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Abstract: We have examined the applicability of f-k analysis to the GPR direct wave measurement for water content
to characterize vadose zone condition. When the vadose zone consists of a dry surface layer over wet substratum, we
obtained f-k spectra where most of the energy is bounded by the air and dry soil velocities. In this case, dry soil velocity
was successfully estimated by using high frequency data. On the other hands, when wet soil overlies dry substratum,
the f-k spectra show a contrasting response where most of the energy travels with the velocity bounded by dry and wet
soil velocities. In this case, the radar waves are trapped and guided within wet soil layer, exhibiting velocity dispersion.
By adopting modal propagation theory, we could formulae a simple inversion code to find two layer's dielectric constants
as well as layer thickness. By inverting the velocity dispersion curve obtained from f-k spectra of synthetic modeling
data, we could obtain good estimates of dielectric constants of each layer as well as first layer thickness. Moreover, we
could obtain more accurate results by including the higher mode data. We expect this method will be useful to get the
quantitative property of real subsurface when the field condition is similar.
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Fig. 1. Sketch of two-layered earth model used for the numerical
simulations.
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Fig. 2. Synthetic WARR data for the dry layer over wet substratum models and their corresponding f-k spectra. Dry layer thicknesses are (a)
0 cm, (b) 5 cm, (¢) 10 cm, (d) 15 cm, (e) 20 cm, (f) 25 cm, (g) 35 cm, and (h) 45 cm, respectively.
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Fig. 2. Continued.
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Fig. 3. Synthetic WARR data for the wet layer over dry substratum models and their corresponding f-k spectra. Wet layer thicknesses are (a)
0 cm, (b) 5 cm, (¢) 10 cm, (d) 15 cm, (e) 20 cm, (f) 25 cm, (g) 35 cm, and (h) 45 cm, respectively.
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Fig. 4. Schematic diagram of GPR survey over two layered earth.
Propagation paths of the air wave, dispersive guided wave, and
refracted wave, which can be observed when overlying layer has
higher dielectric constant than lower substratum, are shown
schematically.

usec, LFEIRE H oA 77.5 m/usecd] THT TS HAFAL

ATk, EF 8 EFFY T 27K at aes)
F7h STkt o, (belME 7k BErt Bele W
© (@M= a7 R 7] BEIF Bex)Y glot. &9
o] BE AfelM 13 =
it}

o9} Zre- glojthute] b 7}01 @%S
(Modal Propagation Theory)2. & ™ 73
2 GPR Aol A o] &-8h= TE (Transverse Electric) Rsh=tsl

9 e} ke mrdy WY AS & ¢ YL

RyoR pexp(i2k heos 6) = 1, (1)

71, % TE BE whpisE 0wt 2ok,

kicos 9—(k(2) ~ kisin® 6)”2

k,cos 6+(k(2] - k%sin2 9)”2

Ry = @

_ kycos 9—(k§ - kfsin2 9)1/2
kycos O+ (k2 — Kisin’9)"”

€)

A7VA, ko=27flc, ki=ko J&1, ko= ko &, O10, FRF2] §4
22 g, 2 FAE holT SR2Y] §HLL 507 AW

Tk 4 (1S AR 6ol ThE EW SakEEE Tres) .

@

vph =

c
A/leinﬁ.

Mz o)$} e v A Wyl EAL /‘_\__]-gqiﬂ o5t

FEAXEGR %LHQ 2% %Lzoﬂxi & Eoko] T
£ 5 cm 3}, RS S-S fge] 247t 159 59

739l thste] 2] (Dol veRd 2= w29 B)E el B
STl Fig. 5% 450 MHz} 1200 MHzoll thsle] Az 05
WA FHA 4] (1)9] 2] FES AZ=Hol §4EE 11
o] TAIG Zlo|t}. aolr] Ao ghe] 10]aL sl gt
o] 021 7A-%9 YAz 67F B= A e a7t HH, 450



£k BAG) 2@ dolts £ 24 B dolrivie]

1st Mode

0.5

450 MHz
Real \

— — — Imagina Vo
4 ] 9 ry/' \s

0 20 40 60 80
Incidence Angle (Degree)

(a)

B Trole BFE o1 8% AsH 24 A 311

1200 MHz
Real

y ,\_ —1— Imagir?ary/,r\J

0 20 40 60 80
Incidence Angle (Degree)

(b)

Fig. 5. Solutions to modal equation at 450 MHz (a) and 1200 MHz (b) when the wet layer thickness is 5 cm. Solid and dotted lines are the
real and imaginary parts of modal equation with varying incident angle, respectively.

MHzoll 4 2] 8= 45.24°9F 90%] 3L, 1200 MHzo) A= 36.54°,
64.25°, 90° 5 NS & e Ut 4714 90 R=
WA AS A B BT oR Foud sjjo|nR A9
sl €t} wlebd 450 MHzoM 9] sl sz 12 B2
who] Ea)sht 1200 MHz 2% 13} =9} o}88] 23 &
=7} 233, 64.25°7} 13} BE0]3 36.54°7] 22} R0 T)
g QJAtzhol B} &, FuT FoldaE ALtEE AR
2 A o A HAL olF 12 REQ] YAIRT FHe
R o] Yatzre] 23 eA . ol o] dojrl YAE
& ol g3t zF Faprol| M9 S EE ALksHH, 450 MHz
A 12} B9 AEEE 109.1 m/useco] Bk E3E, 1200
MHzoA 12} R=9] Y45 EE 86.0 miusec 0]l 23} BE
9] $IE=EE 1301 mipsec’t Eoh 12} B=9] B¢ F 7t
A 9] FulpolA FElEHA g S EE YephaL o,

ZaL 3o}y, Tl AR gk} 180 MHz ©|8lollA =
2 ()9 #7F EAEHA] o, o] F349} 1130 MHz o]
AN 12} m=gte] EX3td ©F sle] alzite] Exfst
™, 1130 MHz oAM= 13} 2 23} R=9] QAlzbo] 2%
FEA)gc}, wEhA 180 MHZE 1RIEE9] dukul<retyl shH,
1130 MHzE 235 =9 duuleagial o) ¢, §-4&
2 2 FA 9 Hstel mEbA 2] (Dol tH3k & o] = T Eks)
A =1, 2x}o) o] AR = A s frt,

o9} zho] Fulpe] W YAlzte] wislol] ofsle] LAY B=
I3te] Si4He 7] 9181 Fig. 39 fh 2%

&
o

3 Ao Yehls oMIES 2 &% on, Fig. 6(a)9} Fig
@)= ZAAA A% 5 cm 2 10 em ¢l A9 fk AHEY
oAl gk RS S Vebd). o9 21 AR LHdle 7t
Rest Exgke GG et fh AHEY ] Higs
Uehll e F2& olgatsirh AW Aert 5 emSl 45 13}
222 REE, A%E7F 10 em?] AfolE 13} RECA 43}
Rz LS ATt olst o] A E Ase S S=-
Filg gl £ AEGo R UAT 5 9127, Fig. 6(b)
¢} Fig. 70bye L A3 vebdnh 2ol 2= Ag o]&
of ot o ALY 7F REd g S= SHEY
& Aoz BAEK of Al A5 gAAETE
FDTD AR Hol et R ARojng Jgofret 3
o] 53] ZFgelA a4 sfete] Zo] 7t B 9
e ol ARG H FEA 3 THRA TS 2
ARE olggozM IO BAEHE &Y & AU o4 2
SAE AL o) B39} fhk SHERHS o] -3 T
F7F ok 2 dABI )lor, o] 7 REY SR
7] S5t fk SHERS ol&she W0l AU 2

FaL itk

714 & g 7IA] FEsfop & A2 ghollM ATk viet 7L
o] 54 e Fig offelle £ | EAsHA] &=
e Jeg o dloluste] shol= dide] dFe AuFe
TIgEE S WelEn 159 FAZE S em’l A 1
aF 2O tid gt Fukee el AFE vle} o] of
180 MHzol| ¥13}e 23} Reo] Ak Fulb= 1130 MHzE
Rt et =S, 15 F27F 10 emd] B¢ Aot 1
2} m=9] 7% 90 MHz, 23F B9 79 565 MHz=2 Hdt

iy ok

e

R

AN
o3

-
44
5]



312 o]®% - Anthony L. Endres + 23 5.

2000 150
Air —» Dry Sand —1 - -
{300m/usec) (1 34mlusec) A —nnennneeme - Theoretical dispersion curve
_ ° o o © Picked dispersion curve
140 — R
1600 —| T e e e e B e
Wet Sand 130 o ny Sand
i {77.5mipsec) 3 {134m4usec)
~ —_ i
2 120 —
é 1200 — Z
E E
E’ . T 0 —
B
3 R
g 800 — =
@ S 100 —
h -
90 —|
400 —| .
Wet Sand
- % 77.5mipsec) _
7777 T T T 1 T T
0 5 10 15 20 25 0 450 800 1200 1600 2000
Wave Number (Cycles/m) Frequency (MHz)
(a) (b)

Fig. 6. Locus of maximum amplitude values in the f-k spectra and corresponding velocity dispersion curves for the wet layer thickness of 5
cm over dry substratum.
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Fig. 7. Locus of maximum amplitude values in the f-k spectra and corresponding velocity dispersion curves for the wet layer thickness of 10
cm over dry substratum.
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Fig. 8. Iteration summary of velocity dispersion curve inversion from the 5 cm wet layer thickness model: (a) Wet soil permittivity; (b) Dry
soil permittivity; (c) Wet layer thickness; and (d) RMS error. Closed circles represent results when only the first mode data were used in the
inversion, while squares show ones using both the first and second mode data.
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Table 1. Inversion results obtained from the velocity dispersion data
derived from the f-k spectra.

Inversion
Model Experiment & & h (cm)
h=5cm 1st mode only 15.78294 5106634  4.519706
Ist + 2nd mode  15.35429 4.676033 5.042217
h =10 cm 1st mode only 1544406  4.893042  9.384015
Ist + 2nd mode  15.37233 4.665123  9.879493
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