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Abstract

With the mileage of the highway increasing, numbers of highway engineering
issues arise, which causes serious damage to the social economy. Ground
Penetrating Radar (GPR) is one kind of high performance non-destructive testing
(NDT) technology. With its precise and efficient performance, GPR is
comprehensively used in pavement inspection. However, limited by the
bandwidth, the range resolution of GPR is not high enough to resolve some kinds
of engineering issues demanding extremely precision measurement.

In this paper, we focus on the air-filled delamination in pavement layers. By
investigating the characteristics of the composite reflection from a thin layer using
time-frequency analysis, we propose a method to detect the delamination
between pavement layers. We firstly simulated GPR data from an asphailt
pavement model with an embedded air gap of different thicknesses by the
Green’s function method. The time domain signals of the data show that quater of
wavelength is the limited resolution of the thin layer. We apply time-frequency
analysis on the thin layer reflection using short time Fourier transform (STFT) and
find out the relation between instantaneous frequency spectrum and the thickness
of thin layer. It is demonstrated that the peak frequency of the thin layer reflection
and its corresponding magnitude in the spectrum is sensitive to the thickness.
When thickness is less than quater of wavelength , the peak frequency is higher
than that of the normal interface reflection, and the corresponding magnitude
increases with the thickness. We set up a statistics analysis model between the
characteristic of the instantaneous frequency spectrum and the thickness of thin
layer from a series of experiment data, and a trend curve indicating the relation
between the spectrum and the thickness is drawn. We also conduct indoor
experiment on imitated pavement model, and the result shows the same trend of

the relation between instantaneous frequency spectrum of the reflection and the



layer thickness. If a calibration test using the same equipment is conducted
before the pavement inspection, it is possible to estimate the delamination
thickness by the time frequency method proposed in this paper. In practice, it is a
valid method to detect whether there is delamination thinner than quater of
wavelength just by observing the frequency peak shift of a GPR spectrum
towards a higher frequency compared to the interface reflection wavelet

spectrum.

Keywords: Ground penetrating radar (GPR); delamination in pavement; time-

frequency analysis



SE R

[1j000.000000000000OO00O00[Dlo0bOO0bOO0DOOdo,2006,1-2
[2000.0000000000013000([N].OC0OO,20160 120 260
[BUb0O0.0000000000O000O00OO00DbOOoO0[plOb0O0o0DOOonoOad,2007,1-6
[400.0000C00000C00000000Q[).C000,2014,36(7): 89-92
[(000.0000000000000000000000[.00000000,2009,6(5): 89-92
[f(j0O0C.0000000OCO00O0OO0OOooO(plooooonn,2007,1-13
[fl000.00000000000000DO00DOO0O|[D].O0D0O00DOOdD,2009,1-19
[Bl00C0.00C0000D0CO00000R].ODOODO,2010, 36(33): 278-279

[9]T. Saarenketo, T. Scullion. Road evaluation with ground penetrating radar[J]. Journal of Applied Geophysics,
2000, 43(2-4): 119— 138

[10]M. Solla, H. Lorenzo, J. Marti nez-S& nchez, et al. Applications of GPR in Association with Other Non-
destructive Testing Methods in Surveying of Transport Infrastructures[J]. Civil Engingeering Applications of
Ground Penetrating Rdar, 2015, 327— 342.

[11]J. Stryk, R.Matula, K. Pospisil.Possibilities of ground penetrating radar usage within acceptance tests of rigid
pavements[J]. Journal of Applied Geophysics, 2013, 97: 11— 26

[12]L. KrysiJ ski and J. Sudyka. GPR abilities in investigation of the pavement transversal cracks[J]. Journal of
Applied Geophysics, 2013, 97: 27— 36

[13]Z. Leng, I. L. Al-Qadi, S. Lahouar. Development and validation for in situ asphalt mixture density prediction
models[J]. NDT &E International, 2011, 44(4): 369-375

[14]L. KrysiO ski, J. Sudyka. Typology of reflections in the assessment of the interlayer bonding condition of the
bituminous pavement by the use of an impulse high- frequency ground-penetrating radar[J]. Nondestructive
Testing and Evaluation, 2012, 27(3): 219— 227
[5]000.000000000000000([D]l.0O000O0O0O0O,2007,8-11
[16]000,000,00.00000000000D0C0000Q1.O0DC0O00O,2004,19(2):
268-275

[17l000.000C0000O0O00[M].CO:00000,2006, 138-164
[18l000,000,00.0000000000000O000DO00O0OQPOOOOOO,?2002,
17(4): 73-75

[19]A. Loizos, C. Plati. Accuracy of pavement thicknesses estimation using different ground penetrating radar
analysis approaches[J]. Ndt & E International, 2007, 40(2):147-157

[20]A. Loizos, C. Plati. Accuracy of Ground Penetrating Radar Horn-Antenna Technique for Sensing Pavement
Subsurface[J]. IEEE Sensors Journal, 2007, 7(5):842-850

[21]A. Benedetto, F. Tosti, L. B. Ciampoli, et al. An overview of ground-penetrating radar signal processing
techniques for road inspections[J]. Signal Processing, 2016, 132:201-209

[22]V. D. W. Andrey. Characterization of thin layers into concrete with Ground Penetrating Radar[D].
Belgium: University of Liege, 2014

[23]M. B. Widess. HOW THIN IS A THIN BED?[J]. GEOPHYSICS, 1973, 38(6), 1176— 1180

[24]X. Dé robert, C. Fauchard, P. C&ocirc;te, et al. Step-frequency radar applied on thin road layers[J]. Journal
of Applied Geophysics,2001, 47(3— 4): 317— 325

[25]S. Zhao, P. Shangguan, I.L. Al-Qadi. Application of regularized deconvolution technique for predicting
pavement thin layer thicknesses from ground penetrating radar data[J]. Ndt & E International, 2015, 73:1-7
[26]J. Xia, E.K. Franseen, R.D. Miller. Application of deterministic deconvolution of ground-penetrating radar
data in a study of carbonate strata[J]. Journal of Applied Geophysics, 2004, 56: 213-229

[27]N. Economou, A. Vafidis, H. Hamdan, et al. Time-varying deconvolution of GPR data in civil
engineering[J]. Nondestructive Testing & Evaluation, 2012, 27(3):285-292



[28]S. Zhao, I.L. Al-Qadi. Development of regularization methods on simulated ground-penetrating radar
signals to predict thin asphalt overlay thickness[J]. Signal Processing, 2017, 132: 261-271

[29]C.L. Bastard, V. Baltazart, Y. Wang, et al. Thin-Pavement Thickness Estimation Using GPR With High-
Resolution and Superresolution Methods[J]. IEEE Transactions on Geoscience & Remote Sensing, 2007,
45(8):2511-2519

[30]X. W. Zhang, Y. Z. Gao, G. Y. Fang. Application of Hilbert spectrum analysis in ground penetrating radar
thin layer recognition[J]. Chinese Journal of Applied Geophysics, 2013, 56(8): 2790— 2798

[31]A. Benedetto. Water content evaluation in unsaturated soil using GPR signal analysis in the frequency
domain[J]. Journal of Applied Geophysics, 2010, 71(1):26-35

[32]F. Tosti, A. Benedetto, L.B. Ciampoli, et al. GPR analysis of clayey soil behaviour in unsaturated conditions
for pavement engineering and geoscience applications[J]. Near Surface Geophysics, 2016, 14(2): 127-144

[33]S. Guha, S.E. Kruse, E.E. Wright, et al. Spectral analysis of ground penetrating radar response to thin
sedimentary layers[J]. Geophysical Research Letters, 2005, 32(23)

[34]S. Guha, S. Kruse, P. Wang. Joint time-frequency analysis of GPR data over layered sequences[J]. The
Leading Edge, 2008, 27(11): 1454-1460

[35]F. T. Ulaby, D. G. Long, W. J. Blackwell, et al. Microwave radar and radiometric remote sensing[M]. The
University of Michigan Press, 2015

[36]M. Sato, Z. Deng. GPR Reflection Signal from a Thin Layer[C]. The 134th SEGJ CONFERENCE, Tokyo,
2016, 47-50

[37]H.M. Jol. Ground Penetrating Radar: Theory and Applications[M]. The Netherlands: Elsevier B.V., 2009,
1-16

[80O00.000000000[M].OO0:00000,199%
[30|000,000.00000000000000000[0].00000O30,2007,50(1): 320-326
[40|000,000.0000000000[0J].000000,2003, 153(10): 75-78

[41]K. S. Yee. Numerical solution of initial boundary value problems involving maxwell's equations in isotropic
media[J]. IEEE Transactions on Antennas & Propagation, 1966, 14(3):302-307.

[42]J. Irving,R. Knight. Numerical modeling of ground-penetrating radar in 2-D using MATLAB[J].Computers
& Geoscience,2006, 32: 1247-1258
[431000,00,000.00MTDODOOOOOODOOOOO0OON].O000000,2009,129(6):
17-20

[44]Q. H. Liu. Computational Electromagnetics]M]. USA: Duke ECE 577 Classnotes, 2016, 139-154

[45]K.A. Michalski. Multilayered media Green's functions in integral equation formulations[J]. IEEE
Transactions on Antennas and Propagation, 1997, 45(3): 508-519
[46]000,000,00.000000000000000000Q0].000000030,2004,33(5):
485-488

[A7j000.000000000000000000R1. 0000000 0,1984, 1: 55-62
[48l000.00000 D00 _00000000000000R1.O000000,1998, 13(4): 335-
340

[49]1K.A. Michalski. Extrapolation methods for Sommerfeld integral tails[J], IEEE Transactions on Antennas
and Propagation, 1997, 45(3): 1405-1418

[50]M. Pieraccini, G. Luzi, L. Noferini, et al. Joint time-frequency analysis for investigation of layered masonry
structures using penetrating radar[J]. IEEE Transactions on Geoscience and Remote Sensing, 2004, 42(2),
309- 317

[51]N. Economou, A., Vafidis. Spectral balancing GPR data using time variant band-width in t-f domain[J].
Geophysics, 2010, 75(3):19-27



[52]A. Majkowski, M. Ko&#322;0dziej, R. J. Rak. Joint Time-Frequency And Wavelet Analysis - An
Introduction[J]. Metrology & Measurement Systems, 2014, 21(4):741-758

[53]1.L. Al-Qadi, S. Lahouar. Measuring layer thicknesses with GPR— Theory to practice[J]. Construction and
building materials, 2005, 19(10): 763-772

[54]J. Garcia, K. Hansen. HMA pavement mix type selection guide[M]. National Asphalt Pavement
Association, 2001
[5lO000.00000000000000000000[].000000,2007,4(4):10-12
[56]M. Heitzman, K. Maser, N.H. Tran, et al. Nondestructive Testing to Identify Delaminations Between HMA
Layers[M]. Transportation Research Board, 2013

[57]H. Liu, M. Sato. Determination of the phase center position and delay of a Vivaldi antenna[J]. IEICE
Electronics Express, 2013, 10(21): 20130573-20130573

[58]K.Z. Jadoon, S. Lambot, E.C. Slob, et al. Analysis of horn antenna transfer functions and phase-center
position for modeling off-ground GPR[J]. IEEE Transactions on Geoscience and Remote Sensing, 2011, 49(5):
1649-1662

[59]M.K. Karkkainen. Subcell FDTD modeling of electrically thin dispersive layers[J]. IEEE transactions on
microwave theory and techniques, 2003, 51(6): 1774-1780

[60]H. Liu, X. Xie, J. Cui, et al. Groundwater Level Monitoring for Hydraulic Characterization of an
Unconfined Aquifer by Common Mid-point Measurements using GPR[J]. Journal of Environmental and
Engineering Geophysics, 2014, 19(4): 259-268

[61]H. Liu, M. Sato. In situ measurement of pavement thickness and dielectric permittivity by GPR using an
antenna array[J]. NDT&E International, 2014, 64: 65— 71



Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways:

1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.



http://etd.xmu.edu.cn/
http://etd.calis.edu.cn/
mailto:etd@xmu.edu.cn

