described in Chapter 2. In Chapter 3, the inverse scattering
problem in its IE formalism is presented. The first proposed imaging algorithm, the EM
migration, is formulated in Chapter 4 for general transient EM fields in an anisotropic
inhomogeneous structure using two approaches. In Chapter 5, the second proposed imaging
algorithm, the Born imaging, is introduced and then its relationship with gradient-based
inversion methods is discussed. Imaging steps of the DE and IE formalisms of the
algorithms, various approximations with the aim of reducing the computational cost of these
algorithms, and advantages and shortcomings of the DE and IE approaches for SHM
application are discussed in detail in Chapter 6. In Chapter 7, the imaging algorithms are
specialized for 2-D transverse magnetic (TM) waves. The effectiveness of the algorithms for
2-D damage imaging of a reinforced concrete slab and a glass/epoxy composite plate with
multiple damages is demonstrated in Chapter 8.

In this simulated study, a finite difference time-domain method has been used to
generate all sensor data, incident field, the fields associated with the Green’ s functions of the
pristine structure, and back-propagated (migrated) scattered field.

11



1. Fundamental Equations

This chapter briefly describes the fundamental equations. Maxwell’s equations, their
fundamental solutions in terms of dyadic Green’s functions, their adjoints, and reciprocity
relations. Some of the details can be found in Felsen and Marcuvitz (1994).

The Maxwell’s equations in the differential representation, including both external
electric and magnetic current sources, are expressed by (Balanis, 1989):

Oxg=-28_nm (1.1)
ot

ng:JC+%_ItD+J (1.2)

B =p' (1.3)

O =pF+p =p° (14)

electric field intensity (Voltsmeter)

magnetic field intensity (Amperes/meter)

electric flux density or eectric displacement (Coulombs/meter?)
magnetic flux density (Webers/meter?)

prescribed (source) magnetic current density (Volts/meter?)

= conduction electric current density (Amperes/meter?)

J = prescribed (source) electric current density (Amperes/meter?)
pE =total electric charge density (Coulombs/meter®)

pF = prescribed electric charge density (Coulombs/meter®)

P& = conduction electric charge density (Coulombs/ meter’)

oM = prescribed magnetic charge density (Webers/meter®)

In addition, the continuity equations governing the conservation law of charges are:

E
0= _aaLti (15)
E
oo, = _aaLtC (16)
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H

oM =-9°" (1.7)
ot

For atime-varying EM field, Eq. (1.3) and (1.4) can be derived from Eqg. (1.1), (1.2) via
the continuity equations (1.5) — (1.7). For example, taking the divergence of (1.1) and using
the continuity equation (1.7) lead to Eqg. (1.3). Since only two of the four Maxwell’s
equations are independent in electrodynamics, Eq. (1.1) and (1.2) are sufficient to work with.
However, there are five vector unknowns, E,H,B,D and J., with only two vector
equations, Eq. (1.1) and (1.2). For a linear, time-invariant, instantaneously reacting,
inhomogeneous anisotropic medium, the constitutive relations are:

D(r,t) =¢(r)E(r,t)
B(r,t) = u(r)H(r,t) (1.8)
Jo(r,t) =o(r)CE(r,t)

where o(r), (r), and n(r) are conductivity, permittivity, and permeability tensors,
respectively. Then, Eq. (1.1) and (1.2) using Eq. (1.8) become:

(1.9)

O xE(r,t)=—-p(r)H(r,t)-M(r,t)
O xH(r,t) =e(r)E(r,t) +(r) TE(r,t) + I (r,1)

where the dot denotes partial derivative with respect to time.

For uniqueness of the fields E and H, it is required that the excitations J and M vanish
for t <t, and the fields satisfy the initial (causality) condition, i.e., E=0=H for t<t,, and
the appropriate boundary conditions.

In the following, the derived relations will be based on Eq. (1.9).

One way to represent the response of a linear system such as Eq. (1.9) to arbitrary
sources is using the point source response or Green's function approach. Regarding to Eqg.
(1.9), four different dyadic Green's functions need to be introduced. Note that a dyad is the
juxtaposition of two vectors D= AB defined by DIC = A(BLC) and CD=(C[A)B,
where D isadyad and A, B, and C are vectors. In fact, a dyadic Green's function is a dyad

that relates a vector electric or magnetic field to a vector current source. Therefore, the

13



corresponding dyadic Green's functions assume the following forms (Oristaglio and Blok,
1994):

DxGE"(r,t;r’,t’):—uﬁﬁGHJ(r’t;r”t’)
% E ot gt (1.10)
UXGHJ(I‘,'[;I",'[')ZGEBEJ(I‘,t;r',t')+sE@G (g’tt’r’t)+5(r—r')5(t—t')|
%G (rtirt) = -u DS CUY) s ey st -t)1
ot M L (1.11)
DxGH“"(r,t;r’,t’):cBBE“"(r,t;r’,t’)+.c,d3G ((;t,t;r )

where G® and G™ are the electric and magnetic dyadic Green's functions due to a

point electric current, and G™ and G"™ are the electric and magnetic dyads due to a point

magnetic source located at r =r' and excited at t =t', respectively. For the sake of clarity,

for example, G’ (r,t;r',t") denotes the x-component of the electric field at point r and time
t generated by an impulsive point electric current dipole in y-direction, located at r =r', and
excitedat t =t'.

All these dyadic Green’ s functions satisfy the initial (causality) conditions:

G(r,t;r',t)=0 t<t' (1.12)

and the appropriate boundary conditions. Based on superposition principle, the
electromagnetic field can be expressed in terms of dyadic Green’s functions as.

E(r,t):jV JttGEJ(r,t;r’,t’)D](r’,t’) dt’dV’+JV j:GEM (rt;r' t)yIM(r',t') dt'av’

J lt M lt (113)
H(r,t)zjV LGHJ(r,t;r’,t’)D](r’,t’) dt’dV’+JV th“M (r,t;r )M (r',t") dt'dv’

where V, and V,, are the finite volumes occupied by J and M, respectively. The

dyadic Green's functions formulas for an infinite homogeneous isotropic medium are given

in Appendix A.
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In the case of areciprocal medium, i.e., 6 =¢',e=¢',andp =p', based on reciprocity
theorem of the convolution type in an infinite medium, the following symmetry properties of
dyadic Green’s functions hold (De Hoop, 1995):

GE(r,t;r't) =+G¥ (r'~t';r,~t)
G™M(r,t;r' t)=-G™ (r',—t":;r,t)
GM(rtr't) ==G™ (r',~t';r,-t)
GM™(rtr' ) =+G™ (r',~t":r,—t)

(1.14)

where superscript “T" denotes transpose operation.

Another useful property of dyadic Green’'s functions is time trandation property for a
time-invariant (stationary) domain (Heberman, 1987):

G(r,t;r',t)Y=G(r,t -t";r',0) (1.15)
In the following, the above equations can be derived in the frequency domain as well.

The Fourier transform definition and its properties are given in Appendix C. Using the time
derivative property (C.3), Eq. (1.9) transforms into

[OxE=jwpMH -M
jon (1.16)
[xH =-jwe, [E+J
where ¢, complex permittivity tensor, is define as:
.1
g.=e+j—c (1.17)
w

The frequency counterpart of Eq. (1.10) and (1.11), based on time translation property
(1.15), relation (C.13), and the shifting property (C.4), are:

UXGEszwul:(BHJ (118)
JxGM =-jwe, [G® +5(r—r') | '
OxG™ = jopG™ -5(r-r") | (119)
OxG™ =-jwe, [G™ '
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Using the time translation property (1.15) and the convolution theorem (C.7), the
relations (1.13) transform into the following relations
E(r,a;):jv GE(rir'|lwD(r',w olV'+jv GM(rir'|w)M(r',w) dv’

(1.20)
H(r,a;):jv GM(rir' ) D(r',w) o|V'+jV GM(rir' ) IM(r',w) dV'

Also, the symmetry properties (1.14), using the time translation property (1.15) and the
shifting property (C.4), become:

GE@rir'lew) =+G¥ (r';r |w)
GM(rir'lw)=-G" (r';r | w)
GM(rirlw) =-G™ (r':r |w)

G™(rir'|w) =+G™ (r';r | )

(1.21)

Adjoint EM fields play an important role in inverse scattering problem. Following the
definition of Felsen and Marcuvitz (1994), the equations for adjoint electric and magnetic

fields E(r,t) and H(r,t) can be obtained from the ordinary field equations (1.9) by

transposing the EM property tensors and temporal and spatial reflection transformation
d/ot - —d/dt andJ - -7 . Onethus obtains:

—UXEZuTEI:I—M

A A L (1.22)
-[IxH =¢"[E—-¢' [E+J

which are subject to reflected initial condition E =0=H for t>t, corresponding to

excitations J and M that vanish for t >t, and appropriate reflected boundary conditions.
The corresponding adjoint dyadic Green’s functions satisfy the following equations:

n A HI A
N Rl AT =AM ULILELY
i} S5 ooy 129
_OxGEM () =6 [BF () - (g’t U8 s -1y ot -t
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2 HM Y
%G (ot ) =p” 2 U sh ey s -t
ot (1.24)

~ EM Y
_OxEM () =e" B ()" 28 ((;t’t’r’t)

These adjoint Green’s functions are anti-causal
G(r,t;r',t')=0 t>t’ (1.25)
and satisfy the appropriate reflected boundary conditions. Note that the time translation
property still holds,
é(r,t;r’,t’):é(r,t—t’;r’,O) (1.26)

Linearity of the adjoint equations (1.22) indicates that the adjoint fields are representable
inaform similar to thosein Eqg. (1.13):
E(r,t) :jv‘ j: G (rt;r' t)I(r' t) dt’dV’+IvA j:éEM (r,t;r' t)YDM (r',t') dt'dv’

(1.27)
i t A I I - I I I I t A . I I 7 I I I I
H(r,t)=fvj'ftzGHJ(r,t;r YD (r,t) dt'dv *LM.LZGHM (r,t;r' t')IM (r',t') dt'aV

where V; and V, arethe finite volumes occupied by Jand M, respectively. Note that

in the above relations: t<t'<t,. In addition, adjoint dyadic Green’s functions have the

following relationships with dyadic Green’ functions (derivation in Appendix B):

GE(r,t:r',t") =G® (r',t';r,1)
G™M(r,t;r' t)y=G™ (r',t';r,1)
GM(r,trt) =G™M (r',t';r,t)
GM™(rt;r't)=G™ (r',t';r,t)

(1.28)

Considering the relations (1.14), valid for a reciprocal medium, the above relations can
also be expressed as.
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GE(r,t;r't) =+G® (r,~t;r'—t)

G™M(r,t;r' t")y =-G™M(r,—t:r',~t)

A HJ 1 ogr HJ y o (129)
G™(r,t;r'th) =-G™ (r,—t;r',—t)

GM™(r,t;r't)=+G™ (r —t;r',—t)

Using time translation properties (1.15) and (1.26), the shifting property (C.4) and the
conjugate property (C.5), the above relations in frequency domain take the following forms:

o>

Brir'e) =+G% (r;r'| o)
™M(rir ) =-G™ (r;r'|w
(rir'lw) (e (1.30)
Vrir'le) =-G™ (r;r'|w)
G™(r;r'w)=+G™ (r;r'| w)

@ o)
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2. Forward Scattering of Electromagnetic Waves

In this chapter, the forward (direct) scattering problem of a finite scatterer (damage),

occupying the volume V__ , embedded in a host structure (background medium) and excited

scat !

by finite electric and/or magnetic current sources at t, =0 is investigated in both differential

equation and integral equation formalisms. In this case, the Maxwell’ s equations are:

[JxE=-pH -M 2.1)
[JxH =¢[E +g[E +J '
where

_ | m(r),e(r),e(r)  r OV,
H,G,S—{ub(r)’cb(r)’sb(r) I U Vea 2

and subscript “b” implies background. Now, the total field is decomposed into incident and
scattered fields, i.e.,

E=E . +E
inc scat (23)

H=H inc +H scat

where the subscripts “inc” and “scat ” denote incident and scattered fields, respectively.

The incident field is defined as the field due to the sources J and/or M in the absence
of the scatterer; therefore, it satisfies EQ. (2.1) in the host structure,

[JXE. =-n.[H.. -M
inc ub inc . (24)
UX Hinc =6b |:Einc +sb |:Einc +J
The eguations for the scattered field can be derived using Eq. (2.1) to (2.4) as.
Uan:at:_ubma:at_[Aum] (25)
[ xH g =6, [Eqy +, [Eo, +|d6[E + 4e (E

where contrast EM properties are defined as:
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dp=p-—p,
de=g—g, (2.6)
de =0-o0,

Note that, one can consider AnH and Ade[E +de[E as effective magnetic and

electric volume currents, respectively, induced by the total magnetic and electric fields inside
the scatterer. In fact, the scattered field is generated due to these effective induced currents
inside the scatterer. These effective currents are called scattering currents or contrast sources
(Oristaglio and Blok, 1994).

In view of the relations (1.9) and (1.13), the incident and scattered fields in Eqg. (2.4) and
(2.5) can be expressed in terms of the Green’s functions of the host structure,

En(r ) =] [ GEC.Lr DI ) dv + [ [ G (r,t;r,t)IM(r.t) dvit

@2.7)
H. (1) =j;jv GH(r,t;r t) ('t dV’dt’+I;JV G (r,t;r' 1) IM(r',t') dV dt’
E. ()= [ GE(r.try) Qe () CE(r 1) + de(r') CE(r',t)] dVat’ +
[ ooty danr) H (1) dvar
- (2.8)

H_.(rt) Zf;fvarTJ (rtr ) Qde(r') CE(r' 1) + de(r') CE (r' )] dVat +
j;jvmegM (r ) Qap(r) CH (1)) av e
Using the relations (C.3), (C.7), and (1.15), Eq. (2.7) and (2.8) can be easily transformed
into the frequency domain as:
E,.(r, o) =JVJG§J (r:r'|)D(r',w) dVv’ +ij GEM(rir' )M (r',e) dV'

(2.9)
H. (r, o) =IVJGEJ (r:r' o', w dv'+jVMGgM (r:r' )M (r', @) dV'
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Ewa (@) =[, GF (') jwde (r) (E(r, )] dV' +
ijGEM (rit'| o) O joodp(r') H (r', o)) V'’
How(r @) =[G (rir'|@) - jwde () EE(r @) dv' +

jvmeb““” (r;r'| ) O jodn(ry H (r', )] dv'’

(2.10)

where

de, = Ae+ jiAG (2.11)
w
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3. Inverse Scattering

In inverse scattering (medium) problems, one attempts to quantify the material
properties of the scatterer (damage) from the scattered field measurement outside the
scatterer. The measurement may be set up on a closed surface around the scatterer or on a
planar surface outside the scatterer. Figure 3.1 shows a cross-section of a scatterer inside a
known host structure (background medium), an actuator, and some sensors located on a
planar observation surface for scattered field measurement. It should be noted that the inverse
scattering problem can be formulated both in differential equation and integral equation (1E)
formalisms. Here, the |E formulation is presented.

Actuator Sensors

Figure 3.1. The inverse medium problem: Finding scatterer EM properties using field measurement at

sensor |ocations outside the scatterer

For the case considered in the previous chapter, when total electric and/or magnetic
fields are measured on a planar observation surface S outside the scatterer region, the IE

formulation of the inverse medium problem can be set up using Eg. (2.8) as (Oristaglio and
Blok, 1994):

Given E‘(r,t) and/or H(r,t) (the measured total electric and/or magnetic fields at

sensor locations on the observation surface §), E, ., H,,., and the Green's functions of the

host structure, the contrast EM properties de(r), de(r), and Au(r) should be recovered

from data equations,
22



ES(r,t) = Emc(r,t)+j;jvmc;§~’ (.t t) o) CE(r t) + Ze(r) CE G )] dvidt +
ISJV%IGEM (.t t) Q) CH ()] av

HAED = Hi (R0 [, G (6. t) ae(r) TE () + 4e(r) TE(r )] Vi + 3.)
ﬁfvabHM (r, 60, Qan(r) OH ()] av e

where: r'0V,, and rQOS

The data equations provide an integral relation between the measured field (data) and the

unknowns (4e(r), de(r), and Au(r)). It is not yet, however, a complete formulation of the

inverse medium problem because there is another unknown under the integrals: the total
electric field and time derivative of electric and magnetic fields inside the scatterer region

V.. - Clearly, other equations are required to specify E and H . The other equations, so

called domain equations, are the same integral equations, but written with r OV, ,

()= E )+ [.] GE (L) o (r') CE(r',t') + de(r) CE(r, )] dvdt’ +
t .
[of, o8ty (') o (1)) vt
H(r,t)=H__(r,t)+ [ G (r,t;r',t") (rYCE(r',t") + de(r)E(r',t)| dVdt’ + (3.2)
inc 0dve, b
t 1o [ ’ 1o 1347
[of, oM@t ) (') T (e, t)] av ot
where: r',r OV,
Thus, in the |E formalism, the inverse medium problem is formulated as a coupled set of
integral equations (3.1) and (3.2) for the unknown quantities: (1) 4de(r), de(r), and Au(r),

the contrast EM properties; (2) The total electric field and time derivative of electric and
magnetic fields inside the scatterer.

The coupling between two equations is nonlinear due to the multiplication of the
unknowns which occurs in both data and domain equations. In other words, this inverse
problem is nonlinear in contrast properties because the total field inside the scatterer, which
multiplies the contrast properties, also is a function of the contrast properties. Notice how, for
instance, the total electric field inside the scatterer in data equation (3.1) depends on the
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contrast EM properties through domain equation (3.2). This is called multiple scattering
effect (e.g., Chew, 1995).

Unfortunately, this nonlinear inverse problem is ill-posed as well. By ill-posedness, in
the sense of Hadamard (Hadamard, 1923), it is meant that one of the following conditions is
violated: the existence of the solution; the uniqueness of the solution; or the continuous
dependence of the solution on the data (stability condition). The uniqueness condition is
generally violated because complete data collection from limited number of sensors is not
practically feasible in SHM. In addition, the instability refers to the sensitivity of the solution
to noise and measurement errors (Haykin, 1999). Regularization techniques are usually used
to handle the ill-posedness of inverse problem.
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4. The Electromagnetic Migration Algorithm

The basic principles of electromagnetic (EM) migration were first formulated by
Zhdanov (1988) for the case of diffusive EM field in geophysical exploration. He introduced
time-domain EM migration as the solution of the boundary value problem in a semi-infinite
space (the earth) for the adjoint Maxwell’s equations, in which the boundary values of the
migrated field on the observation surface are determined by the measured EM field. Zhdanov
and Portniaguine (1997) showed that this EM migration could be associated with the inverse
problem solution: First, they introduced the EM energy flow of the residual field, the
difference between the measured EM field and the calculated (simulated) EM field for a
given model, through the observation surface as a functional of the conductivity distribution
in the model. Then, it was shown the EM migration can be considered as the first iteration in
the general EM inversion procedure, based on the minimization of the residual field energy
flow through the observation surface. They called their iterative method, the iterative EM
migration. The extension of this algorithm for the case of general transient EM field, where

both conductivity and permittivity images are obtained, was made by Zhdanov (2001).

In this study, the time-domain EM migration algorithm for inhomogeneous isotropic
structures is extended to inhomogeneous anisotropic case. Moreover, permeability images are
constructed in addition to the conductivity and permittivity ones. To derive the imaging
formulas, two approaches based on the minimization of the residual field energy flow
through the observation surface are presented. In the second approach, the constraint of
fulfillment of the Maxwell’ s equations by the calculated EM field is explicitly considered in
the minimization problem using Lagrange multipliers. Although both approaches provide
identical imaging results for reciprocal host structures, the second approach is
mathematically more elegant.
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4.1. The First Approach

Consider multiple scatterers (damages) embedded in a host structure (background
medium) with known EM properties o, (r), €,(r), and p,(r) . All scatterers are assumed to
be enclosed by the scatterer region or domain of investigation D. The scatterers are
illuminated by incident EM waves, which are generated by actuators (sources) placed at M
distinct positions s, 0{ s,,...,s,} outside D. For each incidence, the total transient EM field

is measured over an observation surface S outside D and for the time interval [0, T]. It is

also assumed that the sources and all fields are zero before t =0.

When the goal is to estimate the spatial distribution of the EM properties inside the
domain D using the set of measurements, inversion methods should be employed. Gradient-
based inversion methods are very common for solving nonlinear inverse scattering problems,
In these methods, first, a nonlinear cost (objective) functional is constructed (e.g., data error
(misfit) functional, which is the norm of the difference between the measured field and the
calculated field obtained from a model on the observation surface). Then, the cost functional
IS minimized in order to obtain the best estimation of EM properties inside D. The
minimization is carried out by sequentially updating the model by steps along the gradient
directions.

To construct the cost functional in the EM migration, atotal instantaneous power flow of

the residual field through the observation surface is defined for each experiment as:

p, () = [_(4E, x2H ) mhds (4.1.2)

where n is aunit normal vector pointing outward of S (pointing away the scatterer region)
and the data residuals are given by
AE (r,t) =EJ(r,t)—E,(r,t)

(4.1.2)
AH (rt)=H{(r,t)=H,(r,1)

where Ef(r,t) and H?(r,t) are the measured EM field, and E,(r,t) and H,(r,t) arethe
calculated EM field for a given model.
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It has been shown (Zhdanov, 2002) that the power flow of the residual field is non-

negative, i.e, p;(t)=0. Note that there are no external EM sources inside the region

surrounded by the observation surface S (the scatterer region). Based on the non-negativeness
property of the power flow, the following cost functional is introduced:

P(c,s,u)ZiJjL(AEi xJH ) ihdSdt (4.1.3)

The dependence of the functional P on the model parameters (e, ¢, and p) arises from

the implicit dependence of the calculated fields E;(r,t) and H,(r,t) onthese parameters.

In a steepest descent method, the simplest gradient method, the minimization of P is
carried out by updating the model by steps along the gradient directions. Let ¢, ¢, and
n™ be the conductivity, permittivity, and permeability of the model at the n™ iteration and

let vV, v, and v bethe gradients of P with respectto 6™, ™, and p™ . Then,

¢ =g —O’((Tn) ,YETH)
g™ = g _ g O (4.1.4)

(n

(n+) — (N _ ~(n)
- a// Yu

1)

where ", a!”, and @’ are positive step lengths and their optimal values at each iteration

are usually obtained using a line-search method. For continuous models, the gradients are
actually Frechet derivatives of P, i.e.,

yU:a—P (4.1.5)
Jo
v€=a—P (4.1.6)
Oeg
oP
=__ 41.
Yy on (4.17)

These are linear functionals such that for small perturbations de(r'), de(r'),and op(r')
about the current model,
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OP =P(6¢ +Jo,c+ Jg,n+ ) — P(e,g,1)
=<vy,,06 >4, +<y,,0¢ >4, +<Y,,,5ll T (4.1.8)

Jo: ou i'M}

where <[J3>, and | [, indicate dot product and norm on the Hilbert space of models,

terms of theorder{ | oo

2 2
Hy ' Hy '

respectively, with the following definitions:

<om,;,om, >HM=ID5m1(r):5m£(r)dV 0om,,om,U0H,, (4.12.9

| om

© =<dm,om >, (4.1.10)

where D is the domain over which the model is allowed to vary (scatterer region) and om

stands for o6, J¢, Or Op.

It should be noted that the most important step in an iterative gradient-based method isto
calculate the gradients of the functional with respect to the model parameters at each
iteration. In view of relation (4.1.8) and definitions (4.1.9) and (4.1.10), the first variation of
Pis
5(1)P:<'Ya 06>, +<y,,0e>y +<y,,0n>y,

[ [ [ ' ' [ [ [ [ (4111)
= [ 7o) 06T () AV + [y, (r) e (1) AV + [y, (r):u" (1) aV
The first variation of P using Eq. (4.1.3) together with Eq. (4.1.2) can also be obtained as

5‘1)P=—iJJIS(AEj x3H, - H , x5E, )idSdt (4.1.12)
=

where JOE,(r,t) and JoH,(r,t) are the change in the calculated data when the model

parameters are changed. The first variation of the Maxwell’s equations (1.9) with respect to
the model parametersis

{Uxanz—umHj—[auEH'j] w113

[x3H, =6[BE, +cBE, +[d6[E, +Je(E,
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The terms in the brackets can be considered as effective current sources for the perturbed
field. Using Eqg. (1.13), these perturbed electric and magnetic fields can be written in terms of
dyadic Green’s functions as:

SE,(r )= [ [ GE(rtrt) dos(r) (B, (r',t') + de(r') (B, (r',t)] av'dlt’ +

(4.1.14)
[[Le™ rtr ) doue) i (0] dviar

OH (r,t) :Itf G (r,t;r't) Eﬁéc(r')EEj(r’,t’)+Jg(r’)[Ej(r’,t')]dV'dtr_,_
to D (4.1.15)
JoJo 6™ .t Oy o) TH ()] av e

Substituting Eqg. (4.1.14) and (4.1.15) into (4.1.12), using relation (4.1.11), interchanging
the time integrals, and then using relations (1.28), the gradients of P are obtained as

(r)_—_zj EX (r',t') E,(r',t') ot (4.1.16)

(r)_—_zj EX (r',t') E,(r',t)) dt’ (4.1.17)

(r)_—_zj HI (' t) H () dt (4.1.18)
where

EX (r',t) =LJ:{GEJ (r't':r,t) Eﬁ—nxAH j (r,t)]+éEM (r't':r,t) [bnxAEj(r,t)]} dtds
HI (') =LJ:{GHJ (r't':r,t) Eﬁ—nxAHj(r,t)]+éHM (r't':r,t) [bnxAEj(r,t)]} dtds

(4.1.19)
Using the host structure as the initial guess for the model in the first iteration, the
following changes should be applied:

inc;j inc; j scat; j A A
.G -6, (4120
Hi -~ H. |4H, - HY-H, =H? » (4120

inc;j scat; j

E, - E AE, HEd—E =E¢
(G!S!u)_’(cbisb!ub) = ;

inc;j
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Then, Eqg. (4.1.19) for the migrated residual field are changed into the following
equations for the migrated scattered field:

ET, (r1) =jsj:{é§~’ iy denxHe, 0]+ 68 (.t el (0]} dtds
HY, (1) =jsj:{ébm iy denxH e, 0]+ 60 e vir y fnxes, (1]} deds

(4.1.21)

In this case, the negative gradients of P with respect to the model parameters in Eq. (4.1.16)
to (4.1.18) are defined as apparent contrast properties, i.e.,

M o7

do(r') ==Y jo El. (1) Ep, (/1) dt’ (4.1.22)
i=1
M o7 .

Le(r) ==Y jo El. (1) By, (', 1) dt’ (4.1.23)
i=1

R M1 .

() ==y jo Ho () Hy, () dt! (4.1.24)

i=1

Note that the apparent contrast properties are not approximations of the contrast EM
properties. In fact, the physical dimensions of the apparent contrasts are completely different
from those of the contrast EM properties. The images constructed from the above relations
are called the conductivity, permittivity, and permeability images, respectively.

In view of Eq. (1.27), it can be observed that the integral equations (4.1.21) with
T >t=>t" has the appropriate form for propagation with the adjoint Green’s functions. For
instance, GV (r',t';r,t) (GZ(r',t';r,t)) givesthe electric field at r' and time t' caused by a
magnetic (electric) current source, here NxEZ,.; (r,t) (—nxHZ,. (r.t)), radisting at r at a
later time t. Note that ordinary scattered fields, governed by the Maxwell’s equations,
propagate from scatterers to observation surface, whereas migrated scattered fields, governed
by the adjoint Maxwell’ s equations, propagate from the observation surface to their original

place, the scatterers. Mathematically, the imaging formulas (4.1.22) to (4.1.24) represent
negative zero-lag cross-correlation of the migrated scattered field with the incident field.
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In practice, the measurement is performed at discrete locations r. D{rl,...,rN} on a

planar observation surface. Then, Eg. (4.1.21) can be written as

Ea (r',t) = Zj{ Gl t';r ,,t)Eﬁ—anmj(ri,t)]+é§M (r',t';r I,t)[tth;’&,ﬂJ(ri,t)]} dt
HT, (1) = Zj {62 @ v ndnxH, ¢Lo]+ 6 ¢t nfnxeL, (r. 1]} o

(4.1.25)

Note that the above equations actually represent the integral equation formalism of the
migrated scattered field. Considering Eg. (1.27) and the adjoint field equations (1.22), it can
be inferred that the migrated scattered field satisfies equations adjoint to Maxwell’ s equations

and that the source terms for these adjoint equations are nxEZ__ (r.,t) and —nxH gcat (1)

scat; j
a al the sensor locations radiating as magnetic and electric current sources in reverse time,
respectively. Therefore, the differential equation formalism of the migrated scattered field is

given by:

~OXED, () =p] (HL, (1,0 - z[anm,(r.,t)]é(r—m

—OxHZ (1) =6y [EZ,. (1) —¢ [E mj(rt)+2[ ”XHscau(f.,t)]é(r—ri) (4.1.26)

where: t=T---0
Unlike Eg. (4.1.26) in which the sensor data are treated as sources, Zhdanov defined the
migrated scattered field as the solution of the boundary value problem for the homogeneous

adjoint Maxwell’s equations, in which the time-dependent boundary values of the migrated
field on the observation surface are determined by the scattered field data; i.e.,

-OxED (r,t)=pf HD, (1.t
scatj( ) "’b tj( ) (41278)
~OxHI. ()=o) (EL. (r.t)—ef (EL, (r,t)
nxED (r,t)=nxEZ_ (r,t)
BC's: o (10) = i rOf{r,....,ry}; t=T---0 (4.1.27b)
angatj(rl’t) anscatJ(ri!t)
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Using relations (1.29) for a reciprocal host structure and simple change of variables in
Eqg. (4.1.25), the time-reversed migrated scattered field can be expressed in terms of ordinary
Green'’s functions of the host structure as:

En,, (1) = +zj GE (1.t )t xH L, 1,0+ G2 (r ir O fnxEL, (]} ot
A, t)——zj G (s ) XA L, (1, 0]+ G2 (.t ) fnxEL,, (1 b))

(4.1.28)

where the time-reversed of an arbitrary function is defined as:

f(r,t)y=f(r,T-1) (4.1.29)

4.2. The Second Approach (Lagrange Multipliers)

Consider multiple scatterers (damages) embedded in a host structure (background
medium) with known EM properties o, (r), €,(r), and p,(r) . All scatterers are assumed to
be enclosed by the scatterer region or domain of investigation D. The scatterers are
illuminated by incident EM waves, which are generated by actuators (sources) placed at M
distinct positions s, 0{ s,,...,s,} outside D. For each incidence, the total transient EM field

is measured over an observation surface S outside D and for the time interval [0, T]. It is
also assumed that the sources and all fields are zero before t =0. The objective isto estimate

the spatial distribution of the EM properties inside the domain D using the set of

measurements.

Gradient-based inversion methods are very common for solving nonlinear inverse
scattering problems. In these methods, first, a nonlinear cost (objective) functional is
constructed (e.g., data error (misfit) functional, which is the norm of the difference between
the measured field and the calculated field obtained from a model on the observation
surface). Then, the cost functional is minimized in order to obtain the best estimation of EM
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properties inside D. The minimization is carried out by sequentially updating the model by
steps along the gradient directions.

To construct the cost functional in the EM migration, atotal instantaneous power flow of

the residual field through the observation surface is defined for each experiment as:

p, () = [_(4E, xaH ) hds (4.2.2)

where n is aunit normal vector pointing outward of S (pointing away the scatterer region)
and the data residuals are given by
AE (r,t) =EJ(r,t)—E (r,t)

(4.2.2)
AH (rt)=H{(r,t)=H,(r,1)

where Ef(r,t) and H?(r,t) are the measured EM field, and E,(r,t) and H,(r,t) arethe
calculated EM field for a given model.

It has been shown (Zhdanov, 2002) that the power flow of the residual field is non-

negative, i.e, p;(t)=0. Note that there are no external EM sources inside the region

surrounded by the observation surface S (the scatterer region). Based on the non-negativeness
property of the power flow, the following cost functional is introduced:

P(c,s,u)ZiJjL(AEi xJH ) ihdSdt (4.2.3)

The dependence of the functional P on the model parameters (e, ¢, and p) arises from
the implicit dependence of the calculated field E;(r,t) and H,(r,t) on these parameters.

Now, the congtraint of fulfillment of the Maxwell’s equations (1.9) is introduced to P by

using Lagrange vector-multipliers E® and H®¥. This leads to the augmented cost

33



F(c,s,u,E,H,Eadj,Hadj):iIJIS(AEj x ZH | )hdSdt +
=1

ilmv[EfdiE@ijj—cEEj—sEE'j—Jj)+ (4.2.4)
<

H {7 xE, +pH, +Mj)] dv dt

J

where V is the total space of field computation. The necessary condition for the minimization

of F isthat its first variation is equal to zero, i.e., 0" F =0,
M o7

SOF :leo [ (OB, xaH | +4E, x-H ) hdSdt +
=

éﬂj\/[&Ef‘” T xH, ~6[E, ~eE,-J,)+
SH¥ T xE, +pH +M | dvdt+ (4.2.5)
éﬂj\/[Ef‘” U x3H, - 56 E, -6 BE, - 56 [E, ~¢ BE, )+

H adi [@xdEj +5u[|—'|j +uB5I—'|j)]dV dat=0

J

In practice, the measurement is performed at discrete locations r. D{rl,...,rN} on a

planar observation surface S. Using the divergence (Gauss') theorem, integration by parts,
and the following identities for vectors A, B, and C and second-order tensor D:

0 QAxB)=BIIxA-AI/xB
ABxC)=BQCxA)=C{AxB)
AQDB)=BD' (A)=AB:D',

(4.2.6)

thefirst variation of F isreduced to



5‘1)F:i'f(:jv[5Ef‘dj fxH, -6[E, -£[E, -3, )+
=1

SH® T xE, +pH, +Mj)]dth+

BJ1 1 on e i S Jote -0+

i=1

N
JE, EﬁDXHf‘dj ~6 (B +¢" ES +> [xaH,)or —ri)ﬂ av dt +
i=1

O — Mo VI .

ID|:[_21IO E?dJEJ' dtj:dc-r +[_leo E?dJEj dtjidsT +[leo H ?dJHj dtj:duT} dv +
= = —

M ' |

S It o ) e oo v -

iIJJaV(E?‘“ x8H | +H™ xE, )i, dSdt=0

(4.2.7)

where dV and n,, are the surface boundary of the volume V and the outward unit vector

normal to the surface o0V , respectively.

The stationary condition (4.2.7) requires that the Lagrange multipliers E?¥ and H ¥,

which can also be recognized as the adjoint field, should satisfy the following equations
(coefficient termsof OH ; and JE;):

. . N
OxEM =p" —Z[—nXAEj]é'(r -r,)
= X (4.2.8)
OxH!M =¢" (B} —¢" ™ +Z[—n><AH j]é’(r -r)
i=1

The corresponding initial and boundary conditions of the above equations can be
obtained from condition (4.2.7). For example, when the EM field has zero initial condition
and satisfies the Sommerfeld radiation condition, i.e.,

E,(rt=0)=H,(r,t=0)=0 (4.2.9)
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limr[7 xE, +cyn, xE;]=0
e . (4.2.10)
limr[Z xH, +cin, xH,1=0

where r =|r| and c, isthe EM speed in vacuum, the initial and boundary conditions for E:*

and H ¥ are derived as:
adj —_ —_ adj —_ —_
EX(rt=T)=H¥(rt=T)=0 (4.2.11)

limr[7 xE —cgn, xE{?] =0
e | L (4.2.12)
limr[7 xH -cin, xH @]=0

r —oo

From Eg. (4.2.8) and the initial and boundary conditions (4.2.11) and (4.2.12), it is
concluded that the adjoint field is generated by sources located a the postions of
measurements. Actually, these sources are the discrepancies between the measured and
calculated fields. Furthermore, it is observed that the adjoint field propagates backward in
time, startingat t =T .

The gradients (Frechet derivatives) of the functional F with respect to the model
parameters inside D are obtained from those terms of relation (4.2.7) that include the first

variations of the parameters. In particular, the gradients are given by

OF _ & (T _

" _Z;JO EXE, dt (4.2.13)
=

oF S S

E: _leo EdeEj dt (4214)
=

oF MoeT iy

E: +le0 HH | dt (4.2.15)
=

The above gradients can be utilized in any iterative gradient-based inversion algorithm
used for estimating the EM properties.
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In the EM migration algorithm, the negative gradients are defined as the imaging
formulas provided that the model isthe host structure. Thus, the following changes should be

applied:

Ej - Einc;j AEJ' - EJFi _Ei”C;j = E:cat;j 4.2.16
c,g,n) - (6,,8,, = ; L
( ll) ( b bub) Hj _’Hinc;j AHJ _)H?_Hi”C;jZH:cat;j ( )

Considering the above changes on the gradients (4.2.13) to (4.2.15), the conductivity,
permittivity and permeability imaging formulas are obtained as:

Jo(r) = +iﬂ EX(r ), (r,t) dt (4.2.17)
Le(r) = +iﬁ E(r,)E,, (r,t) ot (4.2.18)
2u(r) :—iﬂ H(r, ) H o, (1) dt (4.2.19)

Applying the changes (4.2.16) on the adjoint equations (4.2.8), leads to the following
equations for calculating the adjoint field used in EM migration imaging formulas (4.2.17) to
(4.2.19),

N
OxE =pg H —Z[—nx EZ ]5(r -r)

scat; j
= N (4.2.20)
[ xH ¥ =] (B —o B2+ [-nxHE, Ja(-r)
i=1

By applying the time transformation t =T —t, equations (4.2.20) and the associated
initial and boundary conditions (4.2.11) and (4.2.12) are transformed into:

OxEM =—pg B —Z[—nx = ]5(r -r)
i=1

scat; j
| ) (4.2.21)
XA =o] (B +e] B9+ [-nx A, Jatr -n)
i=1
EX(rt=0=HM(rt=0=0 (4.2.22)
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I|mr[D><Eadj +c'n, andJ] =

r —oo

limr 7 xH 9 +cony <H A=

r —oo

(4.2.23)

where the time-reversed of an arbitrary function is defined in (4.1.29).

Therefore, the time-reversed adjoint field satisfies ordinary Maxwell’s equations in a
medium with the EM properties transposed to those of the host structure, has zero initial
condition at t =0, satisfies Sommerfeld radiation condition and propagates forward in time.

In the case of reciprocal host structures, ¢, =o|,s, =¢,,n, =, the timereversed

adjoint field satisfies ordinary Maxwell’ s equations in the host structure with the —n x HZ

scat; j
and —nx E;’wt ; as electric and magnetic current sources located at sensor positions. Then,

the time-reversed adjoint field can be expressed in terms of ordinary Green’s functions of the
host structure as:

Ei(r 1) = Zj {2t )y frnxA, ()] +G2 (r tir, 1) [nxE2, (1)} ot
H(r,t) = ZJ{GHJ(r,t,r,,t)E[l—nXHmJ(ri,t’)]+G“M(r,t,r,,t)[b—nXEmJ(ri,t’)]}dt

(4.2.249)
Comparing Eqg. (4.1.22) to (4.1.24) and (4.1.28) with Eq. (4.2.17) to (4.2.19) and
(4.2.24), it is concluded that the two approaches are equivalent.
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5. Born Imaging Algorithm

It has been identified that the standard prestack migration operator can be regarded as the
adjoint of the linear forward modeling operator (Claerbout, 1992). Based on this analogy, in
the first section of this chapter, the adjoint operators for general transient EM fields in an
inhomogeneous anisotropic structure are derived. These adjoint operators form our second
proposed linearized imaging algorithm: Born imaging algorithm. At the second section of the
chapter, the relation between the adjoint operators and the gradients (Frechet derivatives or
sensitivities) of an error functional with respect to model parameters typically used in
iterations of gradient-based inversion methods is discussed.

5.1. Born Imaging Formulas

The first step for developing the Born imaging algorithm is to linearize the nonlinear
inverse medium problem by applying the Born approximation. In Born approximation, the
total field inside the scatterer (damage) in Eq. (3.1) is approximated by the incident field, i.e.,

EL(r0) Of [ GE(tir ) (o(r) [E,(r'.t) + As(r') (B (r',1)] dvi +

(5.1.1a)
t y oy 4!
[of,_ ety an(r) (1] dviot
d t HJ rogr [ [ [ - oyl !
HL 00 O [ G (rtirt) (ho(r') [E (1, X) + ds(r’) (B (r'.4)] oVt +
= (5.1.1b)
t ¥ I ogr Lyg!
[o], Gt an(r) (', 1) dvt
where the scattered electric and magnetic fields data are:
ES (r,t)=E*(r,t)-E,.(r,t) (5.1.29)
HL (rt)=Hr,t)-H,_(r,t) (5.1.2b)

This approximation transforms the inherently nonlinear inverse problem into a linear

one, because only do(r), 4e(r), and Au(r) are unknowns in the above integral equations.
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In other words, the scattered field data linearly depends on the contrast EM properties.

However, the inverse problem of solving de(r), 4e(r), and Au(r) still remainsill-posed. It
is worth noting that the data collected by sensors on an observation surface is actually the
total electric and magnetic field (E® and H¢). One can simply obtain the scattered field data
from EL, =E‘-E,. and HJ, =H®-H, by knowing the incident field on the

observation surface.
It should be pointed out that as in the diffraction tomographic method (e.g., Cui and
Chew, 2002) the linearized imaging formulas are derived in three steps. In each step, only

one of the contrast EM properties is kept as the unknown and the other two are assumed to be

Z€ero.

Let's first consider the case when 4e(r) and Au(r) are zero. Then, Eq. (5.1.1) reduce

to:
ES, () OLE [4d = ['[ G2 (rtirt) ae(r) B, (r',t)] dvdt’ (5.1.39)
HL () DL [ae] = [ Gl (rtirt) ae(r) B, (r'.t)] dvidt’ (5.1.3b)

where L;* and L} arethe linear modeling operators.

Generally speaking, to obtain the contrast permittivity Js from the measurements EZ

or H¢

.., theinverse of the linear modeling operators L;** or L' are required. However, in
Born imaging algorithm, these inverse operators are approximated with adjoint operators.
Then, depending on which measured field, electric or magnetic, is being used, two imaging

formulas can be written as follows;

Lec(r') = L5 [Eg,] (5.1.43)
Le, (ry=L[HI T (5.1.4b)

where L5“ and L['“ are the adjoint (imaging) operators of LS and L', respectively, and

Ae isthe apparent contrast permittivity. Note that the apparent contrast permittivity is not an

40



approximation of the contrast permittivity due to the substitution of the linear inverse
operator with the adjoint operator.

The adjoint operators can be derived using functional analysis theory (e.g., Zhdanov,
2002). To do so, a Hilbert space Hp of data (scattered field on the observation surface S) is
defined with the following inner products:

<d,.d, >, = [ [ d,(r.t) @, (r St 0d,,d, OH, (5.1.5)

where “T” is the maximum time of measurement.

Then, a Hilbert space Hy of contrast permittivity is introduced with the following inner

products:
<dey s, >y, = [ Ley (1) Ze](r)dV! Ode,,Ae, OH,, (5.1.6)
where “ : " indicates double dot product of tensorsand D isthe scatterer region.

The above definitions can be expressed in component form,

<d,,d, >, = [ [ dy (1) o, (r, st =123 (5.1.7)
<le,,le, >, = jDA,sljk (r')4e,, (r')av’ j k=123 (5.1.8)

The mathematical relationships among the operators and their adjoints are:
<LS*[Ze],d >, =<4e,L5°[d]>,  OdOH,and 0dsOH, (5.1.99)
<Ly [de],d >, =<de,[}*[d]>, OdOH, and O4e OH,, (5.1.9b)

Using the definitions (5.1.5) and (5.1.7) of inner products and expression (5.1.3a), the
left hand side of Eq. (5.1.9a) can be written as:
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<SLE“[de],d >, = [ [ LE [4e]CH(r, tydsch
= IOTLDJDGEJ (151, t) Qe(r) (E o (1, ) dV’dt’} @l(r, t)dsdt
= LTLU;LG?u (1 51,Y) 48 (1) E g (r',1) dV’dt’} d. (r,tydsdt
=[ 2, (r'){ [ [ [[[acnes, (r,t;r’,t’)det} E () dt,}dv,
(5.1.10)

Therefore, based on Eq. (5.1.9a) and the definitions (5.1.6) and (5.1.8), the desired
adjoint operator L:* is found to be:

L€ [d] :j;“:jsdi (r.) GE, (r,t;r’,t’)det} E. (r,t)dt
(5.1.113)
= JOTU:ISd(r,t) GF (r,t;r’,t’)det} E_(r't) dt

Similarly, the other adjoint operator can be obtained as
CH [d] :jOTU:de(r,t) Hel (r,t;r’,t’)det} E_(rt) dt (5.1.11h)

Using the derived adjoint operators, the imaging formulas (5.1.4) become:
L&, (r') = jJUt,TjSE;at(r,t) ichy (r,t;r’,t’)det} E_(r',t)dt (5.1.124)
28, (1) :LTU:LH ¢ (1) G (r,t;r’,t’)det} E_(rt)dt (5.1.12h)
or
Loe(r)= )| [1].08 (rtir O L, (rh dst | B () o (5.1.139)
25, (') = jOTU:jSGgJT (rtr ) HY, (1) detJ E, (r't) dt (5.1.13b)

Using the relations of dyadic Green’s functions and their adjoints in Eq. (1.28), the

imaging formulas can also be expressed as:
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le (1) = jOTU:jSégJ ('t TEL, (1) detJ E_(rt)dt (5.1.143)

28, (1) :foTU:LéEM (Lt HE (1) detJ E_(rt)dt (5.1.14b)
or
T .
Je (r') = —jo EEP (r't)E, (r't)dt’ (5.1.153)
T .
g, (r') = —jo EEP (r',t") E, (r',t)) dt’ (5.1.15h)
where
EZ, (1) = [ [ 62 (rtir ) EL, (r,1) dsdt (5.1.168)
EX, ()= [ [ GE (.t ir ) HE, (1) dSdht (5.1.16b)

EZ" is called back-propagated scattered electric field. In view of Eq. (1.27), it can be
observed that the integral equations (5.1.16) with T >t>t" have the appropriate form for
propagation with the adjoint Green's functions G2 and GEM. In fact, GE(r',t';r 1)
(GEM(r',t';r 1)) gives the electric field at r' and time t' caused by an electric (magnetic)

current sources, here ES (HZ,,), radiating at r a alater timet.
Note that ordinary scattered fields, governed by the Maxwell’s equations, propagate
forward in time from scatterer to observation surface, whereas back-propagated scattered

fields, governed by the adjoint Maxwell’s equations, propagate backward in time from the
observation surface to their original place, the scatterer.

In practice, the measurement is performed at discrete locations r, O{r,,...,r,} onaplanar

observation surface. Then, the relations (5.1.16) can be written as:

Scal

N " A
EE (r't)= Zﬁe? (r't'r ) EL (r ) dt (5.1.174)
i=1
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N " A
S (1) =Y [[GR (i ) H L, (r Dt (5.1.17b)
i=1

The above equations represent the integral equation (IE) formalism of the back-
propagated scattered electric fields. Considering the relations (1.27) and the adjoint field
equations (1.22), it can be inferred that the back-propagated scattered electric fields
EZ . (r',t) and ES_ (r',t") satisfy equations adjoint to Maxwell’s equations and that the
source terms for these adjoint equations are the scattered electric and magnetic fields data at

all the receiver locations radiating as electric and magnetic current sources in reverse time,

respectively; i.e.,
~OxE& (rt)y=pg HE, (r,1)
) N 5.1.18
OXHEL () =0) EE, () -5} [EL, )+ Y EL@.0 80 -r) ot
i=1
N

-OIxEE rt)=pul THE (r,t)-S"HY (. ,t) 3(r -,

Hscat( ) Wy Hscat( ) zl scat(| ) O( .) (5.1.18b)
—[J % Hﬁspcat(l‘,t) :Gg EEﬁ;at(r,t)—sg EESsPcat(r’t)

These equations represent the differential equation (DE) formalism of the back-
propagated scattered fields. The back-propagated fields can thus be obtained by stepping
these equations backward in time from t =T to t =0 with a finite difference algorithm, for
instance. Although the ordinary Maxwell’ s equations are unstable when stepped backward in
time, the adjoint equations (5.1.18) are stable.

Using similar procedures as applied for the apparent contrast permittivity, the apparent
contrast conductivity and permeability can be obtained as:

.
Ao (r') = —jo ES (r',t') E(r't') dt’ (5.1.19)
T
e, (r') = —jo EEP (r',t") E, (r',t") dt’ (5.1.19b)
~ [ T BP [ ’ [ [
e (r)==[ HE () Hpo(r',t) ot (5.1.209)



M, (r') = —j HEP (r' t)H, _(r',t)dt’ (5.1.20b)

where the |E formalism of the back-propagated scattered magnetic fields are:

HE (r't)= Zj Gt HIEL (1 dt (5.1.213)
H g (1,1 =if:éb““” (r',t'5n ) TH g (1 D) ot (5.1.21b)

Mathematically, the imaging formulas (5.1.15), (5.1.19) and (5.1.20) represent negative
zero-lag cross correlation of the back-propagated scattered field with the incident field.

It should be noted that these imaging formulas will not provide complete geometry
identification of the damages if only one actuator at a fixed location is used. The reason is
that each actuator can illuminate only partial geometry of damages. Therefore, to illuminate
more complete damages geometry, multiple actuators are needed. The final image is obtained
by stacking the partial images. In the case of multiple actuator excitations with actuator

positionsat s; 0{s,...,s,} , theimaging formulas take the following forms:

AsE(r)_—Zj E& . (1) By, (F 1) dt’ (5.1.223)
i (r')=—i:l j EZ . (1) By, (1) d (5.1.22b)
46 (r)_—zj E& . (1) Ep, (r' 1) dt’ (5.1.233)
A6, (r') = —ilj EZ . (1) Epg, (1) (5.1.23b)
Qi (1) = —Z [HE () Hy (1) (5.1.243)
iy, (r') = ‘Z j HE () Hip, (1) dt! (5.1.24b)
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where the |E and DE formalisms of the back-propagated scattered fields are:

N ’/\
B, (1) =Y [[62 (Ui L, (r
i=1

N ’/\
HE () =Y G ('t ) EES,  (r o
i=1

N pa

B () =X [ (M Uin 0 TH L, (D ot
i=1
N ’/\

e () =D LG5 (i ) TH 2, (r D ot
i=1

—UX EIEBSF;at;j(r’t) :u; EH EBSF;at;j(r!t)

_UXHEBSF;at;j
. N

—L7 % EE:cat;j (rt)= l‘; [H HB:cat;j (r’t)_z H:cat;j (r,t) o(r —r)
i=1

—xHjE

Hscat; j

(rt)=o! [EX

Hscat; j

(rt) — e, (EfSq,; (1)

N
(rt)y=ep (B, (rt)—g) (EE. (r,)+> Eg, (1) o(r —r)
i=1

(5.1.259)

(5.1.25b)

(5.1.264)

(5.1.26h)

The images constructed from Eq. (5.1.22) to (5.1.24) are caled permittivity,

conductivity, and permeability images, respectively

For isotropic structures, the imaging formulas can be derived in a similar manner as.

= I M T g - rogr I

AE_(r") :‘ZL EZ . () E,, (r't)dt
j=1

= [ M T BP 1 g - [ [

A€, (r ):—Zjo B i (1) (B (1, 1) dt
j=1

~ ] M T BP o 1o ]

A0 (r ):—Zjo ES . (M) E,., (r't)d
j=1

— I M T ! ! I ! I
A0, (r") :—Zjo B (F ) [E . (1 1) dt
j=1
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(5.1.27b)

(5.1.28)
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-~ [ M T g ’ g [
A (r') = —Zjo HE . () H (1) dt (5.1.29)
j=1

M
D1, (1) ==Y IOT HE () TH, () d (5.1.29h)
=1

It is worth mentioning that the imaging formula introduced by Leuschen and Plumb
(2001) using the Matched Filter approach for an inhomogeneous isotropic and lossless host
structure is equivalent to Eq. (5.1.27a).

5.2. The Relation between Adjoint Operators and Gradients

In this section, the relation between the adjoint operators derived in the previous section

and the gradients of the following error functionals is established.
Consider multiple scatterers (damages) embedded in a host structure (background
medium) with known EM properties o, (r), €,(r), and p,(r) . All scatterers are assumed to

be enclosed by the scatterer region or domain of investigation D. The scatterers are
illuminated by incident EM waves, which are generated by actuators (sources) placed at M

distinct positions s, 0{s.....s,} outsideD. For each incidence, the total transient electric or

magnetic field is measured over a planar observation surface Soutside D at discrete positions

r.0{r,,....,r,} and for the time interval [0, T]. It is also assumed that the sources and all

fields are zero before t =0.

The goal of an iterative gradient-based inversion method is to find a model (conductivity
o(r), permittivity €(r), and permeability n(r) distributions, where r denotes a point in the
scatterer region D in which the model is allowed to vary) such that the transient field,
E;(r,t) or H,(r,t), caculated from the model matches the measured field, E?(ri,t) or
H }’(ri ,t), in some sense. The simplest choice is to match the data in a least-squares sense,

which corresponds to finding a model that minimizes one of the following error functionals:
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F.(o.¢ u)——ZZI [EY(r,.t) -E, (r,,t)| dt__zzj AE (r ) [0E,(r,,)dt  (5.2.14)

j=1 i<l =1i=1

F.(o,e,p) == sz [HY (1) -H, (r,,t)| dt_—zzj AH (r ) H (r,Ddt  (5.2.1b)

where
AE (1) =E/(r,t)-E,(r, 1) (5.2.29)
AH () =H{(r,t)-H, (1) (5.2.2b)

The dependence of the error functionals on the model parameters (6, ¢, and p) arises
from the implicit dependence of the calculated field E,(r,t) or H,(r,t) on these
parameters.

The most direct method of minimizing the nonlinear error functionals is steepest descent
method which is the simplest gradient method. Following similar procedures performed in
section (4.1), the gradients of the error functionals F:(e,e,n) and F,(e,g,n) with respect to

model parameters are obtained as:

j EZ (', t)E (rt') dt (5.2.33)

anE =ij Ege,(r',t) E,(r',t) dt’ (5.2.43)
ZJ HSE (' t) H () (5.2.59)

an (FLE) Ej (') dtf (5.2.3b)

oy (L) E(r,t) dt’ (5.2.4b)

oo (CLE) H () dt (5.2.5h)
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where

N N
EX (1) = ZJ;GE" (r',t';r, ) E, (r, ) dt
i=1

N (5.2.69)
HE2 (' t) =Y [L6™ (' tsn, ) DAE, (r, )t

i=1

N N
EX. (r'.t) :ZL‘GEM (r',tsr, ) H  (r, tdt

= (5.2.6b)

N ’/\
HE () =2 6™ ('t ) T (r byt
i=1

Using the host structure as the initial guess for the model, the changes introduced in Eq.
(4.1.20) hold. Then, equations (5.2.6) for the back-propagated residual field are changed into
the following equations for the back-propagated scattered field:

scat; j

N N
EL,, (") =Y [[GE ("t EL, (Ot
i=1

N o (5.2.79)
HE (1) = [ G (r b ) (E gy, (1, ) i

i=1

N pa
ES () =D [GE (i B, (r )t

N (5.2.7b)

N ’/\
H® . (L) :ZL‘GEM (r',tsr HH S, (1t
i=1

Then, comparing Eg. (5.1.22) to (5.1.24) and (5.1.25) with Eq. (5.2.3) to (5.2.5) and
(5.2.7), it is concluded that the negative gradients of the error functionals with respect to the
model parameters in the first iteration of the gradient inversion method are indeed equal to
the apparent contrast properties obtained from the Born imaging algorithm.

49



6. Imaging Steps in Electromagnetic Migration and Born
Imaging Algorithms

By examining the EM migration and Born imaging formulas, it can be observed that
both imaging algorithms consist of the following three steps; similar to prestack migration
(Claerbout, 1971):

(1) Back-propagation (migration) of the scattered field data derived from the measured
sensor data through integral equations (4.1.25) or (5.1.25) or differential equations
(4.1.26), (4.1.27), or (5.1.26). In migration literature, data collection on observation
surface by sensors due to a common actuator is called common-source gather

(experiment).

(2) Zero-lag cross-correlation of the back-propagated (migrated) scattered field with the
incident field through integral equations (4.1.22) - (4.1.24) or (5.1.22) - (5.1.24),
which provides a partial image of damage geometry from an actuator. This step is
generally called zero-lag cross-correlation imaging condition in migration literature
(Claerbout, 1971).

(3) Summation of partial images obtained from individual actuators. In other words, each
common-source gather is back-propagated (migrated) independently to produce a
partial image; the final composite image is obtained from stacking over the partial
images (Chang and McMechan, 1994). This stacking process after the back-
propagation (migration) increases the signal-to-noise ratio (Lin and Y uan, 2005).

To expedite the imaging process, many researchers have addressed the zero-lag cross-
correlation imaging condition performed in step (2). Chang and McMechan (1986) developed
an excitation-time imaging condition. First, the excitation time (defined as the moment when
a point in image area, called image point, is excited by the wave energy from the actuator)
from an actuator to each image point is computed and kept in an excitation-time (one-way
traveltime) table. Then, instead of applying zero-lag cross-correlation imaging condition
which requires the computation of incident field or its time derivative at each image point at

al times, the image at a specified point is considered to be the amplitude of the computed
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migrated scattered field at that point at its excitation time. Although the excitation-time
imaging condition does not truly reflect the zero-lag cross-correlation, it significantly reduces
the computational cost.

Several methods have been suggested to calculate the excitation-time table in acoustic
and elastic wave cases such as ray tracing (Chang and McMechan, 1986), finite difference
(FD) solution of elkonal equation (Vidale, 1988 and Zhu and Lines, 1997), and FD solution
of wave eguation (Chang and McMechan, 1994 and Loewenthal and Hu, 1991). It should be
noted that the results obtained by the third method is more accurate because it is based on the
wave equation while the first two methods rely on the high-frequency ray approximation.
Although the third method demands the highest computational cost, it remains a method of
choice for SHM applications because the computation of the excitation-time table is

performed before the monitoring stage is started.

Loewenthal and Hu (1991) suggested two criteria for calculating the excitation-time
table using the FD solution of the acoustic wave equation:

(&) Maximum-amplitude criterion (maximum-energy arrival criterion): The traveltime of
an image point is calculated at the moment the incident wave has maximum
amplitude at that point.

(b) Minimum-time criterion (first-arrival criterion): The travel time of an image point is
calculated at the moment the incident wave hits that point.

In order to enhance the resolution of the images obtained by the excitation-time imaging
condition with the above criteria, a modified excitation-time imaging condition is introduced.
In this modified condition, any component of the incident field (or its time derivative) at each
image point is approximated by the following single-event function parameterized by not

only atraveltime but an amplitude:
€ (1) DA, (1) o[t -7, (1)) (6.1)
where r', T, (r'), and A%i (r') are an arbitrary image point position, the traveltime of the

incident field component e, fromthe j™ actuator to the image point, and the amplitude of

inc; j
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the e,

i o U= T, (r'), respectively. Note that in the excitation-time imaging condition
only the traveltime of the incident field is used, whereas in the modified condition both

traveltime and amplitude of the field are taken into account.

Another way to reduce the computational cost of the imaging algorithms is to utilize
poststack concept. In poststack migration, the sensor data should be collected in a monostatic
(zero-offset) configuration, i.e., the actuators and the sensors are collocated.

The concept of poststack migration is based on the exploding reflector model (Scales,
1997): The data recorded in the zero-offset configuration is the same that would be recorded
if actuators were placed along the damage boundary and were fired off with a strength
proportional to the reflection coefficient a t =0 in a medium having half the original
velocity. This means that if the zero-offset wave field recorded a the surface was somehow
run backward in time, then by evaluating the resultsat t =0 (zero-time imaging condition), a
picture of the reflection event would have been obtained, provided half the original velocity
is used when the recorded field is back-propagated. Therefore, the image can be simply
obtained by applying the zero-time imaging condition to the migrated scattered field
computed in the pristine structure having half the original velocity (or a 2:1 scaled pristine
structure).

Unfortunately, the exploding reflector model concept is not quantitatively correct. Some
of its shortcomings are (Claerbout and Black, 2001 and Chen and Huang, 1998): It fails with
multiple reflections; it fails where waves reflected from both sides of an interface are able to
be seen. The exploding reflector model predicts the waves emitted by both sides have the
same polarity. The physics of reflection coefficients dictates reflections from opposite sides

have opposite polarities; and it fails when there is lateral velocity variation.

In practice, data collection in zero-offset configuration is very difficult. Therefore, the
data is collected in common middle point (CMP) gathers (each CMP gather consists of the
data associated with the same actuator-sensor midpoint). Each CMP gather must be first
processed by a so-called normal-move out (NMO) correction and then stacked. Performing
NMO/stack on all the CMP gathers yields a plausible estimate of the zero-offset data
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However, the assumptions made in the NMO correction stage, limit the ability of the
algorithm to image steep boundaries of damages (Feng and Sato, 2004).

Gray (1999) proved that prestack migration had a higher signal-to-noise ratio (SNR)
than that of the poststack migration. Moreover, Chen and Schuster (1999) showed in acoustic
case that prestack images had better dynamic range than that of the poststack images. In spite
of these drawbacks, the usage of the poststack concept in the proposed algorithms is also
examined.

A simple way to compute the back-propagated (migrated) scattered field is to use FD
discretization of the differential equations (4.1.26), (4.1.27) or (5.1.26). In migration
literature, when back-propagation (migration) of the scattered field data is carried out by FD
discretization of the full wave eguation in time-space domain, the method is called reverse-

time migration (RTM).

Ability to consider any inhomogeneities in the pristine structure, high accuracy and
simple programming are some of the advantages in RTM. Zhu and Lines (1997) showed, in
acoustic case, that reverse-time wave equation extrapolation procedure also possessed the
capability of implicitly interpolating missing recorded traces (data) in FD grid, as long as net
data sampling is not aliased locally either temporally or spatially. This healing characteristic
is very important in a SHMS because not only will the system be able to operate with fewer
numbers of sensors but it will be more robust when some of the sensors fail due to aging or

surrounding environment.

On the other hand, RTM algorithm is considered to be the most computationally
expensive migration algorithm. In addition, existence of any material discontinuity in the
pristine structure will generate internal reflections during back-propagation (migration) of the
scattered field data and forward propagation of incident field and thus causes artifacts in the
image (Biondi, 2004). These artifacts are generated due to the use of full two-way wave
equation. Several methods have been proposed to handle this problem in acoustic and elastic
wave cases such as smoothing the pristine structure velocity or slowness model (Loewenthal
et al., 1987), using two-way “non-reflecting” wave equation (Baysal et al., 1984 and Etgen,
1986), or using one-way wave equation algorithms such as phase-shift migration (Gazdag,
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1978) and f-k migration (Stolt,1978). Note that the wavefield satisfying the one-way wave
equation does not experience reflection at the interfaces of different media. It is expected that
if the incident field (computed by a FD discretization of the full two-way wave equation) is
approximated by Eq. (6.1) based on the first-arrival criterion, the artifacts related to the
material discontinuity in the pristine structure will be reduced. Note that approximation of
incident field in image area based on the first-arrival criterion eliminates all reflection events

from the incident field.

Another technique to compute the back-propagated (migrated) scattered field is to use
the integral equation (IE) formalisms (4.1.25) or (5.1.25). In this approach, the Green's
functions of the pristine structure are required. For general 3-D cases, numerical solutions of
these Green’s functions may be computationally intensive when analytical solutions are not
available. Fortunately, the numerical solutions of the Green's functions, if needed, can be
carried out prior to the monitoring stage. Having calculated the Green’s functions, the back-
propagated (migrated) scattered field is computed by performing integral (summation)
operations during the monitoring stage.

To further speed up the imaging algorithms using the IE formalism, in addition to the
approximation made for the incident field in Eq. (6.1), smilar approximations can be applied
to the fields associated with the Green’ s functions of the pristine structure. By doing so, two
time integrations involved in imaging steps (1) and (2) are removed from the imaging
process. As aresult, real-time 3-D imaging algorithms can be realized. Note that the artifacts
related to the material discontinuity in the pristine structure are expected to be completely
removed if the first-arrival criterion is used for the approximations of incident fields and the

Green' s functions.

The resulting real-time imaging algorithms bear a resemblance to the conventional
Kirchhoff migration (KM). Computational efficiency, ability to handle irregular actuator and
sensor spacing, and target-oriented capability (i.e., a desired part of the original domain of
investigation can be imaged without the need to image the entire domain) are some of the
features of KM (Fehler and Huang, 2002 and Audebert et al., 1997) which can carry over
into the proposed imaging algorithms in 1E formalism as well. It is worth mentioning that a

major shortcoming of conventional KM is that it may fail to produce accurate image in
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complex structures. This shortcoming is not caused by the theory, but by the approximations
(mostly high-frequency ray and far-field approximations) introduced in the presentation and
calculation of the Green's function traveltime and amplitude functions (Audebert et al.,
1997). In high-frequency ray approximation, wave phenomena such as diffraction and multi-
pathing (i.e., when many wavepaths connect a single actuator/sensor location with a single
image point) in complex structures are not completely accounted for (Fehler and Huang,
2002). Nichols (1996) suggested that KM with traveltimes and amplitudes computed using
wave equation and based on maximum-energy arrivals instead of the first arrivals,
significantly improved the images specially in areas of complex structures.

In theory, scattered field data (measured incident field subtracted from measured total
field) is used for damage imaging. In practice, however, it is desirable to only measure the
response of the structure under inspection (measured total field) for detecting the damage
without the need to measure the response of the pristine structure (measured incident field)
because the measurements are collected at different times that are often subject to different
environmental conditions. If the measured total field is directly used to perform back-
propagation (migration), all the material interfaces in the structure will be imaged in addition
to the geometry of the damage. In general, when the measured total field is used for damage
imaging, direct waves (the waves received by the sensors directly from the actuator) and
possible reflections from the upper surface of the structure (if non-contact EM sensors are
used) should be removed from the data as a preprocessing step to highlight the image.
However, by using the measured total field, the image of the damage may be obscured by the
strong reflections from nearby material interfaces.

Generally, the smallest distance between two point scatterers that can be resolved in the
image is known as the spatial resolution limit of the image. Chen and Schuster (1999)
showed that in the far-field, where the depth was much greater than the sensor span, the
horizontal resolution limit for migrated images was proportional to the depth of the scatterer
and the wavelength and inversely proportional to the sensor span. The vertical resolution
limit, however, does not depend on the sensor span and the depth of the scatterer and is
proportional to the wavelength. Other factors affecting the spatial resolution of migration
images can be found in Vermeer (1999).
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It should be mentioned that actuator and sensor spacings, 4, and 4., are important

factors in image quality. A coarse actuator or sensor spacing will introduce spatial aliasing
artifacts and lowers the dynamic range in the image (Chen and Schuster, 1999). In KM, time-
reversal, and diffraction tomography algorithms, for instance, the sensor spacing should
satisfy the spatial Nyquist sampling criterion: the spacing should not be more than one-half

of the minimum wavelength of the signal propagating in the structure, i.e., 4,=A,/2

(Schneider, 1978, Alam et al., 2004, Kak and Slaney, 1988, and Weedon et al., 2000). Note
that there is a trade-off between resolution and aliasing artifacts because of incomplete
gpatial sampling of the data. That is to say, for a given sensor spacing satisfying the Nyquist
criterion, increasing the excitation frequency improves the image resolution but deteriorates
the image quality with the aliasing artifacts.

Having examined several numerical simulations of the proposed imaging algorithms, it
is believed that these algorithms share a typical shortcoming for damage imaging application.
This shortcoming may prevail when there is a material interface in geometrical shadow of a
damage. In such a case, the reflection events in the measured incident field associated with
the parts of the interface that are located in the geometrical shadow of the damage may differ
from those events in the measured total field due to the presence of the damage. Therefore,
there may be some unwanted events in the scattered field data in addition to the damage
events. As a result, a false damage near or on the interface location may be imaged in
addition to the real damage. Note that this problem cannot be resolved by one-way wave

equation approach.
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7. Two-Dimensional Electromagnetic Field

A 2-D electromagnetic (EM) field can be generated when neither EM field excitation nor
model geometry has any variation in one specified direction, say y-direction. Then, all partial
derivatives of the field with respect to y are equal to zero and the Maxwell’s equations (1.9)

in rectangular coordinates reduce to:

9E, . . .
_E__ILIXXHX_ILIxyHy_ILIXZHZ_MX
0E, OE, .. . .
9z - Ix =-p,H, - H —p,H,-M,
E, . . .
W__IUZXHX_luzyHy_luzsz_Mz
oH (7.2
- azy =0,E, +0,E, +0,E, +£,E, +& E, +£,E, +J,
OoH, OH, _ . . .
37 9x =o,E,to,E +o,E,+e E +e E +e E +J,
oH, . . .
Ix =o,E +to,E +O0,E +e,E +e,E +£,E, +J,

By further assuming,

0x 0 0o, Eo 0 &y Mo O Hy
=0 o, 0| ; =0 ¢, 0 ; pn=s0 4, O (7.2)
g, 0 o, £ 0 &, My 0 Hg
Eq. (7.1) can be separated into two independent systems; i.e.,
oE, : .
- :_/uxxHx_luszz_Mx
0z
OH, OoH, _ :
TMi =X -—2 =0, +e,E, +, (7.3)
oE, : :
:_/uszx_luzsz_Mz
0Xx
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oH . :
- y:o-XXEX-i-o-XZEZ-i-E'XXEX-i-E'XZEZ-i-JX
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The first system, equations (7.3), which is called transverse magnetic mode (TM mode)

includes E,, H , and H, and the second system, equations (7.4), so called transverse

electric mode (TE mode) includes H,, E,, and E,. Because these two sets of equations are

independent of each other, the total electromagnetic field reduces to the sum of TE and TM
fields which propagate in the model independently. In TM field, the magnetic vector is
transverse to the y-direction and perpendicular to the electric vector. The TM field can be

excited by an electric current density J, (x,zt).

In the following sections, the imaging formulas are simplified for 2-D TM case in
isotropic and biaxial anisotropic structures. The z-axis is considered to be downward from the
upper surface toward the pristine structure and the measurement line parallel to the x-axis.

7.1. Born Imaging Formulas in TM Field

For TM mode in biaxial structures, the Born imaging formulas (5.1.22)-(5.1.24) are
reduced to:

= oo J T [ AN ] [
28,0 (X,2)= =D [ EP, (X, Z1) e (X, 2,1 clt (7.1.2)
j=1
~ 1ol J T BP (R R | r
40,,,(X,2) ==Y [ Ef (X2 8) Ey e (X, Z,1) ot (7.1.2)
j=1
-~ oo J T BP [ ] ' (A [
Do (X,2) == [ HIE, (X Z0) H e (X, Z,8) ot (7.1.3)
j=1
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M o7 .
M, »(X,Z)=- HY (X, Zt)H, . (X,Z,t)dt
@ ;L P el (7.1.4)
(@=E,H,.H,)

Where the differential equation (DE) formalisms of the back-propagated scattered fields
are given by:

aBP

yd’ml —_ —_
62 /uxxb xtpgmj X;]

HE  OH®

el 20, B N=E N (7.15)
B2y 0N,
For ®=E,: I\7IX ZEymJ(xi,zi,t)é'(x—xi)é'(z—zi); l\7lz;j=0;
For @ =H, ZHXm,(x,z,t)d(x-x)d(z—z); J,; =0; M, =0;
For @=H,: M, ;=0; J, =0 ZHZm,(x,z,t)o'(x-x)o'(z-z);

The corresponding integral equation (1E) formalisms of the back-propagated scattered
fields also assume the following forms

E%, (x’,z’,t’):iZ:J:é L2 5%, 200 B L (X, 2, D)t (7.1.68)
HEY (x',z',t')=izij:ég{b(x',z',t, X2 1) ES o (%, 2, D)t (7.1.78)
H2%, (X, Z,t)= Zj G (X, Z,t5%,2,t) EL o (%, 2, )t (7.1.83)
. (x',z',t')=iZ:J G (X, Z, 5%, 2,t) HY s (%, 1) it (7.1.6b)
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In isotropic structures, the Born imaging formulas are reduced to:

MooT .
28,(X,2) ==Y [ EJ, (X, Z\t) B,y (X, 2,1 t
j=1
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HE (2 H e, (X, Z,0)]

z;inc; j

with the following DE formalisms of the back-propagated scattered fields:

a BP
i A2 e Y
62 /ub XID%IJ Ile;j
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' Poat s ' Poat s
- B = ; =0 = 0B T B e Ty
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(7.1.7b)

(7.1.8b)

(7.1.60)

(7.1.70)

(7.1.8¢)

(7.1.9)

(7.1.10)

(7.1.11)

(7.1.12)

Applying the approximation defined in Eq. (6.1) on the incident field components, Eg.

(7.1.1) to (7.1.4) and Eq. (7.1.9) to (7.1.11) are smplified to:
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R "

M
28,(X,Z)0-2 A, (X,Z)Eg,_ (X, z,r, (X,7))
= "

yiinc; j

(X,2) Ejy, ., (X.Z, Te,,. (X,2))

yiinc;

A40,(x',Z) 0 —i A

(x,Z)H o (X021, (X,Z))+

x;inc; x;inc; j

21, (X, 2) D=3 [A,
A,

(Xla Z,) H S;xahj (Xla Zla THZ;MC;] (Xla Z,))]

z;inc; j

(7.1.13)

(7.1.14)

(7.1.15)

(7.1.16)

(7.1.17)

(7.1.18)

(7.1.19)

Using relations (1.29) and applying similar approximation on the Green’s functions, the

back-propagated scattered fields can be simplified as:
BP A d
Ey;Eym;J' (X,Z.t) D_Z AGyEyJ-b.i (X,2) Ey;scat;j (%, z,t'+ rGyEyJ (x,2))
i=1 -

sbsi

N
H E;Eym;j (x,z\t) D+Z Aex”j-b-i (X.2) ES;scat;i (x,z, '+ T, (x,2))
i=1 o o
BP N d
H 2Byt ] (X,’ Z,’t,) D+Z A;g?b_i (X,’ Z,) Ey;&:at;j (Xi ' Zi ' t, + TGZI;J-b.i (X,’ ZI))
i=1 o o

N
ES,;PHX%I;j (X’, Z’,t’) D+Z A;;Mb_i (X,! ZI) H )c:;scat;j (Xi ' Zi ’ t, + TG;,EXMb_i (X’, ZI))
i=1 - -

N
H (X, Z 1) 0= Ay (X,Z)H et (%, Z, U+ Tom (X,2))
i=1 o -
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(7.1.200)

(7.1.213)

(7.1.224)

(7.1.20b)

(7.1.21b)



HBP

Z ;HX gy

EBP

Vi HZ gy

H &P

X HZgy

HBP

Z;Hzgy

L X,z t)D—ZAGHM (X, z)mej(xi,zi,t’+rG;;Mb;i(x’,z’))
L (X, Z t)D+ZAGEM (X, z)watj(xi,zi,t’+rGyEZ;Mb;i (X,2))
L X7 t)D—ZAGHM (X, z)Hzmj(xi,zi,t’+rGXHZ;Mb;i(x’,z’))

L x.Z t)D—ZAGHM (X,2) watj(xi,zi,t’+rG;;Mb;i (X,2))

(7.1.22h)

(7.1.20c)

(7.1.21c)

(7.1.22¢)

Substitution of the above back-propagated scattered fields into Eq. (7.1.13) to (7.1.19)
results in the following real-time imaging formulas:

nyy(X Z)D+Z'A\Ey.nc,ZA5- yscatJ(X"Z"rE -'+TGyEyJ;b;i)

ysinc; j

WHX(X Z) D_ZAEylncle EM. XscatJ(X"Z" TE j +TGEM )

y;inc; j yx;b;i

N

y inc; j

M
AS\W;HZ (X,, Z,) D_Zl A;y?inc;i Zl AG;/EZM i Z scat i (X' ! Z' r - + Z-(3‘;/Ez’\;/|b;i )
i= i=

Oy, Ey(X Z) |:|+ZAEy|nc|ZA B yscatJ(XI’Zl’ Te Eyiinc:j Gijb,)
M N
- ! !
Aaw;Hx (X ' Z) D_Z AEy;inc;i Z AG;M ) xscat j (XI TE T Bying + TG;XMbi)
j=1 i=1
M N
- ! !
Aaw;Hz(X ' Z) D_Z AEy;inc;i Z AG;M ) Zscat j (XI TE T Bying + TG;MDI )
j=1 i=1

M N
A'aXX:Ey(X" Z') D_Z AHx'inc'j Z AG”J. i yscat j (XI Gy Ty ot Tom )
j:l el A xy:bii xy:bii

x inc; j

Dy (X Z)D+ZA4 ZAGHM H s (%0 20 T, HTgm )

x;inc; j xmc;] X i
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(7.1.239)

(7.1.23b)

(7.1.23¢)

(7.1.243)

(7.1.24b)

(7.1.24¢)

(7.1.258)

(7.1.25b)



A, ., (X, 2) D+ZAH ZAGHM Hiogor (X020 Ty T ) (7.1.25c)

x;inc; j xmc;] xz:bi

M N

A/:\IZZ;EV (X” Z’) b _Z AHz;inc;i Z 'Atgﬂb-i yiseat; j (XI ! Z' T Hzinc;j + TGHJ r ) (71263)
j=1 R ' b

A/'Izz Hx(X Z) D+Z A—|Z|ml ZA;HM xg:at j (X| 1Z| T ch;i +TGS(NIIJI ) (7126b)

A, (X,Z) D+ZAH ZAGHM Hiogor (X020 Ty T ) (7.1.260)

z;inc; j zmc;j z;bi

N

A&, (X,Z) D+Z A Zl Ao, E e (X2 2, e, Flee, ) (7.1.279)
N
4E, (X',Z) D—Z A ZA o H o (X1 Z, et rGyEbe.) (7.1.27b)
N
AEHZ(X Z) D_Z AEymcl Z A E’V' b Z scat i (X| ) Z| ) T Eyinc:) + TG;’\;Ab;i ) (7127C)
M N
A0,(X.Z) O+ A > A Ejei (6.2, Te | +Tcs ) (7.1.289)
j=1 i=1 o
M N
A0, (X, 2) O3 A > Ay Hiem (%20 T +Tce ) (7.1.28D)
=t inc: -y Vi Eyiinc: yxibii
M N
40, (xX,Z)0-2 A > Agey H pat) (5120 Te, + Toay) (7.1.28¢)
=1 i=1
M N
AﬂEy(X,, Z,) D _Z{ A']X:inczi Z AGX';J:b;i yiscat; | (Xl ! Z' T xmt::i + TGXF;/J:b;i ) +
= . (7.1.29)
AHz;inc;j Z AGZ';J;b;i y;scat; j (X| ’ Z| ’ T ch;j + TGZ';J;b;i )}
i=1

M N
Bt (X Z) O 2AA D Ay Hcaa (6020 T+ Ty )+
j=1 i=1 - H

Hy; inc; j

(7.1.29b)

o))

z inc; j

N
AHZ;inc;i Zl 'AG;'J;\{',;i X;scat; j (X| ’ Z| T
i=
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Hy, inc; j

M N
AﬁHZ(X,’ Z,) D +Z{ AHx;inc;i Z AGx';Nllal zscat; | (XI ! Z' T j + TGE’;VlI);i ) +
j=1 i=1 (7129C)

N
AHZ;inc;i Z AG;’;VII:;i zscat; | (XI ! ZI ! T + TG;Nllyi )}
i=1 -

z ;inc; j

In the above relations, the dependency of all amplitudes and traveltimeson x' and Z' is
not shown for the sake of brevity.

7.2. Electromagnetic Migration Imaging Formulas in TM Field

Based on the assumed coordinate axis configuration, the unit normal vector pointing
outward of the measurement line is n=-k, where k is the zaxis unit vector. Then, the

migration imaging formulas (4.1.22) to (4.1.24) for biaxial structures are reduced to:

4, (X,2) ——ZJ B e (X, Z,1) Ey;mc;j(x’,z’,t’) dt’ (7.2.2)
4, (X, z)——ZJ B (X5 Z01) B e (X, Z,1) dt (7.2.2)
a4, (X,2) = —ZJ H e (X5 Z,1) I-'Ix;mc;j (x',Z,t") dt’ (7.2.3)
A, (X, Z)= —ZJ H o (X, Z,1) I-'Iz;mc;j (x',Z,t") dt’ (7.2.9)

Where the DE formalisms of the migrated scattered field, Eq.(4.1.26) or Eq. (4.1.27),
take the following forms, respectively.

aEy iscatj — . d

62 /uxxb xscatj_ZEy;scat;j()g’zi’t)é(x_)g)é(z_zi)

i=1
O, O . m
i tJ = Ey ;scat; j E Ey ;scat; j +ZHX scatj()g!Z!t)é(X_)g)é(z_Z) (725)

0z 0x
aEm

yascatj = H;nscatj

X




m

aEy;scat;J — |_'|m
9z _iuxx;b X;scat; j
m m

aHx;st:atj aHz;st:at;j =0 Em Em
dz X ~Cyyipbyiscatj — Y scat; j
m

aEy;st:at'j Hm
aX Za:atj

BC yscatj(xl th) Eyscatj(xi’zi!t)
xscatj(xl th) Hxscatj(xi’zi!t)

(7.2.64)

(7.2.6b)

Also, the corresponding IE formalism of the migrated scattered field, Eq. (4.1.25), is

expressed as.

yscat(X Z t) ZJ [G (X Zt’ |’Z| t)EyscatJ(Xl’ |!t)+

GE"b(x Z .t x, ,,t)mej(xi,;,t)]dt
I I I N t’
Hwu (X, Z,8) = 3 [ [GHG (X, 285X, 2,0) By o (%, 2,0) +
i=1
GHJb(x Z .t x, ,,t)mej(x,, z.,t)] dt

N v o~
H o (4, Z,8) =3 [ TG (X, 2,1 %,2,) By g (X, Z,1) +
i=1

GHJb(X Zt! |!Z| t)HxscatJ(Xl! |!t)]dt

For isotropic structures, the migration imaging formulas are simplified to:

AE(X,Z) = —ZJ B e (X, Z0t") By e (X, Z, 1) dlt!
A6 (X,Z) = —ZJ Eea; (X, Z,t) E i (X, Z,t) dt

AIU(X Z) - _ZJ [Hx ;scat; j (X,’ Z,!t,) I_.Ix;inc;j (X,! Z,!t,) +

Zscatj(x z\t" Hzmc;j(x’,z’,t’)] dt’
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(7.2.8)

(7.2.9)

(7.2.10)

(7.2.11)

(7.2.12)



with the following DE formalisms of the migrated scattered field:

OE™_,
#: oscat ZEy e (%,2,) O(x=%)3(2- 7))
_OHT |, OH )
aztl axtl _O'bEyscatJ yscatj ZHxscatJ(Xi,zi,t)é—(x—xi)é_(z—Zi)(7.2.13)
%— m
gx bzt
OE"_,
ya—ZtJ:'ub X;scat; j
_OH i, OH s i )
0z t; j = t; j ZUbEy ;scat; j _EbEy scat (72148)
_OE], .
<y3xtJ = HoH 2 iar

t)=E -, Z,t
BC{ B (% 2.0) = ES o (X, 21) (7.2.140)

xscatj(xl th) Hxscatj(xi’zi!t)

Applying the approximation defined in Eq. (6.1) on the incident field components, Eg.
(7.2.1) to (7.2.4) and Eq. (7.2.10) to (7.2.12) are smplified to:

A€ (X,Z) D—il AEy (X,Z) B (X, Z”TE‘W”C;] (x,2)) (7.2.15)
=

40, (X,Z) D—il A, (X,Z) E e (X z,re,  (X,Z)) (7.2.16)
=

a1, (X,2Z) D—éAHm (X, Z) H . (X”Z”Tﬂx;mc;j (x,2)) (7.2.17)

A4, (X, 7Z) D—iﬁﬁ (X, Z) H (X”Z”TH‘z;mc;; (x,2)) (7.2.18)

Ae(X,Z) D—il AEW (X,Z) B (X, Z, Te e, (x,72)) (7.2.19)

=
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ysinc; j

A0(X,Z) D—iAE (X, Z) Bfqa;; (X, 2T (X,Z))) (7.2.20)

x;inc; j Xii

Aﬁ(x’,z’)D—i[AH (X, Z) Hyge (X, 2,7, (X,Z))+
= e (7.2.21)

A (XZ) Ml (X, (X,2))]

z;inc; j

Using relations (1.29) and applying similar approximation on the Green’s functions, the
real-time imaging formulas take the following forms:

M N
Ae (X,Z) 0= . > [A.« Ej o (x,,z,,r AT )—
g 2 e &g By o (7.2.22)

As;fgj;b;i Xa:at i (Xl ! Z' ! r ;in i

M N
ot I !
AUW (X ’ Z) D _; 'AEy;im;i Z[A}a\fb:i y;scat; j (XI ! Z| ! T Eyiinc; + TG;";"M ) -

(7.2.23)
AGEJ;i Xscatj X, |’TE.C,+TGij;b;i)]
4, (X,7) D—ZAHWZ[ Aoy, B (5020 T +Tom )+ (7.2.24)
Agsy, Hitwar) (6020 Ty T )]
au,(x',2) D-ZAW,Z[ Ae“M yscatl(x"z" T i +TG§MDI)+ (7.2.25)
Agsy, Hiteai (6020 Ty T )]
s o -
262 02 Ay DA B (X020 T, H oy ) (7.2.26)
Ase, Hitwi (6,20 Te +TGyEyJ;bl)]
10 - 8
A5 (X,2) D—; A, iz[Ae%;a visai) (%020 T+ Togy ) (7.2.27)

ABEJ;i xscatj " "TEICI+TG>§yJ:b-')]
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BE(X,7) D—é{ A YlAu B
Ao, 1

Aty Z:[‘Aem;i

gy, 1

y;scat; (X| ! Z' ! r xmc;j + rGngi ) *
+
X; scat i (X' ! Z' ! r H ine; + Z-G‘X'-;/J;b;i )] (7228)

ymatJ(X“Z" r zmc;j +TG;<’VIIJI)+

xscat j (X| ’ Z| ' T + TGZ';?b;i )]}

z inc; j
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8. Numerical Results

The effectiveness of the electromagnetic (EM) migration and Born imaging algorithms
for 2-D damage imaging of both isotropic and anisotropic structures is demonstrated in this
chapter. For isotropic case, a reinforced concrete slab with horizontal crack and debonding
damages and for anisotropic case, a glass/epoxy composite plate with two delaminations, are

considered.

For each case, the imaging quality of both differential equation (DE) and integral
equation (IE) formalisms of the proposed algorithms are examined. In addition, the imaging
quality of the DE formalism of the algorithms utilizing the poststack concept is investigated.

A finite difference time-domain (FDTD) method based on Yee algorithm (Yee, 1966)
with second—order of accuracy in both time and space is used for generating all synthetic
sensor data, incident field, the fields associated with the Green’s functions of the pristine
structure, and back-propagated (migrated) scattered field. The grid sizes in both x and z

directions are assumed equal (4x =42). In order to ensure numerical stability, the time step
is chosen (Taflov, 1995): At = O.9Ax/(coﬁ) , Where ¢, =3x10° m/sis the velocity of the
EM waves in vacuum.

The transverse magnetic (TM) field is excited by an electric current density line source

J,(X,Z,t) = d(x~=x;) d(z-z;) f(t), a y-directed line source passing through the point
(X;,Z;). The time history of the current density (unit in Amperes) is considered to be a

Hanning window modulated sinusoid:
fO=[HA)-HE-N_/f)][1-cos(2f t/N )] sin(2r7f 1) (8.1

Where H(t) is Heaviside function, N =1, and f_ isthe dominant (central) frequency.

Note that in real application, the radiation pattern and directivity of the transmitter and
receiver antennas, actuators and sensors, should be accounted for in the modeling.

As previously mentioned, the sensor data must be collected in a zero-offset configuration
when the poststack concept is to be used in the proposed algorithms. However, the synthetic
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data generated based on the exploding reflector model does not correctly represent the zero-
offset data. Therefore, instead of solving the forward problem one time using exploding
reflector model, the problem should be solved as many times as the number of
sensor/actuator pairs using the actual damaged model to obtain the correct synthetic zero-

offset data. In order to use the poststack concept in the algorithms, zero-time imaging
condition is applied to the back-propagated (migrated) scattered field components E2°

y;scat !

HBP

X;scat 1

and HN ., (EJea, Higw, and HY

y;scat ! x;scat 1 z;scat

) computed in a 2:1 scaled pristine structure.

Therefore, three different images can be obtained.

To show the robustness of the imaging algorithms to measurement noise, the sensor data
is contaminated by an additive white Gaussian noise with zero mean and standard deviation
o (not confused with the conductivity). Signal-to-noise ratio (SNR) is considered to be equal

d
y;scat !

to 5 with the following definition for E for instance:

(8.2)

M EZ_)?
S\lR:]_O'Oglo{ ean[( 2y,scat) ] }

g

It should be noted that the artifacts in images are generally due to several factors some of
which are coarse actuator/sensor spacing, limited sensor span, limited bandwidth of the
excitation signal, and material discontinuity in the pristine structure. In the following, the
effect of the actuator/sensor spacing and the material discontinuity in the pristine structure
are investigated.
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8.1. Isotropic Case

A reinforced concrete slab (depth: 5 cm) with three square rebars having 11 mm
diameters and center locations (1, 2.5), (5, 2.5), and (9, 2.5) cm is considered as the pristine
structure. Fig. 8.1.1 illustrates the cross section of the damaged structure having a horizontal
crack (crack area 11 mmx2 mm) with the center at (3, 3) cm and a debonding between the
middle rebar and concrete with the debonding thickness of 2 mm. It is assumed that above

and below the slab isair and actuators and sensors are uniformly located on the upper surface
of the concrete slab with a sensor span of 108 mm.

x(em)

Fig. 8.1.1. Cross section of areinforced concrete dab with multiple damages
The central frequency of the excitation signal is assumed to be f, =7.65GHz. Fig. 8.1.2

and 3 show the time history of the excitation signal and its amplitude spectrum, respectively.

Time History of Excitation Signal Magnitude of the Fourier Transform of /(1)

i)
F{ )

() e o mw a0 s o o 40 60 a0 10
Time (ps) Frequency (GHz)
Fig. 8.1.2. Thetime history of the excitation signal Fig. 8.1.3. The amplitude spectrum of the excitation

signal
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Considering relative dielectric constant and conductivity of the concrete to be &, =5.3

and g =0.05 S/m, the central wavelength of the excitation signal in concrete is about 17 mm

(A Oc, /(4 1.)). Also, based on 3% of the maximum amplitude of the excitation signal

spectrum, the maximum frequency and minimum wavelength of the signal in concrete are
found to be about 21.7 GHz and 6 mm, respectively. It is also assumed that the properties of

therebarsare £, =1 and 0 =1.03x10" SYm . Considering the minimum wavelength, the grid

sizeischosenequal to 1 mm (4x=A4z=1mm).

Fig. 8.1.4 to 6 illustrate three components of the scattered field data (the measured
incident field subtracted from the measured total field) excited from an actuator located at

x =50mm with sensor spacing of 4, =6 mm.

The y-component of the scattered electric field data

Time (ps)
5 8
=] =]
~ N~

) 8 20 32 44 56 68 80 02 104
Sensor Position x (mm)

Fig. 8.1.4. The y-component of the scattered el ectric
fiedld data, EY excited from an actuator at

x =50mm With sensor spacing of 4_=6mm
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The x-component of the scattered magnetic field data

E. % <

4 8 20 32 a4 56 68 20 52 104
Sensor Position x (mm)

Fig. 8.1.5. The x-component of the scattered magnetic
fiedld data, HY o excited from an actuator at

x = 50mm With sensor spacing of 4_=6 mm



The z-component of the scattered magnetic field data

4 8 20 32 a4 56 &8 80 2 104
Sensor Position x (mm)

Fig. 8.1.6. The zcomponent of the scattered magnetic field data, HY o excited from an actuator at x = 50mm
with sensor spacing of 4_ = 6 mm
Note that the actuator-sensor array can only reconstruct the upper part of the debonding
due to the total reflection of EM waves by the metal rebars.

To observe the negative effect of the material discontinuity in the pristine structure, the
resulting images are compared with the images from a new damaged structure including a

half-space concrete without rebars and the original damages.

As mentioned in Chapter 6, there are several methods for reducing the artifacts related to
the material discontinuity in the pristine structure. Here, in order to remove undesired
internal reflections, a modified pristine structure, a half-space concrete, instead of the actual
pristine structure, is used for the computation of the incident field, Green’s functions, and
back-propagated (migrated) scattered fields in the image area. Obviously, the measured
incident and total fields are obtained from the actual pristine and damaged structures,
respectively. Note that by using this method, no information about the positions of the rebars
inside the pristine concrete structure has to be known a priori which is valuable in real

applications.

Finally, to observe the typical shortcoming of the algorithms mentioned in Chapter 6,
another damaged structure including a concrete slab without the rebars and the original
damages is investigated.
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8.1.1. Born Imaging (DE Formalism)

Eqg. (7.1.9) - (7.1.11) represent the imaging formulas with zero-lag cross-correlation
imaging condition. The corresponding imaging formulas with modified excitation-time
imaging condition are Eq. (7.1.17) - (7.1.19); the imaging formulas with ordinary excitation-
time imaging condition are easily obtained by setting the amplitudes to unity. Note that the
back-propagated scattered fields are computed by FD discretization of differential equations
(7.1.12) for the pristine structure. Also, the application of both first and maximum-energy
arrival criteria for the calculation of the traveltimes and amplitudes are examined.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases A4,, =6mm=A_ unless
otherwise stated):
(A) Hya
(B) Ey.ca
(©) Hiia
(D) H{ < (contaminated by noise with SNR=5)
(B) HY o (4, =9mm=154_,)
(F) Hyu (4,=12mm=2A,)
(G) Hf;scat (damaged structure: half-space concrete without rebars and the original
damages)

(HH f;m (modified pristine structure: half-space concrete without rebars)

(1) H{ o (damaged structure: concrete slab without rebars and the original damages)
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Fig. 8.1.1.1 to 15 show the images obtained by the Born imaging algorithm in DE
formalism with different imaging conditions in Case (A). The geometries of the damages
have been correctly identified with the least artifacts in the permittivity images shown in Fig.
8.1.1.1 and 3. It is also observed that when the zero-lag cross-correlation imaging condition
has been approximated by the ordinary or modified excitation-time imaging condition, the
application of the maximum-energy arrival criterion for the calculation of the traveltimes
(and amplitudes) has provided better damage identification (specially for the debonding
damage) than the application of the first-arrival criterion. Notice that the images obtained by
the modified excitation-time imaging condition with maximum-energy arrival criterion are
comparable in quality to the images obtained by the zero-lag cross-correlation imaging

condition.

Fig. 8.1.1.16 to 21 show the images obtained by the modified excitation-time imaging
condition with maximum-energy arrival criterion for different measurement scenarios in
Cases (B) and (C),.

Fig. 8.1.1.22 and 23 illustrate the effect of the measurement noise with SNR=5 on the
permittivity images in Case (D). These figures show that the algorithm is quite robust against
the measurement noise. To show the effect of the actuator/sensor spacing on the images
quality, the permittivity images with 4., =1.5A ., 24, are shownin Fig. 8.1.1.24 to 25.

The artifacts resulting from the increase in the actuator/sensor spacing can be easily observed
in these figures.

Fig. 8.1.1.26 to 31 illustrate the images for a new damaged structure including a half-
space concrete without rebars and the original damages in Case (G). Due to the simplicity of
the pristine structure in this case (i.e., half-space concrete), all permittivity, permeability, and
conductivity images obtained by different imaging conditions have provided good damage
identification. The best damage identification has been still provided by the modified
excitation-time imaging condition with maximum-energy arrival criterion. Notice how the
artifacts related to the material discontinuity in the pristine structure in Case (A) images,
have disappeared on the corresponding images in Case (G).
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Fig. 8.1.1.32 to 37 present the images when a modified pristine structure (a half-space
concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been
used for the computation of the incident and back-propagated fields in the image area. Notice
how the artifacts related to the material discontinuity in the actual pristine structure in Case
(A) images have been eliminated.

Fig. 8.1.1.38 shows the permeability image for a damaged structure including a concrete
slab without the rebars and the original damages. Notice how a false damage related to the
typical shortcoming of the algorithm has been imaged near the lower interface of the slab.

e-image: Zero-Lag Cross-Correlation Imaging Condition e-image: Excitation-Time Imaging Condition (First-arrival traveltime}

| L B -
']
i _
l- »
|
gzl - |
| S N
| .- |
| \_ ;
4/
56 1 2 3 4 5 6 7 8 9 10
xfcm) x{cm)
Fig. 8.1.1.1. Case (A); Permittivity image; Zero-lag cross- Fig. 8.1.1.4. Case (A); Permittivity image; Excitation-time imaging
correlation imaging condition; condition (First-arrival);
e-image: Excitation-Time Imaging Condition (Max-energy traveltime) e-lmage: Modifled Excitation-Time Imaging Condition (First-arrival traveltime)
0 - 0 = .

0 1 2 3 4 5 6 7 8 8 10 VK 2 3 4

5 [ 7 8 9 10
x({ecm) x(em)

Fig. 8.1.1.2. Case (A); Permittivity image; Excitation-time imaging Fig. 8.1.1.5. Case (A); Permittivity image; Modified excitation-time
condition (Max-energy arrival); imaging condition (First-arrival);

z-image: Modified Excitation-Time lmaging Condition (Max-energy traveltime) peimage: Lero-Lag Cross-Correlation Imaging Condition

x{om) x{em)

Fig. 8.1.1.3. Case (A); Permittivity image; Modified excitation-time  Fig. 8.1.1.6. Case (A); Permeability image; Zero-lag cross-
imaging condition (Max-energy arrival); correlation imaging condition;
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Fig. 8.1.1.10. Case (A); Permeability image; Modified excitation-
time imaging condition (First-arrival);
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Fig. 8.1.1.12. Case (A); Conductivity image; Excitation-time
imaging condition (Max-energy arrival);
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Fig. 8.1.1.13. Case (A); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival);
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Fig. 8.1.1.14. Case (A); Conductivity image; Excitation-time
imaging condition (First-arrival);



a-image: Maodiflied Excitation-Time Imaging Condition (First-arrival traveltime)
o .

e-image: Modified Excitation-Time Imaging Conditlon (M:
Q

x{em)

x{cm)
Fig. 8.1.1.15. Case (A); Conductivity image; Modified excitation-
time imaging condition (First-arrival); Fig. 8.1.1.19. Case (C); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival);

-image: Modified Excitation-Time Imaging Condition (Max-encergy traveltime)

p-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
1]

~

x{cm)
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Fig. 8.1.1.18. Case (B); Conductivity image; Modified excitation- ) o
time imaging condition (Max-energy arrival); Fig. 8.1.1.22. Case (D); Permittivity image; Zero-lag cross-
correlation imaging condition; Noisy data SNR=5;
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Fig. 8.1.1.23. Case (D); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Noisy data SNR=5;
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Fig. 8.1.1.24. Case (E); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); A, =15A;
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Fig. 8.1.1.25. Case (F); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); A, =2 )|m.n;
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Fig. 8.1.1.26. Case (G); Permittivity image; Excitation-time
imaging condition (Max-energy arrival); Half-space concrete;
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Fig. 8.1.1.27. Case (G); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete;
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Fig. 8.1.1.28. Case (G); Permittivity image; Excitation-time
imaging condition (First-arrival); Half-space concrete;
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Fig. 8.1.1.29. Case (G); Permittivity image; Modified excitation-
time imaging condition (First-arrival); Half-space concrete;
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Fig. 8.1.1.30. Case (G); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete;
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Fig. 8.1.1.31. Case (G); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete;
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Fig. 8.1.1.32. Case (H); Permittivity image; Excitation-time
imaging condition (Max-energy arrival); Modified pristine
structure;
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Fig. 8.1.1.33. Case (H); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine
structure;
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Fig. 8.1.1.34. Case (H); Permittivity image; Excitation-time
imaging condition (Firgt-arrival); Modified prigtine structure;
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Fig. 8.1.1.35. Case (H); Permittivity image; Modified excitation-
time imaging condition (First-arrival); Modified pristine structure;
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Fig. 8.1.1.36. Case (H); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine
structure;
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Fig. 8.1.1.37. Case (H); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine
structure;
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Fig. 8.1.1.38. Case(l); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Concrete dab
without rebars;



8.1.2. Born Imaging (DE Formalism; Poststack)

The three different images for each type of measurement can be obtained by applying

the zero-time imaging condition to the back-propagated scattered field components EZ°

y; scat ?
Hoh. and HIL, computed by FD discretization of differential equations (7.1.12) for a2:1

scaled pristine structure.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in al cases 4=3mm=05A4_,, unless

otherwise stated):

(A) E}

y ;scat

(B) H,

X ;scat

(©) H;

z;scat

(D) HZ . (contaminated by noise with SNR=5)

X ;scat

(E)H! . (A=6mm=A_)

X ;scat

(P Hf;scat (damaged structure: half-space concrete without rebars and the original

damages)

(G H f;m (modified pristine structure: half-space concrete without rebars)

(HH f;m (damaged structure: concrete slab without rebars and the original damages)

Fig. 8.1.2.1 to 9 show the images obtained by the Born imaging algorithm in DE
formalism using the poststack concept in Cases (A) to (C). The EZ°_ -images have provided

Y, scat
the best damage identification among the images. Also, the horizontal crack has not been
-images. Moreover, when H¢__ has been used as the data,

z,scat

completely imaged in the H "

z,scat

the horizontal crack has not been completely identified.
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Fig. 8.1.2.10 illustrates the effect of the measurement noise with SNR=5 on the E*

y;scat

image in Case (D). This figure shows that the algorithm is quite robust against the

BP
y; scat

measurement noise. Fig. 8.1.2.11 shows the E,’_, -image with the actuator/sensor spacing of

A=A, - The artifacts resulting from the increase in the actuator/sensor spacing can be

easily observed in this figure.

Fig. 8.1.2.12 to 14 illustrate the images for a new damaged structure including a half-
space concrete without rebars and the original damages in Case (F). Due to the simplicity of
the pristine structure in this case (i.e., half-space concrete), all three images have provided
good damage identification. Note that the horizontal crack still has not been completely

identified inthe H "

z,scat

-image.

Fig. 8.1.2.15 to 17 present the images when a modified pristine structure (a half-space
concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been
used for the computation of the back-propagated field. Notice that the damage identification
has been improved in the HE_, and H}.. -images compared to the corresponding images

in Case (B).

Fig. 8.1.2.18 shows the EX._, -image for a damaged structure including a concrete slab

y; scat
without the rebars and the original damages. Notice how two false damages related to the
typical shortcoming of the algorithm have been imaged near the lower interface of the slab.

It is worth mentioning that Sanada and Ashida (1998) applied a 2-D TM poststack RTM
using FDTD method. However, the synthetic sensor data was generated based on incorrect
exploding reflector model.
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Fig.8.1.2.3. Case (A); H ZE?ant -image obtained by poststack Born
imaging;
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Fig.8.1.2.6. Case (B); H Zﬁfzcat -image obtained by poststack Born
imaging;



BP .
E. our IMage

EB.P

v iseat

- image

=

£ /\.
)

k)

5]

0 1 2 3 4 5 [ 7 8 ] 10 x({cm)
x (em)
Fig.8.1.2.11. Case (E); EE!':Cat -image obtained by poststack Born
Fig. 8.1.2.7. Case (C); EBP _ -image obtained by poststack Born L v
. . y; scat imaging; A= Amin ;
imaging;
Hf_‘:m - image

EHP

ey image

x(cm)
x{em)
Fig.8.1.2.12. Case (F); Eyﬁf';at -image obtained by poststack Born
. e ) :
Fig. 8.1.2.8. Case (C); HZF,, -imege obtained by poststack Born imaging: Hal- concrete;
imaging;
Hf_‘:m- image

x({cm)
x (em) . . . ]

Fig.8.1.2.13. Case (F); H XE?:@‘ -image obtained by poststack Born
. e ) ;
Fig. 8.1.2.9. Case (C); HZF -imege obtained by poststack Born imaging; Half- concrete;
imaging; —

H: eqr Mg

BP . ;
E.-;m ;- image

x(cm)
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Fig. 8.1.2.15. Case (G); Eyﬁf';at -image obtained by poststack Born
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Fig.8.1.2.16. Case (G); H XE?:W -image obtained by poststack Born
imaging; Modified pristine structure;
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8.1.3. Born Imaging (IE Formalism)

Eq. (7.1.27) - (7.1.29) represent the real-time imaging formulas in the |E formalism of
the Born imaging algorithm. The amplitudes and traveltimes of the incident field and Green’'s
functions are computed by FD discretization of ordinary Maxwell’ s equations for the pristine
structure. The application of both first-arrival and maximum-energy arrival criteria for the

calculation of these traveltimes and amplitudes are examined as well.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases A4,, =6mm=A_ unless

otherwise stated):

(A) H{

X ;scat

(B) Ey.ca

(©) Hiia

(D) H{ < (contaminated by noise with SNR=5)

(B) HY o (4, =9mm=154_,)

(F) Hyu (4,=12mm=2A,)

(G) Hf;scat (damaged structure: half-space concrete without rebars and the original
damages)

(HH f;m (modified pristine structure: half-space concrete without rebars)

(1) H{ o (damaged structure: concrete slab without rebars and the original damages)

Fig. 8.1.3.1 to 8 show the images obtained by the Born imaging algorithm in the IE
formalism in Case (A). The geometries of the damages have been correctly identified with
the least artifacts in the permittivity image shown in Fig. 8.1.3.2. It is also observed that
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including the amplitude in addition to the traveltimes in the approximation of the incident
field and Green's functions has significantly improved the images quality (only shown for
the permittivity images). Notice that the images obtained based on the maximum-energy
arrival criterion for the calculation of the traveltimes and amplitudes have provided better
damage identification (specially for the debonding damage) than those of based on the first-
arrival criterion. However, the images obtained based on the first-arrival criterion contain
fewer artifacts.

Fig. 8.1.3.9 to 14 show the images obtained based on the maximum-energy arrival
criterion for different measurement scenarios in Cases (B) and (C).

Fig. 8.1.3.15 illustrates the effect of the measurement noise with SNR=5 on the
permittivity image in Case (D). This figure shows that the algorithm is quite robust against
the measurement noise. To show the effect of the actuator/sensor spacing on the images
quality, the permittivity images with 4., =154 ., 24, are shown in Fig. 8.1.3.16 and

17. The artifacts resulting from the increase in the actuator/sensor spacing can be easily
observed in these figures.

Fig. 8.1.3.18 to 23 illustrate the images for a new damaged structure including a half-
space concrete without rebars and the original damages in Case (G). Due to the simplicity of
the pristine structure in this case (i.e., half-space concrete), all permittivity, permeability, and
conductivity images obtained based on both first and maximum-energy arrival criteria have
provided good damage identification. The best damage identification has been still provided
by the maximum-energy arrival criterion. Notice how the artifacts related to the material
discontinuity in the pristine structure in the images obtained based on the maximum-energy
arrival criterion in Case (A), have disappeared on the corresponding images in Case (G).

Fig. 8.1.3.24 to 29 present the images when a modified pristine structure (a half-space
concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been
used for the computation of the incident and Green’s functions in the image area. Notice how
the artifacts related to the material discontinuity in the actual pristine structure in the images
obtained based on the maximum-energy arrival criterion in Case (A) have been eliminated.
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Fig. 8.1.3.30 shows the permeability image for a damaged structure including a concrete
slab without the rebars and the original damages. Notice how some false damages related to
the typical shortcoming of the algorithm have been imaged near the lower interface of the
slab.
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Fig. 8.1.3.8. Case (A); Conductivity image; Both G;’t and E
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Fig. 8.1.3.9. Case (B); Permittivity image; Both GyEyJ,b and E

are approximated based on maximum-energy arrival criterion; With
amplitude;
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Fig. 8.1.3.27. Case (H); Permittivity image; Both GyEx“-'L and Ey,im
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8.1.4. EM Migration (DE Formalism)

Eqg. (7.2.10) - (7.2.12) represent the imaging formulas with zero-lag cross correlation
imaging condition. The corresponding imaging formulas with modified excitation-time
imaging condition are Eq. (7.2.19) - (7.2.21); the imaging formulas with ordinary excitation-
time imaging condition are easily obtained by setting the amplitudes to unity. Note that the
migrated scattered fields are computed by FD discretization of differential equations (7.2.13)
or (7.2.14) for the pristine structure depending on westher the sensor data is treated as
sources or as time-dependent boundary conditions, respectively. Also, the application of both
first and maximum-energy arrival criteria for the calculation of the traveltimes and

amplitudes are examined.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases 4,, =6mm=4_,, and data is

n

treated as time-dependent boundary conditions, unless otherwise stated):

(A) ES_, and H?

y ;scat X ;scat

(B) Ej.o.e and H{. .., (assources)

y ;scat

(C) Only E®

y ;scat

(D)Only H

X ;scat

(E) Ej. and H{ ... (contaminated by noise with SNR=5)

y ;scat

(F) Ejw and H{ . (4,,=9mm=154))

y ;scat

(G) Ed and Hg;scat (As,a =12 mm = ZA min)

y ;scat

(H) E).. and H{_, (damaged structure: half-space concrete without rebars and the

y ;scat

original damages)

(I) Ef.cu and H{. . (modified pristine structure: half-space concrete without rebars)
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() Ef.o and HY ., (damaged structure: concrete slab without rebars and the original
damages)

Fig. 8.1.4.1 to 15 show the images obtained by the EM migration algorithm in DE
formalism with different imaging conditions in Case (A). The geometries of the damages
have been correctly identified with the least artifacts in the conductivity images shown in
Fig. 8.1.4.11 and 13. Notice that the images obtained by the modified excitation-time
imaging condition with maximum-energy arrival criterion are comparable in quality to the
images obtained by the zero-lag cross-correlation imaging condition. In addition, the
modified excitation-time imaging condition has often improved the images quality compared
to the images obtained by the ordinary excitation-time imaging condition.

When the sensor data has been treated as sources instead of time-dependent boundary
conditions in the EM migration in Case (B), the quality of images has been slightly

deteriorated as shown in Fig. 8.1.4.16 to 18. Surprisingly, the usage of only EZ__ or H?

Y ;scat X; scat
instead of both in the algorithm in Cases (C) and (D) has improved the quality of images as
shown in Fig. 8.1.4.19to 24.

Fig. 8.1.4.25 and 26 illustrate the effect of the measurement noise with SNR=5 on
conductivity images. These figures show that the algorithm is quite robust against the
measurement noise. To show the effect of the actuator/sensor spacing on the images quality,
2 A, areshown in Fig. 8.1.4.27 and 28. The

min ? n

the conductivity images with 4., =1.54
artifacts resulting from the increase in the actuator/sensor spacing can be easily observed in

these figures.

Fig. 8.1.4.29 to 34 illustrate the images for a new damaged structure including a half-
space concrete without rebars and the original damages in Case (H). Due to the simplicity of
the pristine structure in this case (i.e., half-space concrete), all permittivity, permeability, and
conductivity images obtained by different imaging conditions have provided good damage
identification. The best damage identification has been still provided by the modified

excitation-time imaging condition with maximum-energy arrival criterion. Notice how the

94



artifacts related to the material discontinuity in the pristine structure in Case (A) images,
have disappeared on the corresponding images in Case (G).

Fig. 8.1.4.35 to 40 present the images when a modified pristine structure (a half-space
concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been
used for the computation of the incident and migrated scattered fields in the image area.
Notice how the artifacts related to the material discontinuity in the actual pristine structure in
Case (A) images have been eliminated.

Fig. 8.1.4.41 shows the conductivity image for a damaged structure including a concrete
slab without the rebars and the original damages. Notice how a false damage related to the
typical shortcoming of the algorithm has been imaged near the lower interface of the slab.

e-image: Zero-Lag Cross-Correlation Imaging Condition 0““""?-': Modified Excitation-Time Imaging Condition (M

0 i 2 3 4 5 B 7 8 9 10 Q 1 2 3 4 5 6 7 8 g 10
xfem) x(em)
Fig. 8.1.4.1. Case (A); Permittivity image; Zero-lag cross-

Fig. 8.1.4.3. Case (A); Permittivity image; Modified excitation-time
correlation imaging condition;

imaging condition (Max-energy arrival);
e-lmage: Excitation-Time Imaging Condition (M

{ Y

e-image: Time Imaging Condition (First-arrival
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Fig. 8.1.4.2. Case (A); Permittivity image; Excitation-time imaging Fig. 8.1.4.4. Case (A); Permittivity image; Excitation-time imaging
condition (Max-energy arrival); condition (First-arrival);
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Fig. 8.1.4.5. Case (A); Permittivity image; Modified excitation-time  Fig. 8.1.4.9. Case (A); Permeability image; Excitation-time
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Fig. 8.1.4.6. Case (A); Permeability image; Zero-lag cross- Fig. 8.1.4.10. Case (A); Permeability image; Modified excitation-
correlation imaging condition; time imaging condition (First-arrival);
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Fig. 8.1.4.7. Case (A); Permeability image; Excitation-time Fig. 8.1.4.11. Case (A); Conductivity image; Zero-lag cross-
imaging condition (Max-energy arrival); correlation imaging condition;
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Fig. 8.1.4.8. Case (A); Permeability image; Modified excitation- Fig. 8.1.4.12. Case (A); Conductivity image; Excitation-time
time imaging condition (Max-energy arrival);

imaging condition (Max-energy arrival);
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a-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)

p-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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x(em) x(em)
Fig. 8.1.4.13. Case (A); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival);
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Fig. 8.1.4.14. Case (A); Conductivity image; Excitation-time

imaging condition (First-arrival);

a-image: Modified Excltation-Time Imaging Condition (First-arrival traveltime)

x{em)

Fig. 8.1.4.15. Case (A); Conductivity image; Modified excitation-

time imaging condition (First-arrival);

c-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)

x(em)

Fig. 8.1.4.16. Case (B); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Data treated as
sources,

Fig. 8.1.4.17. Case (B); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Data treated as
sources,

a-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.1.4.18. Case (B); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Data treated as
sources,
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Fig. 8.1.4.19. Case (C); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Only E;’,m asBC;
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Fig. 8.1.4.20. Case (C); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Only E;’,m asBC;
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a-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
0

xiem)

Fig. 8.1.4.21. Case (C); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Only E;’,m asBC;

Fig. 8.1.4.22. Case (D); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Only H;’,m asBC;
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Fig. 8.1.4.23. Case (D); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Only H;’,m asBC;

a-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)

xiem)

Fig. 8.1.4.24. Case (D); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Only H;’,m asBC;

98

o-image: Zero-Lag Cross-Correlation Imaging Condition

x{cm)

Fig. 8.1.4.25. Case (E); Conductivity image; Zero-lag cross-
correlation imaging condition; Noisy data SNR=5;

a-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.1.4.26. Case (E); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Noisy data SNR=5;

a-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.1.4.27. Case (F); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); A, =15
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Fig. 8.1.4.28. Case (G); Conductivity image; Modified excitation-

time imaging condition (Max-energy arrival); A, =2A



e-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)

a-image: Excitation-Time Imaging Condition (First-arrival traveltime)

xfem)

Fig. 8.1.4.29. Case (H); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete;

xfem)

Ti

Fig. 8.1.4.33. Case (H); Conductivity image; Excitation-time
imaging condition (First-arrival); Half-space concrete;
Imaging Condition (Max-energy traveltime)
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Fig. 8.1.4.30. Case (H); Permeability image; Modified excitation-

time imaging condition (Max-energy arrival); Half-space concrete;

a-image: Excitation-Time Imaging Condition (Max-energy traveltime)

Fig. 8.1.4.34. Case (H); Conductivity image; Modified excitation-
time imaging condition (First-arrival); Half-space concrete;

e-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.1.4.31. Case (H); Conductivity image; Excitation-time
imaging condition (Max-energy arrival); Half-space concrete;
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Fig. 8.1.4.35. Case (I); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine
structure;
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Fig. 8.1.4.32. Case (H); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete;

Fig. 8.1.4.36. Case (I); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine
structure;
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a-image: Exeitati
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rf{em)

Fig. 8.1.4.37. Case (I); Conductivity image; Excitation-time
imaging condition (Max-energy arrival); Modified pristine
structure;

a-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.1.4.38. Case (I); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine
structure;

a-image: Excitation-Time lmaging Condition (First-arrival traveltime)
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Fig. 8.1.4.39. Case (I); Conductivity image; Excitation-time
imaging condition (Firgt-arrival); Modified prigtine structure;

100

rf{em)

Fig. 8.1.4.40. Case (I); Conductivity image; Modified excitation-
time imaging condition (First-arrival); Modified pristine structure;

a-image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)

xiem)

Fig. 8.1.4.41. Case (J); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Concrete dab
without rebars;



8.1.5. EM Migration (DE Formalism; Poststack)

The three different images for each type of measurement can be obtained by applying

the zero-time imaging condition to the migrated scattered field components E. HY

y;scat ! x;scat

and H”

rsat COMputed by FD discretization of differential equations (7.2.13) or (7.2.14) for a
2:1 scaled pristine structure depending on weather the sensor data is treated as sources or as

time-dependent boundary conditions, respectively.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases 4=3mm =054, and data is

n

treated as time-dependent boundary conditions, unless otherwise stated):

(A) ES_, and H?

y ;scat X ;scat

(B) Ej...e and H{. ... (assources)

y;scat

(C) Only E®

y ;scat

(D)Only H

X ;scat

(E) E!_, and H?

y ;scat X ;scat

(contaminated by noise with SNR=5)

(F) E{ e and H!

y ;scat X ;scat

(4=6mm=A_.)

(G) EY_, and H¢

y ;scat X ;scat

(damaged structure: half-space concrete without rebars and the
original damages)

(H) Ej. o and HJ

y ;scat X ;scat

(modified pristine structure: half-space concrete without rebars)

() E¢_, and H¢

y ;scat X ;scat

(damaged structure: concrete slab without rebars and the original

damages)
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Fig. 8.1.5.1 to 3 show the images obtained by the EM migration algorithm in DE
formalism using the poststack concept in Case (A). The H . -images have provided the

X; scat
best damage identification. Also, the horizontal crack has not been completely identified in
the H)'

z,scat

-images.

When the sensor data has been treated as sources instead of time-dependent boundary
conditions in the EM migration in Case (B), the quality of images has been deteriorated as
shownin Fig. 8.1.5.4to 6.

The images for different measurement scenarios in Cases (C) and (D) are shown in Fig.

8.1.5.7 to 12. Surprisingly, the usage of only E2__ or HZ__ instead of both in the algorithm

y; scat X; scat

has improved the quality of images.

Fig. 8.1.5.13 illustrates the effect of the measurement noise with SNR=5 on the H"

x;scat
image. This figure shows that the algorithm is quite robust against the measurement noise.

Fig. 8.1.5.14 shows the H_, -image with the actuator/sensor spacing of A= A_. . The

X; scat
artifacts resulting from the increase in the actuator/sensor spacing can be easily observed in
this figure.

Fig. 8.1.5.15 to 17 illustrate the images for a new damaged structure including a half-
space concrete without rebars and the original damages in Case (G). Due to the simplicity of
the pristine structure in this case (i.e., half-space concrete), all three images have provided
good damage identification. Note that the horizontal crack still has not been completely

identified inthe H™

z;scat

-image.

Fig. 8.1.5.18 to 20 present the images when a modified pristine structure (a half-space
concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been
used for the computation of the migrated scattered field. Notice that the damage

identification has been improved in the E[ . -image compared to the corresponding image

y; scat

in Case (A).
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Fig. 8.1.5.21 shows the H . -image for a damaged structure including a concrete slab

X;scat
without the rebars and the original damages. Notice how two false damages related to the
typical shortcoming of the algorithm have been imaged near the lower interface of the slab.

m . m .
E - image E..I_w"- image

v scal

x (cm) x (em)
Fig.8.1.5.1. Case (A); E;‘m -image obtained by poststack EM Fig. 8.1.5.4. Case (B); E;‘m -image obtained by poststack EM
migration; migration; Data treated as sources;
H" -image H:jm- image

x (em) x(cm)
Fig.8.1.5.2. Case (A); H ;‘m -image obtained by poststack EM Fig.8.1.5.5. Case (B); H ;‘m -image obtained by poststack EM
migration; migration; Data treated as sources,
H_ -image H" -image

x (em) x (em)
Fig.8.1.5.3. Case (A); H ;‘m -image obtained by poststack EM Fig. 8.1.5.6. Case (B); H ;‘m -image obtained by poststack EM
migration; migration; Data treated as sources;
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Fig. 8.1.5.7. Case (C); E;)m -image obtained by poststack EM

migration; Only E?;m asBC;
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Fig.8.1.5.8. Case (C); H ;t‘m -image obtained by poststack EM
migration; Only E?-m asBC;

H™  -image

2 iseat
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Fig.8.1.5.9. Case (C); H ;‘m -image obtained by poststack EM
migration; Only E?-m asBC;
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Fig. 8.1.5.10. Case (D); E;)m -image obtained by poststack EM
migration; Only H ;’,m asBC;

5
x (em)
Fig. 8.1.5.11. Case (D); H ;t‘m -image obtained by poststack EM

migration; Only H;’,m asBC;

H’"fm - image

x (em)
Fig. 8.1.5.12. Case (D); H ;‘m -image obtained by poststack EM

migration; Only H;’,m asBC;

i ;
H‘ -sear” IMAZE

x (em)
Fig.8.1.5.13. Case (E); H ;t‘m -image obtained by poststack EM
migration; Noisy data SNR=5;
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H‘ -sear” IMAZE
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Fig. 8.1.5.14. Case (F); H ;t‘m -image obtained by poststack EM
migration; A= Ain
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Fig. 8.1.5.15. Case (G); E;’)scat -image obtained by poststack EM
migration; Half-space concrete;
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Hnm:- image

x (em)
Fig. 8.1.5.16. Case (G); H ;’,‘m -image obtained by poststack EM
migration; Half-space concrete;

H_"fm,- image
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Fig. 8.1.5.19. Case (H); H ;’,‘m -image obtained by poststack EM
migration; Modified pristine structure;
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H; seqr IMage
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Fig. 8.1.5.20. Case (H); H ;‘m -image obtained by poststack EM
migration; Modified pristine structure;

i ;
Hnm:- image

x (em)
Fig. 8.1.5.17. Case (G); H ;‘m -image obtained by poststack EM
migration; Half-space concrete;

i .
Er;urﬂ' mage

x (em)

Fig. 8.1.5.18. Case (H); E;’)scat -image obtained by poststack EM
migration; Modified pristine structure;
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Fig.8.1.5.21. Case(l); H ;’,‘m -image obtained by poststack EM
migration; Concrete dab without rebars;



8.1.6. EM Migration (IE Formalism)

Eq. (7.2.26) - (7.2.28) represent the real-time imaging formulas in the |E formalism of
the EM migration algorithm. The amplitudes and traveltimes of the incident field and
Green's functions are computed by FD discretization of ordinary Maxwell’ s equations for the
pristine structure. The application of both first and maximum-energy arrival criteria for the

calculation of these traveltimes and amplitudes are examined as well.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases A4,, =6mm=A_ unless

otherwise stated):

(A) ES_, and H?

y ;scat X ;scat

(B) Only E¢

y ;scat

(C) Only H ¢

X ;scat

(D) Ej.o.e and H{. .., (contaminated by noise with SNR=5)

y ;scat

(B) Ej.oe and H{ . (4,,=9mm=154))

y ;scat

(F) Ejqw and H{ . (4,,=12mm=24.)

y ;scat
(G) Ef.o and Hy_, (damaged structure: half-space concrete without rebars and the
original damages)

(H) E).o.. and H{ .. (modified pristine structure: half-space concrete without rebars)

y ;scat
(I) Ef.o and HY ., (damaged structure: concrete slab without rebars and the original
damages)

Fig. 8.1.6.1 to 8 show the images obtained by the EM migration algorithm in IE
formalism in Case (A). The geometries of the damages have been correctly identified with
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the least artifacts in the permittivity image shown in Fig. 8.1.6.2. It is also observed that by
excluding the amplitude in the approximation of the incident field and Green’'s functions,
correct damage identification cannot be obtained (only shown for the permittivity images).
Notice that the images obtained based on the maximum-energy arrival criterion for the for
the calculation of the traveltimes and amplitudes have provided much better damage
identification (specially for the debonding damage) than those of based on the first-arrival
criterion. However, the images obtained based on the first-arrival criterion contain fewer
artifacts.

Fig. 8.1.6.9 to 14 show the images obtained based on the maximum-energy arrival

criterion when only E¢ . or HY __ instead of both has been used in the algorithm. Notice

y ;scat X ; scat

that the images in Case (C) are quite similar to imagesin Case (A).

Fig. 8.1.6.15 illustrates the effect of the measurement noise with SNR=5 on the
permittivity image. This figure shows that the algorithm is quite robust against the
measurement noise. To show the effect of the actuator/sensor spacing on the images quality,
the permittivity images with 4., =154 ., 24, are shown in Fig. 8.1.6.16 and 17. The

artifacts resulting from the increase in the actuator/sensor spacing can be easily observed in
these figures.

Fig. 8.1.6.18 to 21 illustrate the images for a new damaged structure including a half-
space concrete without rebars and the original damages in Case (G). Due to the simplicity of
the pristine structure in this case (i.e., half-space concrete), all permittivity, permeability, and
conductivity images obtained based on the maximum-energy arrival criterion have provided
excellent damage identification. Notice how the artifacts related to the material discontinuity
in the pristine structure in Case (A) images have disappeared on the corresponding images in
Case (G).

Fig. 8.1.6.22 to 25 present the images when a modified pristine structure (a half-space
concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been
used for the computation of the incident and Green’s functions in the image area. Notice how
the artifacts related to the material discontinuity in the actual pristine structure in Case (A)

images have been eliminated.
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Fig. 8.1.6.26 shows the permittivity image for a damaged structure including a concrete

slab without the rebars and the original damages. Notice how some false damages related to

the typical shortcoming of the algorithm have been imaged near the lower interface of the

slab.
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Fig. 8.1.6.1. Case (A); Permittivity image; All GEX’VL ny%,and
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Fig. 8.1.6.2. Case (A); Permittivity image; All G;NL Gy':;’_b,and
Ey;inc

are approximated based on maximum-energy arrival
criterion; With amplitude;
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Fig. 8.1.6.5. Case (A); Permeability image; All G/, G11%.
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Fig. 8.1.6.7. Case (A); Conductivity image; All G;"’L , GyEyJ_b ,and
Ey,inc are approximated based on maximum-energy arrival

criterion; With amplitude;
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Fig. 8.1.6.8. Case (A); Conductivity image; All G;NL , GyE;!b ,and
Ey,inc are approximated based on firgt-arrival criterion; With
amplitude;
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Fig. 8.1.6.9. Case (B); Permittivity image; Both GyEx“-’L and Ey,im
are approximated based on maximum-energy arrival criterion; With
amplitude; Only E}‘j,m;

peimage: God 8l ré1=A4 5§ (Max-enorgy traveltimes)

x{em)

Fig. 8.1.6.10. Case (B); Permesbility image; All G,

H x;inc’ and H
arrival criterion; With amplitude; Only E}‘j,m;

GHM

b’

are approximated based on maximum-energy

zjinc

a-image: GoA 8 E_, =A S ; (Max-energy traveltimes)

xlem)

Fig. 8.1.6.11. Case (B); Conductivity image; Both G4 and
Ey,inc are approximated based on maximum-energy arrival
criterion; With amplitude; Only Ey. o

wimage: G =& ;e sétad s (Max-energy traveltimes)

x{cm)

Fig. 8.1.6.12. Case (C); Permittivity image; Both GyEyi!b and Ey,im
are approximated based on maximum-energy arrival criterion; With
amplitude; Only H :',m ;
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peimage: G oA & i élf 60 eA 8 3 (Max-energy traveltimes)

[¢] 1 2 3 4 -1 [ T 8 ] 10
x{cm)
Fig. 8.1.6.13. Case (C); Permeability image; All G;? , G:j ,
H e AN H Jine. e @pproximated based on meximum-energy
arrival criterion; With amplitude; Only H ;’,m ;

a-lmage: Ged 8 E_ =8 5 (Max-energy traveltimes)

0 1 2 3 4 5 8 7 8 9 10
x{em)

Fig. 8.1.6.14. Case (C); Conductivity image; Both GyE)(?b and
Ey:inc
criterion; With amplitude; Only H ¢

x;scat ’

are approximated based on maximum-energy arrival

wimage: Gadd ;eE_ cér= 8 5 (Max-encrgy traveltimes)

x({em)

Fig. 8.1.6.15. Case (D); Permittivity image; All GEX’VL GE®  and

yyib’
Ey_im are approximated based on maximum-energy arrival
criterion; With amplitude; Noisy data SNR=5;

weimage: Gad d B cérsaA 8§ (Max-energy traveltimes)

x{cm)
Fig. 8.1.6.16. Case (E); Permittivity image; All G)E(NL Gy':;’_b ,and
Ey_im are approximated based on maximum-energy arrival
criterion; With amplitude; A, =15

elmage: God d ;6 céradd s (Max-energy traveltimes)

x(em)

Fig. 8.1.6.17. Case (F); Permittivity image; All G)E(NL Gy':;’_b,and
Ey_im are approximated based on maximum-energy arrival
criterion; With amplitude; A, =2A

edmage: 7oA & EE_, céleA 8 3 (Max-energy travellimes)

x{ecm)

Fig. 8.1.6.18. Case (G); Permittivity image; All G)E(NL Gy':;’_b,and

E.y;inc
criterion; With amplitude; Half-space concrete;

are approximated based on maximum-energy arrival
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Fig. 8.1.6.19. Case (G); Permittivity image; All G)E(NL GyEyJ_b,and

Ey;inc
amplitude; Half-space concrete;

are approximated based on firgt-arrival criterion; With

peimage: G oA 8 ; el cér=Ad ; (Max-energy traveltimes)

x{em)

Fig. 8.1.6.20. Case (G); Permeability image; All G:}'f , G:f ,
GHM GHM H

M,GHM, ,and H
xx;b b
maximum-energy arrival criterion; With amplitude; Half-space

CoNcrete;

in zine Y€ APProxi mated based on

oolmage: G=A 8 JE =48 ; (Max-energy traveltimes)

0 1 2 3 4 5 B 7 8 g 10
x({em)

Fig. 8.1.6.21. Case (G); Conductivity image; All G)E(NL , G.yEyJ_b ,and
Ey;inc

are approximated based on maximum-energy arrival
criterion; With amplitude; Half-space concrete;

e-lmage: Goadd 2B cé0 x4 8 s (Max-energy travellimes)

x{cm)

Fig. 8.1.6.22. Case (H); Permittivity image; All G)E(NL GyEyJ_b,and

E.y;inc
criterion; With amplitude; Modified pristine structure;

are approximated based on maximum-energy arrival

e-lmage: G=d é ;b céf=A 8 g (First-arrival traveltimes)

rl(em)

Fig. 8.1.6.23. Case (H); Permittivity image; All G)E(NL GyEyJ_b,and

E.y;inc
amplitude; Modified pristine structure;

are approximated based on firgt-arrival criterion; With

p-lmage: &= 8 el sét=.8 5 (Max-energy traveltines)

xlem)

Fig. 8.1.6.24. Case (H); Permeability image; All g1 , g™

X' b’
GM,GM, H_,and H , areapproximated based on

x;inc z;inc
maximum-energy arrival criterion; With amplitude; Modified
pristine structure;
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a-image: G=Ad  E_ =48 ; (Max-energy traveltimes)

xlem)

Fig. 8.1.6.25. Case (H); Conductivity image; All G;"’L , (_?,.yEyJ_b ,and
Ey;inc

are approximated based on maximum-energy arrival
criterion; With amplitude; Modified pristine structure;
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Fig. 8.1.6.26. Case (1); Permittivity image; All G;"’L GyEyJ_b,and
Ey;inc

are approximated based on maximum-energy arrival
criterion; With amplitude; Concrete dab without rebars;



8.2. Anisotropic Case

A glass/epoxy composite plate composed of 10 transversely isotropic (uniaxial) layers
with stacking sequence of [(0° /90°),/0°], and equal thickness of 1mm is considered as the
pristine structure. Fig. 8.2.1 illustrates the cross section of the damaged structure having two
delaminations (areaz 10 mmx0.25 mm) with the centers at (15, 4) and (35, 6) mm. It is

assumed that above and below the plate is air and actuators and sensors are uniformly located
on the upper surface of the concrete slab with a sensor span of 48 mm.

z(mm)
=) OIA N o

[=]
w

10 15 20 25 30 35 40 45 S0
x {mm})

Fig. 8.2.1. Cross section of a glass/epoxy composite plate with two delaminations
The central frequency of the excitation signal is assumed to be f, =36 GHz. Fig. 8.2.2

and 3 show the time history of the excitation signal and its amplitude spectrum, respectively.

Time History of Excitation Signal Magnitude of the Fourier Transform of (1)

0.5}

i)
=]

F )
®

05}

15 25 50 75 100 125 150 % @ @ 160 200 240
Time (ps) Frequency (GHz)
Fig. 8.2.2. Thetime history of the excitation signal Fig. 8.2.3. The amplitude spectrum of the excitation
signal
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Relative dielectric constant and conductivity of the transversely isotropic glass/epoxy
lamina are: o, =0023Sm; & =384 and o0; =0.012S9m; & =340, where

subscripts L and T denote the direction along and transverse to the fibers, respectively.

Based on 3% of the maximum amplitude of the excitation signal spectrum, the
maximum frequency and minimum wavelength of the signal in the plate are found to be
about 102 GHz and 1.5 mm, respectively. Considering the minimum wavelength, the grid
sizeis chosen equal to 0.25 mm (4x =4z =0.25mm).

Fig. 8.2.4 to 6 illustrate three components of the scattered field data (the measured
incident field subtracted from the measured total field) excited from an actuator located at

X =25 mm with sensor spacing of 4, =2 mm .

The y-component of the scattered electric field data The x-component of the scattered magnetic ficld data

150+ | 150+ {

Time (ps)

_H,
o

Time (ps)

2
R

X
o

]

h

0 1 5 ] 13 17 2 25 20 33 3 4 45 49 ) o 1 5 8 13 17 21 2 29 i3 IT oM a5 a9 )
Sensor Position x (mm) Sensor Position x (mm)
Fig. 8.2.4. The y-component of the scattered electric Fig. 8.2.5. The x-component of the scattered magnetic
field data, g¢ _ , excited from an actuator at filddata, H¢ _ , excited from an actuator at

x = 25mm With sensor spacing of 4_ = 2 mm x = 25mm With sensor spacing of 4_= 2 mm
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The z-component of the scattered magnetic field data

Time (ps)

0- 1
1 5 a 13 17 21 25 29 33 37 41 45 a9

Sensor Position x (mm)
Fig. 8.2.6. The zcomponent of the scattered magnetic field data, HY o excited from an actuator at x = 25mm
with sensor spacing of A, =2mm

As mentioned in Chapter 6, there are several methods for reducing the artifacts related to
the material discontinuity in the pristine structure. Here, in order to remove undesired
internal reflections, a modified pristine structure, a half-space homogenized orthotropic
medium, instead of the actual layered pristine structure, is used for the computation of the
incident field, Green’'s functions, and back-propagated (migrated) scattered fields in the
image area. Obviously, the measured incident and total fields are obtained from the actual
pristine and damaged structures, respectively. This approach is also valuable in real
applications when precise information about the layered structure may not be known a priori.
Note that a drawback of this homogenization assumption prevails when the material
properties of the layers are very distinct; as a result, the location of the damages may not be
accurately identified because the velocity field of the actua structure for the back-
propagation (migration) differs significantly from layer to layer.

115



8.2.1. Born Imaging (DE Formalism)

Eqg. (7.1.1) - (7.1.4) represent the imaging formulas with zero-lag cross-correlation
imaging condition. The corresponding imaging formulas with modified excitation-time
imaging condition are Eq. (7.1.13) - (7.1.16); the imaging formulas with ordinary excitation-
time imaging condition are easily obtained by setting the amplitudes to unity. Note that the
back-propagated scattered fields are computed by FD discretization of differential equations
(7.1.5) for the pristine structure. Also, the application of both first and maximum-energy
arrival criteria for the calculation of the traveltimes and amplitudes are examined.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases 4,, =2mm =133/ unless

min

otherwise stated):

(A) E¢

y ;scat

(B) H{

X ;scat
(C) Hg;scat
(D) ES;scat (contaminated by noise with SNR=5)
(E) ES;scat (As,a = 3 mm = ZA min)
(F) Eyqu (4., =4mMm=267A4,,)
(G) E¢ (longer measurement time span)
y ;scat
(H) E;‘;ficat (longer measurement time span; modified pristine structure)
(I) EJ (modified pristine structure)

Fig. 8.2.1.1 to 14 show the images obtained by the Born imaging algorithm in DE
formalism with different imaging conditions in Case (A). It is observed that the images
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obtained by the modified excitation-time imaging condition with either first or maximum-
energy arrival criterion for the calculation of the traveltimes and amplitudes are comparable
in quality to the images obtained by the zero-lag cross-correlation imaging condition. Also,
the modified excitation-time imaging condition has significantly improved the images quality
compared to the images obtained by the ordinary excitation-time imaging condition (only

shown for the &, -images). Notice how two false damages related to the typical shortcoming

of the algorithm have been imaged near the lower surface of the plate.

Fig. 8.2.1.15 to 18 show the . -images for different measurement scenarios in Cases
(B) and (C).
The effect of the measurement noise with SNR=5 on the 1, -imagesisillustrated in Fig.

8.2.1.19 and 20. These figures show that the algorithm is quite robust against the
measurement noise. To show the effect of the actuator/sensor spacing on the images quality,
the 4, -imageswith 4., =2 A, 2.67 A, are shown in Fig. 8.2.1.21 to 24. The artifacts

resulting from the increase in the actuator/sensor spacing can be easily observed in these

figures.

To highlight the negative effect of the material discontinuity in the pristine structure on
the images quality, the measurement time span has been increased from 164 ps to 196 psin
Case (G). The strong artifacts can be clearly observed in Fig. 8.2.1.25 and 26. The artifacts
related to the material discontinuity in the actual pristine structure have been eliminated in
Fig. 8.2.1.27 and 28 when a modified pristine structure (a half-space homogenized
orthotropic medium) has been used for the computation of the incident and back-propagated
fields in the image area.

Fig. 8.2.1.29 and 30 illustrate the 1, -images when EJ instead of EJ.., has been used

y ;scat
for damage imaging. It should be mentioned that the events associated with direct waves and
reflections from the upper surface of the plate have been removed from E;’ as a
preprocessing step. Notice how the material interfaces of the laminated plate have been

imaged in addition to the delaminations.
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ey -image: Zero-Lag Cross-Correlation Imaging Condition

25
x(mm)

Fig.8.2.1.1. Case (A); &
imaging condition;

ey cimage: Excitation-Time Imaging
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Fig. 8.2.1.2. Case (A); gw-image: Excitation-timeimaging
condition (Max-energy arrival);

e, -image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.2.1.3. Case (A); gw-image; Modified excitation-time
imaging condition (Max-energy arrival);

ey -image: Excitation-Time Imaging Condition (First-arrival traveltime)

Fig. 8.2.1.4. Case (A); gw-image: Excitation-timeimaging
condition (First-arrival);

£,y -image: Modified Excitation-Time Imaging Condition (First-arrival traveltime)
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Fig. 8.2.1.5. Case (A); gw-image; Modified excitation-time
imaging condition (First-arrival);

By -image: Zero-Lag Cross-Correlation Imaging Condition
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Fig. 8.2.1.6. Case (A); 'uxx-image; Zero-lag cross-correlation
imaging condition;

w -image; Zero-lag cross-correlation
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Fig. 8.2.1.7. Case (A); 'uxx-image; Modified excitation-time
imaging condition (Max-energy arrival);

image: Modified Excitation-Time Imaging Condition (First-arrival traveltime)
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Fig. 8.2.1.8. Case (A); 'uxx-image; Modified excitation-time
imaging condition (First-arrival);

By, -image: Zero-Lag Cross-Correlation Imaging Condition
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Fig. 8.2.1.9. Case (A); y7 -image; Zero-lag cross-correlation
imaging condition;

1, -image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.2.1.10. Case (A); y7 -image; Modified excitation-time
imaging condition (Max-energy arrival);

Pyp-image: Modified Excitation-Time Imaging Condition (First-arrival traveltime)
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Fig. 8.2.1.11. Case (A); y7 -image; Modified excitation-time
imaging condition (First-arrival);

@y -image: Zero-Lag Cross-Correlation Imaging Condition
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Fig. 8.2.1.12. Case (A); g, -image; Zero-lag cross-correlation
imaging condition;
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Fig. 8.2.1.13. Case (A); g, -image; Modified excitation-time
imaging condition (Max-energy arrival);

@, -image: Modified Excitation-Time Imaging Condition (First-arrival traveltime)
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Fig. 8.2.1.14. Case (A); g, -image; Modified excitation-time
imaging condition (First-arrival);

1y -image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.2.1.15. Case (B); 'uxx-image: Modified excitation-time
imaging condition (Max-energy arrival);

By -image: Modified Excitation-Time Imaging Condition (First-arrival traveltime)

Fig. 8.2.1.16. Case (B); 'uxx-image: Modified excitation-time
imaging condition (First-arrival);

1y -image: Modified Time Imaging C (Max-energy
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Fig. 8.2.1.17. Case (C); 'uxx-image: Modified excitation-time
imaging condition (Max-energy arrival);
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Fig. 8.2.1.18. Case (C); 'uxx-image: Modified excitation-time
imaging condition (First-arrival);

i, -image: Modifled Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.2.1.19. Case (D); i -image; Modified excitation-time
imaging condition (Max-energy arrival); Noisy data SNR=5;

B -image: Modified Excitation-Time Imaging Condition (First-arrival traveltime)
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Fig. 8.2.1.20. Case (D); i -image; Modified excitation-time
imaging condition (First-arrival); Noisy data SNR=5;

1wy, -image: Modified Excitation-Time Imaging Condition (Max-energy traveltime)
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Fig. 8.2.1.21. Case (E); 'uxx-image: Modified excitation-time
imaging condition (Max-energy arrival); A, =2,
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Fig. 8.2.1.22. Case (E); 'uxx-image: Modified excitation-time

imaging condition (First-arrival); A, =20
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Fig. 8.2.1.23. Case (F); i -image; Modified excitation-time
imaging condition (Max-energy arrival); A, =267A,.;

By-image: Modified Excitation-Time Imaging Condition (First-arvival traveltime)
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Fig. 8.2.1.24. Case (F); i -image; Modified excitation-time
imaging condition (First-arrival); A, =267,.;
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Fig. 8.2.1.25. Case (G); i -image; Modified excitation-time
imaging condition (Max-energy arrival); Longer data time span;
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Fig. 8.2.1.26. Case (G); i -image; Modified excitation-time
imaging condition (First-arrival); Longer data time span;
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Fig. 8.2.1.27. Case (H); i -image; Modified excitation-time

imaging condition (Max-energy arrival); Longer data time span;
Modified pristine structure;
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Fig. 8.2.1.28. Case (H); i -image; Modified excitation-time

imaging condition (Firgt-arrival); Longer datatime span; Modified
pristine structure;
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Fig. 8.2.1.29. Case(l); i -image; Modified excitation-time
imaging condition (Max-energy arrival); E;' ; Modified pristine
structure;
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Fig. 8.2.1.30. Case(l); ,uxx-image, Modified excitation-time
imaging condition (First-arrival); E;' ; Modified pristine structure;



8.2.2. Born Imaging (DE Formalism; Poststack)

The three different images for each type of measurement can be obtained by applying

BP
y;scat !

the zero-time imaging condition to the back-propagated scattered field components E

HE® and HE®

X;scat ! Z,scat

computed by FD discretization of differential equations (7.1.5) for a 2:1

scaled pristine structure.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases 4=1mm =0.67 A, unless

otherwise stated):

(A) E¢

y ;scat

(B) H{

X ;scat

(©) H;

2:scat
(D) EJ.oe (contaminated by noise with SNR=5)

(B) Efw (4=15mm=2A_)

(F) Efw (4=2mm=1334 )

(G) .ot (loNger measurement time span)

(H) ES;M (longer measurement time span; modified pristine structure)
(I) EJ (modified pristine structure)

Fig. 8.2.2.1 to 9 show the images obtained by the Born imaging agorithm in DE
formalism using poststack concept in Cases (A) to (C). The HZ

X;scat

-images have provided the

best damage identification among the images. Also, the delaminations have not been

BP
z,scat

-images. Moreover, when H¢__ has been used as data, the

z,scat

completely imaged in the H
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damages have not been completely identified. Notice how two false damages related to the
typical shortcoming of the algorithm have been imaged near the lower surface of the plate

The effect of the measurement noise with SNR=5 on the HE"

X; scat

-image is shown in Fig.

8.2.2.10. This figure shows that the algorithm is quite robust against the measurement noise.

Fig. 82211 and 12 show H -images with the actuator/sensor spacing of

X;scat

A=A, L.33A,,,. The artifacts resulting from the increase in the actuator/sensor spacing

min ?

can be easily observed in these figures.

To highlight the effect of the material discontinuity in the pristine structure on the
images quality, the measurement time span has been increased from 164 ps to 196 ps, Fig.
8.2.213. This image has not been affected by the artifacts related to the material
discontinuity as opposed to the corresponding image in the prestack form of the algorithm.

Fig. 8.2.2.14 aso shows the HZ" _ -image when a modified pristine structure (a half-space

x;scat
homogenized orthotropic medium) has been used for the computation of the back-propagated
field. It is concluded that the poststack images are more robust than the prestack images to
the artifacts related to the material discontinuity in the pristine structure. This is because the
incident field in the image area is not needed in constructing the poststack images. The
difference between data collected in common-source and zero-offset configurations may be
another reason.

Fig. 8.2.2.15 illustrates the H %

vt -image when EY instead of Ej.., has been used for

y ;scat
damage imaging. It should be mentioned that the events associated with direct waves and

reflections from the upper surface of the plate have been removed from E;’ as a

preprocessing step. Notice how the material interfaces of the laminated plate have been
imaged in addition to the delaminations.
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Fig. 8.2.2,5. Case (B); H B:cat -image obtained by poststack Born Fig.8.2.2.11. Case(E); H f:cat -image obtained by poststack Born
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Fig.8.2.2.6. Case (B); H ZEF:cat -image obtained by poststack Born Fig.8.2.2.12. Case (F); H f:cat -image obtained by poststack Born
imaging; imaging; A4=1.33 "
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imaging; Longer data time span; Modified pristine structure;
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8.2.3. Born Imaging (IE Formalism)

Eq. (7.1.23) - (7.1.26) represent the real-time imaging formulas in the |E formalism of
the Born imaging algorithm. The amplitudes and traveltimes of the incident field and Green’'s
functions are computed by FD discretization of ordinary Maxwell’s equations for the pristine
structure. The application of both first and maximum-energy arrival criteria for the

calculation of these traveltimes and amplitudes are examined as well.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases 4,, =2mm =133/ unless

min

otherwise stated):

(A) E¢

y ;scat

(B) H{

X ;scat

(©) H;

2;scat
(D) EJ.oe (contaminated by noise with SNR=5)

(B) Ef (4ga =3mm=21_)

(F) Efqa (Aa =4mm=2674 )

(G) EJ.oe: (loNger measurement time span)

(H) E;‘;ficat (longer measurement time span; modified pristine structure)
(I) EJ (modified pristine structure)

Fig. 8.2.3.1 to 10 show the images obtained by the Born imaging algorithm in IE
formalism in Case (A). It is observed that including the amplitude in the approximation of the
incident field and Green’'s functions has significantly improved the images quality (only

shown for the &, -images). Notice how two false damages related to the typical shortcoming
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of the imaging algorithm discussed in Chapter 6 have been imaged near the lower surface of
the plate specially in the images obtained based on the maximum-energy arrival criterion.

Fig. 8.2.3.11 to 14 show the . -images for different measurement scenarios in Cases
(B) and (C).
The effect of the measurement noise with SNR=5 on the 1, -imagesisillustrated in Fig.

8.2.3.15 and 16. These figures show that the algorithm is quite robust against the

measurement noise.

To show the effect of the actuator/sensor spacing on the images quality, the 1/, -images

with 4,, =2 A ., 267 A, are shown in Fig. 8.2.3.17 to 20. The artifacts resulting from

the increase in the actuator/sensor spacing can be easily observed in these figures. Notice
how the images obtained based on the first-arrival criterion are more sensitive to the

actuator/sensor spacing.

To highlight the negative effect of the material discontinuity in the pristine structure on
the images quality, the measurement time span has been increased from 164 ps to 196 psin
Case (G). The strong artifacts are observed in the p, -image obtained based on the
maximum-energy arrival criterion, Fig. 8.2.3.21. As discussed in Chapter 6, the images
obtained based on the first-arrival criterion are not affected by the artifacts related to the
material discontinuity in the actual pristine structure, see Fig. 8.2.3.22. Fig. 8.2.3.23 and 24
show the u  -images when a modified pristine structure (a half-space homogenized
orthotropic medium) has been used for the computation of the incident field and Green's
functions in the image area. Notice how the artifacts related to the material discontinuity in
the actual pristine structure have been eliminated in Fig. 8.2.3.23.

Fig. 8.2.3.25 and 26 illustrate the 1/, -images when EJ instead of EJ.., has been used

y ;scat
for damage imaging. It should be mentioned that the events associated with direct waves and
reflections from the upper surface of the plate have been removed from E;’ as a
preprocessing step. Notice how the material interfaces of the laminated plate have been

imaged in addition to the delaminations.
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8.2.4. EM Migration (DE Formalism)

Eqg. (7.2.1) - (7.2.4) represent the imaging formulas with zero-lag cross-correlation
imaging condition. The corresponding imaging formulas with modified excitation-time
imaging condition are Eq. (7.2.15) - (7.2.18); the imaging formulas with ordinary excitation-
time imaging condition are easily obtained by setting the amplitudes to unity. Note that the
migrated scattered fields are computed by FD discretization of differential equations (7.2.5)
or (7.2.6) for the pristine structure depending on weather the sensor data is treated as sources
or as time-dependent boundary conditions, respectively. Also, the application of both first
and maximum-energy arrival criteria for the calculation of the traveltimes and amplitudes are

examined.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases 4,, =2mm =133 1 ,, and datais

treated as time-dependent boundary conditions, unless otherwise stated):

(A) ES_, and H?

y ;scat X ;scat

(B) Ej.o.e and H{. .., (assources)

y ;scat

(C) Only E®

y ;scat

(D)Only H

X ;scat

(E) Ej. and H{ ... (contaminated by noise with SNR=5)

y ;scat

(F) Ed and Hg;scat (As,a =3mm =2Amin)

y ;scat

(G) E).e and H{ ., (4., =4mMm=2671,,)

y ;scat

(H) E{.o. and H{._. (longer measurement time span)

y ;scat

(1) Ejon and H{ ., (longer measurement time span; modified pristine structure)

y ;scat
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(9 EJ and H{ (modified pristine structure)

Fig. 8.2.4.1 to 14 show the images obtained by the EM migration algorithm in DE
formalism with different imaging conditions in Case (A). It is observed that the images
obtained by the modified excitation-time imaging condition with either first or maximum-
energy arrival criterion for the calculation of the traveltimes and amplitudes are comparable
in quality to the images obtained by the zero-lag cross-correlation imaging condition. Also,
the modified excitation-time imaging condition has significantly improved the images
compared to the images obtained by the ordinary excitation-time imaging condition (only

shown for the &, -images). Notice how two false damages related to the typical shortcoming

of the algorithm have been imaged near the lower surface of the plate.

When the sensor data has been treated as sources instead of time-dependent boundary
conditions in the EM migration in Case (B), the quality of images has been deteriorated,
specially inthe 1/, -images as shown in Fig. 8.2.4.15to 18.

Theusageof only E¢ . or H

y ;scat X; scat

instead of both in the algorithm in Cases (C) and (D)

has still provided good damage identification as shown in Fig. 8.2.4.19 to 22.

The effect of the measurement noise with SNR=5 on the 1, -imagesisillustrated in Fig.

8.2.4.23 and 24. These figures show that the algorithm is quite robust against the

measurement noise.

To show the effect of the actuator/sensor spacing on the images quality, the 1/, -images

with 4,, =2 A ., 267 A, are shown in Fig. 8.2.4.25 to 28. The artifacts resulting from

min ? n

the increase in the actuator/sensor spacing can be easily observed in these figures.

To highlight the negative effect of the material discontinuity in the pristine structure on
the images quality, the measurement time span has been increased from 164 ps to 196 psin
Case (H). The strong artifacts can be clearly observed in Fig. 8.2.4.29 and 30. The artifacts
related to the material discontinuity in the actual pristine structure have been eliminated in
Fig. 8.24.31 and 32 when a modified pristine structure (a half-space homogenized
orthotropic medium) has been used for the computation of the incident and migrated fieldsin
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the image area. Note that the false images near the lower surface of the plate, related to the
typical shortcoming of the imaging algorithm mentioned in Chapter 6, cannot be eliminated
by this approach.

Fig. 8.2.4.33 and 34 illustrate the 4, -images when EJ and H,' instead of Ej.., and
H{ .. have been used for damage imaging. It should be mentioned that the events associated
with direct waves and reflections from the upper surface of the plate have been removed
from EJ and H{ as a preprocessing step. Notice how the material interfaces of the

laminated plate have been imaged in addition to the delaminations.
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Fig. 8.2.4.33. Case (J); Moy -image; Modified excitation-time
imaging condition (Max-energy arrival); E)‘,j and H;’ ; Modified
pristine structure;
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8.2.5. EM Migration (DE Formalism; Poststack)

The three different images for each type of measurement can be obtained by applying

the zero-time imaging condition to the migrated scattered field components E. HY

y;scat ! x;scat

and H ., computed by FD discretization of differential equations (7.2.5) or (7.2.6) for a2:1

scaled pristine structure depending on weather the sensor data is treated as sources or as
time-dependent boundary conditions, respectively.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases 4=1mm =0.67 A, and the data

n

is treated as time-dependent boundary conditions, unless otherwise stated):

(A) ES_, and H?

y ;scat X ;scat

(B) Ej...e and H{. ., (treated as sources)

y ;scat

(C) Only E®

y ;scat

(D)Only H

X ;scat

(E) E¢_, and H?

y ;scat X ;scat

(contaminated by noise with SNR=5)

(F) E{ e and H!

y ;scat X ;scat

(4=15mm=4_,)

(G) EY_., and H?

y ;scat X ;scat

(4=2mm=1331_,,)

(H) Ej. o and HJ

y ;scat X ;scat

(longer measurement time span)
(1) Ef.ou and H{.., (longer measurement time span; modified pristine structure)
(9 E{ and H{ (modified pristine structure)

Fig. 8.2.5.1 to 3 show the images obtained by the EM migration algorithm in DE
formalism using the poststack concept in Case (A). The H__. -image has provided the best

X; scat

136



damage identification. In addition, the delaminations have not been completely imaged in the
H m

z,scat

-image. Notice how two false damages related to the typical shortcoming of the

imaging algorithm have been imaged near the lower surface of the plate.

Treating the data as sources instead of time-dependent boundary conditions in the EM
migration algorithm in Case (B), has not changed the quality of images tangibly as shown in
Fig. 8.2.5.4106.

Theusageof only E¢ . or H

y ;scat X ; scat

instead of both in the algorithm in Cases (C) and (D)

has still provided good damage identification as shown in Fig. 8.2.5.7 to 12.

The effect of the measurement noise with SNR=5 onthe H™

X; scat

-image is shown in Fig.
8.2.5.13. This figure shows that the algorithm is quite robust against the measurement noise.
Fig. 8.25.14 and 15 show the H}_. -images with the actuator/sensor spacings of

X; scat

A=A 1334, in Cases (F) and (G). The artifacts resulting from the increase in the

min ? n

actuator/sensor spacing can be easily observed in these figures.

To highlight the effect of the material discontinuity in the pristine structure on the
images quality, the measurement time span has been increased from 164 psto 196 ps, Fig.
8.25.16. This image has not been affected by the artifacts related to the material
discontinuity as opposed to the corresponding image in the prestack form of the algorithm.

Fig. 8.2.5.17 also shows the H. . -image when a modified pristine structure (a half-space

x;scat
homogenized orthotropic medium) has been used for the computation of the migrated field. It
is concluded that the poststack images are more robust than the prestack images to the
artifacts related to the material discontinuity in the pristine structure. This is because the
incident field in the image area is not needed in constructing the poststack images. The
difference between data collected in common-source and zero-offset configurations may be

another reason.

Fig. 8.2.5.18 illustrates the H} ., -image when EJ and H{ instead of EJ., and

X;scat y ;scat
H{ ... have been used for damage imaging. It should be mentioned that the events associated

with direct waves and reflections from the upper surface of the plate have been removed
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d d : . . .
from E; and H) as a preprocessing step. Notice how the material interfaces of the plate

have been imaged in addition to the delaminations.
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Fig. 8.25.1. Case (A); E;)m -image obtained by poststack EM
migration;

x{mm)
Fig.8.25.2. Case (A); H ;‘m -image obtained by poststack EM
migration;

x{mm)
Fig.8.25.3. Case (A); H ;‘m -image obtained by poststack EM
migration;
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Fig. 8.2.5.4. Case (B); E;)m -image obtained by poststack EM

migration; Data treated as sources;
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Fig.8.2.5.5. Case (B); H ;‘m -image obtained by poststack EM
migration; Data treated as sources;
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8.2.6. EM Migration (IE Formalism)

Eq. (7.2.22) - (7.2.25) represent the real-time imaging formulas in the IE formalism of
the EM migration algorithm. The amplitudes and traveltimes of the incident field and
Green's functions are computed by FD discretization of ordinary Maxwell’ s equations for the
pristine structure. The application of both first and maximum-energy arrival criteria for the

calculation of these traveltimes and amplitudes are examined as well.

To show the effects of different measurement scenarios, actuator/sensor spacing,
measurement noise, and material discontinuity in the pristine structure on the quality of the

images, the following cases are investigated (in all cases 4,, =2mm =133/ unless

min !

otherwise stated):

(A) ES_, and H?

y ;scat X ;scat

(B) Only E¢

y ;scat

(C) Only H ¢

X ;scat

(D) E{.o.e and H{. ... (contaminated by noise with SNR=5)

y ;scat

(E) Ed and Hg;scat (As,a =3mm =2Amin)

y ;scat

(F) Ejqw and H{ ., (4., =4mm=2671,)

y ;scat

(G) E% ., and H? _, (longer measurement time span)
X ;scat

y ;scat

(H) E%_., and H?

y ;scat X ;scat

(longer measurement time span; modified pristine structure)
(I) EJ and H{ (modified pristine structure)

Fig. 8.2.6.1 to 10 show the images obtained by the EM migration algorithm in IE
formalismin Case (A). It is observed that by excluding the amplitude in the approximation of
the incident field and Green's functions, correct damage identification cannot be obtained

(only shown for the ¢, -images). In addition, the images obtained based on the first-arrival
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or maximum-energy arrival criterion for the calculation of the traveltimes and amplitudes
have provided close damage identification. Notice how two false damages related to the
typical shortcoming of the imaging algorithm have been imaged near the lower surface of the

plate.

Fig. 8.2.6.11 to 14 show 4 -imageswhenonly ES . or H{ . instead of both is used

Y ;scat X; scat
in the algorithm. Notice that the images in Case (C) are quite similar to corresponding images
in Case (A).

Fig. 8.2.6.15 and 16 illustrate the effect of the measurement noise with SNR=5 on the

MU, -images. These figures show that the algorithm is quite robust against the measurement

noise.

To show the effect of the actuator/sensor spacing on the images quality, the £/, -images

with 4,, =2 A, 267 A, are shown in Fig. 8.2.6.17 to 20. The artifacts resulting from

the increase in the actuator/sensor spacing can be easily observed in these figures. Notice that
the images obtained based on the first-arrival criterion are more sensitive to the

actuator/sensor spacing.

To highlight the negative effect of the material discontinuity in the pristine structure on
the images quality, the measurement time span has been increased from 164 psto 196 psin
Case (G). The strong artifacts can be observed in the 1, -image obtained based on the
maximum-energy arrival criterion, Fig. 8.2.6.21. Asdiscussed in Chapter 6, the images based
on the first-arrival criterion are not affected by the artifacts related to the material
discontinuity in the pristine structure, see Fig. 8.2.6.22. Fig. 8.2.6.23 and 24 show the 1/, -
images when a modified pristine structure (a half-space homogenized orthotropic medium)
has been used for the computation of the incident field and Green’s functions in the image
area. Notice how the artifacts related to the material discontinuity in the pristine structure
have been eliminated in Fig. 8.2.6.23.

Fig. 8.2.6.25 and 26 illustrate the 1, -imageswhen EJ and H{ instead of Ej._ and

H{ ... have been used for damage imaging. It should be mentioned that the events associated
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with direct waves and reflections from the upper surface of the plate have been removed

d d - - . .
from E;/ and H, as a preprocessing step. Notice how the material interfaces of the

laminated plate have been imaged in addition to the delaminations.
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9. Conclusions

Knowing that identifying geometries of damages with efficient and effective algorithms
is the primary and minimum goal of a structural health monitoring (SHM) system,
electromagnetic (EM) migration and Born imaging algorithms have been formulated for real-
time 3-D damage imaging of structures using EM waves. These algorithms have been driven
in both differential equation (DE) and integral equation (IE) formalisms in time-domain for
inhomogeneous anisotropic and lossy structures. To speed up the imaging process, various
approximations on the incident field and the Green’s functions of the pristine structure have
been introduced and their effectiveness has also been examined. Moreover, the images

obtained using the poststack concept has been compared with the prestack images.

To show the performance of the DE and IE formalisms of the imaging algorithms,
numerical simulations in 2-D transverse magnetic (TM) case for a reinforced concrete slab
and a glass/epoxy composite plate with multiple damages have been performed. In this
simulated study, all sensor data, incident field, back-propagated (migrated) field, and Green’'s
functions have been generated via afinite difference time-domain method with second—order

of accuracy in time and space.
Examining the resulting images, the following conclusions may be drawn:

* Both DE and |E formalisms of EM migration and Born imaging algorithms are able to
effectively identify the damages geometries and are quite robust against the

measurement noise.

» The Born imaging algorithm provides superior damage identification over the EM
migration, specially for complex damage geometries. Note that unlike the Born
imaging, theoretically, the EM migration requires the measurement of both electric and

magnetic components (E..., and H{. ).

y ;scat

and H¢

X ;scat

« Although, in theory, both EZ

y ;scat

measurements are required in the EM

migration, the images obtained by using only one data component can still provide

good damage identification.
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Treating the sensor data as time-dependent boundary conditions rather than sources in

DE formalism of the EM migration usually improves images quality.

Target-oriented capability (i.e., a desired part of the original domain of investigation
can be imaged without the need to image the entire domain), which is only feasible
using the IE formalism of the algorithms, can significantly reduce the computational
cost.

The numerical evaluation of the zero-lag cross-correlation of the back-propagated
(migrated) scattered field with the incident field (zero-lag cross-correlation imaging
condition), which is the second step of the imaging process for both DE and IE
formalisms, is prohibitively expensive for a practical SHMS. The computational cost of
this step can be significantly reduced by approximating the incident field in the image
area by a proper single-event function. When this single-event function is
parameterized by both traveltime and amplitude (modified excitation-time imaging
condition) rather than only the traveltime (excitation-time imaging condition), the
images quality is usually improved. Note that the images obtained by the modified
excitation-time imaging condition with the maximum-energy arrival criterion are
similar in quality to the images obtained without applying the incident field
approximation.

Note that despite having applied the above approximation to the incident field, the
implementation of the DE formalism of the algorithms for a SHMS may be till
impractical because the back-propagation (migration) of the scattered field data, the
first step of the imaging process, is performed by solving the associated DEs during the
monitoring stage which may be computationally expensive. In the |E formalism of the
algorithms, however, the back-propagation step is performed by integral operations
involving the Green's functions of the pristine structure and the scattered field data
Fortunately, the numerical solutions of the Green’s functions (if analytical solutions are
not available) can be carried out prior to the monitoring stage. Furthermore, by
applying similar approximations to the fields associated with the Green’s functions,
real-time 3-D damage imaging algorithms suitable for SHM application can be
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realized. In this case, the parameterization of the single-event functions by both
traveltime and amplitude rather than only the traveltime significantly improves the
quality of images. Note that the images obtained from the IE formalism of the
algorithms with the approximated incident field and Green’s functions are comparable
in quality to the images obtained without any approximations.

Employing the maximum-energy arrival criterion rather than the first-arrival criterion
for calculating the traveltimes and amplitudes provides superior damage identification
specially for complex damage geometries.

When the pristine structure contains material discontinuity and the incident field and
back-propagated scattered fields (or Green's functions for IE formalism of the
algorithms) in image area are computed via Maxwell’ s equations (full two-way wave
equations), strong artifacts may be generated in the resulting images due to undesired
internal reflections. These artifacts can be completely eliminated when both incident
field and Green's functions are approximated by single-event functions based on the
first-arrival criterion.

A remedy for reducing the artifacts related to the material discontinuity in the pristine
structure is to modify the pristine structure such that the material discontinuities are
removed or smoothed out. This modified pristine structure is used only for the
computation of the incident field and back-propagated scattered field (or Green's
functions for the IE formalism of the algorithms) in the image area. For instance, a
half-space concrete and a half-space homogenized orthotropic medium have been
assumed as the modified pristine structures for imaging the damages illustrated in
Chapter 8. It should be mentioned that this scheme is also valuable in real applications
since precise information about material properties and/or geometries of the pristine

structure may not be known a priori.

Examining the poststack images, it is observed that for obtaining images quality
comparable to the quality of the prestack images, denser actuator/sensor is required (at

d
z,scat

least twice). In addition, the poststack images obtained by using the H do not

provide complete damage identification, as opposed to the prestack images. On the
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other hand, the algorithms based on the poststack concept are computationally more
efficient and are much more robust to the problem related to the material discontinuity

in the pristine structure.

In theory, scattered field data (measured incident field subtracted from measured total
field) is used for damage imaging. In practice, however, it is desirable to only measure
the response of the structure under inspection (measured total field) for detecting the
damage without the need to measure the response of the pristine structure (measured
incident field) because the measurements are collected at different times that are often
subject to different environmental conditions. If the measured total field is directly used
for damage imaging in both DE and IE formalisms, all the material interfaces in the
structure will be imaged in addition to the geometry of the damage. However, the
image of the damage may be obscured by the strong reflections from nearby material
interfaces. In general, when the measured total field is used for damage imaging, direct
waves (the waves received by the sensors directly from the actuator) and possible
reflections from the upper surface of the structure (if non-contact EM sensors are used)
should be removed from the data as a preprocessing step to highlight the image.

The proposed imaging algorithms in IE formalism can be considered “base-free”
algorithms if the measured total field is directly used for damage imaging. Note that the
algorithms in IE formalism do not require information about the pristine structure

during the monitoring stage.

The proposed imaging algorithms have a typical shortcoming for damage imaging
application. This shortcoming may prevail when there is a material interface in
geometrical shadow of a damage. In this case, a false damage near or on the interface
location may be imaged in addition to the real damage. In other words, these
algorithms may overestimate the severity of damages inside a structure. The
application of linearized inversion method may resolve this problem.
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Appendix A

Dyadic Green’s Functionsin an Infinite Homogeneous | sotropic and L ossess M edia

For unbounded homogeneous isotropic and lossless media having permittivity & and

permeability 4, the four dyadic Green's functions can be expressed in terms of a single

scalar Green's function (Felsen and Marcuvitz, 1994), i.e.,

EJ el B\ — a _ M A
HM el B\ — a _ M A |
G (r,t,r,t)—(sal 'u(a/at)Jg(r,t,r,t)

G™M(r,t;r' tY=0x1g(r,t;r't")
G (r,t;r't"Yy == xI g(r,t;r',t"

(A1)

Where Vlatf(t):ﬁ f(t)dt and | is identity tensor. The scalar Green's function

2

g(r,t;r',t") satisfies (Dz—é%Jg(r,t;r’,t’):d(r -r)o(t-t"), causality condition, and

radiation boundary conditions, and can be derived as.

grtrty=— L 5 (¢ -lr=rl
Y 4mr —r'| C

where ¢ = L is medium velocity.

Tie
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Appendix B

Reciprocity Theoremsin Electromagnetic

A reciprocity theorem interrelates in a specific way the field quantities associated with
two admissible physical states that could occur in one and the same domain of space. These
reciprocity theorems apply to atime-invariant configuration; the media in the physical states
are also assumed to be time-invariant and linear in their physical behavior (constitutive

properties).

Generally, in the time domain, there is a distinction between reciprocity theorems of
convolution type and reciprocity theorems of correlation type. Their frequency domain
counterparts are the classical reciprocity theorem (which in electromagnetic is named after
H.A. Lorentz and in acoustics, after Lord Rayleigh) and the power reciprocity theorem,

respectively (Oristaglio and Blok, 1994).

Here, an inhomogeneous, anisotropic, and dissipative medium described by the
constitutive equations (1.8) is considered.

Consider two sets of finite sources, {J(r,t),M(r,t} and {j(r,t),M(r,t)} in an

unbounded medium, and their corresponding fields, {E(r,t),H (r,t} and {é(r,t),ﬁ(r,t)},
where hat denotes adjoint. They satisfy the equations (1.9) and (1.22), i.e.,

[JXE=-uH-M
" . (B.1)

[I]xH =¢[E +¢[E +J
OxE=p" H-M

-t A (B.2)
~-[IxH =¢"[E-¢' [E+J

Using the identity

[0 {AxB)=BI/xA-AllxB (B.3)

and Eq. (B.1) and (B.2), the following relation can be obtained:
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OHExHA +ExH)=H WxE-E@WxH +H I xE -E 7 xH
=—ﬁ[ﬁum)—ﬁw+E[66TEE)—EE€3TD§}+EE[T— (B.4)
H[QuTD-iJ+HD\7I—I§[(GEE)—I§ sEE)—éEU
Using the identity A{B[C) =C (B' [A), the last relation is simplified to:
SN 9~ . . SN .
D[ﬁEXH+EXH):—E[H[(um)+E[(sEE)]+EED+HEM—EED—HEM (B.5)

Now, both sides of the above relation are integrated over a volume which contains both
sources and over a time interval T, <t <T,. Then with the application of the divergence

theorem to the left-hand side, it follows that

IT?{:}S(EXI—] + éxH)mdet:mV—[ﬁ o TH )+ E e CE)| " av +

- (B.6)
[*[[ [Ed+H D -Em-FM)ava

Let T, be some time prior to the sources and T, some time after the sources are both off.
At time T, the retarded (ordinary) fields are everywhere zero (causality), and at time T, the
advanced (adjoint) fields are everywhere zero (anti-causality). Therefore, for this choice of
T, and T, the first volume integral on the right-hand side vanishes identically. An inspection
of (B.6) showsthat the value of the surface integral is independent of the size or shape of the

surface, as long as the surface is large enough to enclose completely both sources. Let the

surface be a large sphere of radius R. Then, if, for example, R >> c(|T1| +|T,| ) , Where c isthe

speed, the retarded field will not reach the surface S during the interval T, <t <T,, and the

surface integral will be identically zero (Welch, 1960 and 1961). In fact, the time interval
may be infinite and the contribution from the surface integral at infinity will be zero, as long
as the sources are of finite spatial extent. It follows then that if the integrations over space
and time completely enclose the sources,

[“[[ES+HM -ED-HM)avd=0 (B.7)
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To utilize the reciprocity relation (B.7) for deriving the relations between dyadic
Green’s functions and their adjoints, a number of different choices of excitation for the
ordinary and adjoint fields are considered (Felsen and Marcuvitz, 1994). For example, if

J=€0o(r-r"Yot-t);

J=e"3(r -r")o(t -t")
M =0 M

€ (B.8)
0

Then, the corresponding fields can be obtained using relations (1.13) and (1.27) as

E(r,)=G®(rt;r't)&; E(,t)=G¥( t;r"t") e

R R (B.9)
Hr,)=GM(rt;r'th&; H(r,t)=G™(r,t;r"t" &
Substitution of the above sources and fields in reciprocity relation (B.7) leads to
e Gt ) =e G (" t") @" (B.10)
or
GE(r'tr" ") =G® (" t";r' t") (B.11)
In asimilar manner, from the point excitations
1=0 ; {:0 (B.12)
M=€ed(r-r)ot-t); M=e"d(r-r")ot-t")
and the following corresponding fields
E(r,t)=G™(r,t;r' t) & ; I§A(r,t):fEEM(r,t;r”,t")Ee” (B.13)
Hr,)=G™(@r t;r'th&; H(r,)=G™(r,t;r"t" e
Oneinfers
G™M(rt "ty =G™ (r" t";r' ) (B.14)
From the excitations
J=€0o(r-r"ot-t"); :i=0 (B.15)
M=0 ; M =¢€"d(r-r")o(t-t")

and the following corresponding fields
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E(I’,t) - GEJ(r,t;r’,t') |]El ’ é(r,t) - éEM (I’,t;r",t") |]3n
H (I’,t) - GHJ (I’,t;r',t') |]El ’ l_’i (I’,t) = éHM (I’,t;l’",t") |]3"

Oneinfers
é EM (rl,tl ’ I’",'[") - G HJT (I’",t" ’ rl,tl)
And from the excitations

J=0 C I =e"3(r -r")o(t -t")
M =€d(r-r)dt-t); M=0

and the following corresponding fields

E(r,)=G™(rtir',t); E(0)=G(rtrt)E&
H)=G™ (@ tr ) Ay =G" () @

Oneinfers

éHJ (I",t';l’",t") - GEMT (I’",t";l",t')
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Appendix C

The Fourier Transform Properties

The Fourier transform, in essence, decomposes or separates a waveform or function into
sinusoids of different frequency which sum to the original waveform. It identifies or
distinguishes the different frequency sinusoids and their respective amplitudes. The Fourier
transformof f (t) isdefined as

fao) =] fn)edt () = O[ (1)] (C.1)
Then, the inverse Fourier transform will be
_ 1 e —jat . —

f(t) _ETI‘W f(w)e ' “dw f)=0 [f(a))] (C.2)

where, the same notation for the function and its transform has been used for simplicity. The

variable in parentheses is sufficient to distinguish between the function and its transform.
Some of the Fourier transform properties used in this study are:

Time Derivative Property:

daf(t) | _ .
O {T} =-jwf(w) (C3

Shifting Property: If t' isareal constant, then

O[ft-t)) = f(w) (C.4)
Conjugate Property: If f(t) isareal-valued function, then

0[f (-] = () (C5)
where * indicates complex conjugate.

Convolution Theorem: The convolution of the two functions f (t) and g(t) isdefined as

() DgM) =] f()gt-Nd =] f(t-A)gN)dl =gt) O () (C.6)
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Then, the Fourier transform of this convolution assumes the following form:

0 [f @) 0g(®)] = f () 9(e) (C.7)
and
07[f () g(@)] = %T [T (o) 9(@) e dow= £ (1) Og(t) (eX:)

Correlation Theorem: The cross correlation of the two functions f (t) and g(t) isdefined as

f)0gM) =] f(A-1)gdi=["f()g(A+t)di (C.9)

Then, the Fourier transform of this correlation is:

0 [f®0g)] = f () g(@) (C.10)
and

Tt @ o@]= [t (@ e@e “dw= f00 g (C.11)
then,

F(0) 090 b= -] (@) 9(0) do (C.12)

It isworth noting that the Fourier transform of the Dirac delta function is unity; i.e.,

Do) =1 (C.13)
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