Member of the Helmholtz Association

Permittivity
B2

Depth [m]
@3 © ® ~ o aN

10
Dist: &
Distance [m] istance [m] Distance [m]

Full-waveform inversion of crosshole GPR data for
hydrogeological applications

Anja Klotzsche

#) J0LICH

FORSCHUNGSZENTRUM



Forschungszentrum Jilich GmbH
Institute of Bio- and Geosciences (IBG)
Agrosphere (IBG-3)

Full-waveform inversion of crosshole GPR data
for hydrogeological applications

Anja Klotzsche

Schriften des Forschungszentrums Jilich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 193

ISSN 1866-1793 ISBN 978-3-89336-915-7



[ ]

Contents |

Abstriact 1
Zusammenfassung II1
List of P{iblications | Vv
1 Introductiorl 1
2 Theory 11
2.1 Fundaméntals of electromagnetic wavepropa ﬁm‘rinL .............. 11
2.2 Ray-bas¢d methods . . . . . .. ... ... o 13
2.3 Full-wavpform inversion methodology . . . . l ................ 16
2.3.1 Pre-processing . . . . . . . . ... 18

| 2.3.2 Forward Problem . . . . . . . . ... .. ... ... ... ... ... 19
ﬁ,ﬁ wavelet cstation. - - - - - - - .- - . . - . . s . 1Y

2. 4 L e s 1 4l a9

2.‘ 5 Implementation details 26

3 AppliCaflon:mm—tthntal data 29
A0 Thur Rivesdhsdiasoophaden]todit dfioldesepe t ... 30
3.2 Initial miodel estimation using the ray-based inversion scheme . . | L. 32
3.3 Sclurce wavelet estimation . . . . . . ... ... 33
3.3.1 Inmitial source wavelet estimation . . . . . . . . ... ... ... ... 33

332 S

]
2

3.4 Fulloszas

341 Permittivity and conductivity results

3.4.2

omparison between observed and modeled traces . . . . . .

3.5  Full-wav|

pform inversion using an improvedstarting model . . .|. . .

3.5.1 Improved starting model and data update . . . . . ... ..

3.5.2  Permittivity and conductivity results . . . . . ... ... ..

VII




3.5.3  Comparison of the modeled and measured data . . . ... ... .. 46
0.0 Conclusions . . . . . . . o0
jS—D characterization of high-permeability zones in a gravel aquifer 53
4';.1 Thur River test site and 3D acquisition setup . . . . . .| ... ... ... 54
4.2  F{ll-waveform inversion results of the Thur River aquiter . . . . . . . 1 .. DD
4.3 Wavegaide deteetion through amphtaae anaysis — 59
4.4 Pbtroph 66
1.5 Conclusions . . . . . . . . .. 69
Detec
5.1 Simthetic models of continuous and discontinuous low-velocity waveguides 72
5.2 [aveguide detection using amplitude analysis .|. . . . . .. ... .. ... 74
5.|2.1 Amplitude analysis for different synthetic models . . . . . . .. .. 76
5.2.2 Influence|of permittivity and conductivity on waveguide behavior . 78
5.3 Experimental study: Boise Hydrogeophysical Research Site . . . . . . . .. 80
531

Field site and geologjcal background . . . . . . .. ... ... ... 80

using extended amplitude analysis . . . . . . 81

avdform inversion results . . . . . . . ... ... 83

5.3.4 Comparison of the full-waveform inversion results and logging data 88

5.4 Clanclusions ............... | .................. 90
Conc]llqinnc & Ontlook | 93
61 Conclusions 93
6.2 Outlook 95
| 6.2.1 Theoretical development . . . . . | .................. 95
| 6.2.2 Experimental applicaticlns ....................... 96
hptimization of acguisitiogl setup for GPR full-waveform inversion 97
.I\.l Investigated measurementlsetups ....................... 98
A2 F‘lll—waveform inversiPn ............................. 99
A3 PTbuiu'uuu 12 k2 a1 e 100
Al heperiurentaltads | ...................... 103
AI4 1__Test site | ...................... 103
AI4.2 Data acquisition . . | .......................... 103
A|4.3 Time-zero correction . . . . . . .. .. ... oo 104
A44 Starting model . . . .o 106
A.4.5 Full-waveform inversion results . . . . . . . ... ... ... .... 107

VIII



A.4.6 ({omparison of observed and modeled traces . . . . ... ... ... 11t

A.4.7 Kesolution aatysts USmg (e checkerboard test -~~~ . . 12
A 3 3 i i ld \./Ul.ldubt;.v;tj L\JDU}‘\:’D ........ 17
A5 C jonsandoutlook . . . .. . . f ... oo 118

B Imlaging unsaturated & saturated zones using full-waveform inversion 121

B.1 T¢st site, measurement getup and geological background . . . . . ... .. 122
B.2 Fyi—waveformimrersiortor—theqinsaturated and saturated zones . . . . . . 122
B! timatioh for unsaturated and saturated zones . . . 123
BJ2.2 Principle of the combjined full-waveform inversion . . . . ... ... 126
B.2.3 Hesults of the combined full-waveform inversion . . .[. . . ... .. 126
B.3 Conclusipns and outlook . . . . . . . .. .. ... ... ........... 129

C Full-waveforim inversion of GPR data measured at the Boise aquifer 131

C.1 Bti)ise aquifer. . . . Lo 132
C.2 GPRsurvey layout . . . . . . . . .. ... 133
C..El Inversion results . . . | ............................. 133
C.3.1 Comparison of the inversion results . . . . . .. ... ... ... .. 133

| C.3.2 Gradientl comparison of the different full-waveform inversions . . . 134

U333~ Comparison of the observed and simulated radar traces . . . . . . . 135

0.1 Conclusions . . . | ................................ 137
Ackn(lmded.g,m.an.ts_l 138
Bibliography 141
List of FiBUch | 157
List of Tables 159
Curriculum Vitae 160

IX



‘ ‘
4 I

5\

Energie & Umwelt/ Energy & Environment

Band,/ Volume 193 ’J jULlCH

ISBN 978-3-89336-915-7 FORSCHUNGSZENTRUM



	Dissertation_verlag
	Abstract
	Zusammenfassung
	List of Publications
	Introduction
	Theory
	Fundamentals of electromagnetic wave propagation
	Ray-based methods
	Full-waveform inversion methodology
	Pre-processing
	Forward Problem
	Source wavelet estimation
	Inversion algorithm
	Implementation details


	Applications of the full-waveform inversion to experimental data
	Thur River hydrogeophysical test site and field experiment
	Initial model estimation using the ray-based inversion scheme
	Source wavelet estimation
	Initial source wavelet estimation
	Source wavelet correction and refinement

	Full-waveform inversion
	Permittivity and conductivity results
	Comparison between observed and modeled traces

	Full-waveform inversion using an improved starting model
	Improved starting model and data update
	Permittivity and conductivity results
	Comparison of the modeled and measured data

	Conclusions

	3-D characterization of high-permeability zones in a gravel aquifer
	Thur River test site and 3D acquisition setup
	Full-waveform inversion results of the Thur River aquifer
	Waveguide detection through amplitude analysis
	Petrophysical interpretation and comparison with logging data
	Conclusions

	Detection & identification of waveguides with limited lateral extension
	Synthetic models of continuous and discontinuous low-velocity waveguides
	Waveguide detection using amplitude analysis
	Amplitude analysis for different synthetic models
	Influence of permittivity and conductivity on waveguide behavior

	Experimental study: Boise Hydrogeophysical Research Site
	Field site and geological background
	Waveguide detection using extended amplitude analysis 
	Full-waveform inversion results
	Comparison of the full-waveform inversion results and logging data

	Conclusions

	Conclusions & Outlook
	Conclusions
	Outlook
	Theoretical development
	Experimental applications


	Optimization of acquisition setup for GPR full-waveform inversion
	Investigated measurement setups
	Full-waveform inversion
	Resolution analysis
	Experimental study
	Test site
	Data acquisition
	Time-zero correction
	Starting model
	Full-waveform inversion results
	Comparison of observed and modeled traces
	Resolution analysis using the checkerboard test
	Interpretation of permittivity and conductivity results

	Conclusions and outlook

	Imaging unsaturated & saturated zones using full-waveform inversion
	Test site, measurement setup and geological background
	Full-waveform inversion for the unsaturated and saturated zones
	Source wavelet estimation for unsaturated and saturated zones
	Principle of the combined full-waveform inversion
	Results of the combined full-waveform inversion

	Conclusions and outlook

	Full-waveform inversion of GPR data measured at the Boise aquifer
	Boise aquifer
	GPR survey layout
	Inversion results
	Comparison of the inversion results
	Gradient comparison of the different full-waveform inversions 
	Comparison of the observed and simulated radar traces

	Conclusions

	Acknowledgments
	Bibliography
	List of Figures
	List of Tables
	Curriculum Vitae

	CV_dissertation



