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Evaluation of phase velocity in model rock mass
using wavelet transform of surface wave

Jong-Sub Lee, Hyon-Sohk Ohm, Dong-Hyun Kim, In-Mo Lee

Abstract Prediction of ground condition ahead of tunnel face might be the most important factor to prevent collapse during
tunnel excavation. In this study, a non-destructive method to evaluate the phase velocity in model rock mass using wavelet
transform of surface wave was proposed aiming at ground condition assessment ahead of tunnel face. Model tests using
gypsum as a rocklike material composed of two layers were performed. A piezoelectric actuator with frequencies ranging
from 150 Hz to 5 kHz was selected as a harmonic source. The acceleration history was measured with two accelerometers.
Wavelet transform analysis was used to obtain the dispersion curves from the measured data. The experimental results showed
that the near-field effects can be neglected if the distance between two receivers is chosen to be three times the wavelength.
A simple inversion method using weighted factor based on the normal distribution was proposed. The inversion results showed
that the predicted phase velocity agreed reasonably well with the measured one when the wavelength influence factor was
0.2. The depth of propagation of surface wave was from 0.42 to 0.63 times the wavelength. The range of wavelength varying
with phase velocity in dispersion curve matched well with that estimated by inversion technique.

Keywords: Phase velocity, rock mass, wavelet transform, surface wave, non-destructive method

A EY g el g B4 Wae) dEe B AF A ¥
ol ek o] el WEe ol 85 1A Qo] PSS oSl v
B4 VSR ol ahad ek A ABeIAE ehle wAR] 9151e] 4wt 44 B o2 olelrl Am
% AMESSITE TN A% WA F5e T3 tlefe] 150 HzolA S kHzS) SifololH S Abgalglon, A7)
| A ARSI ARG AN S1sto] Aol WE NS Fsle A 43 Ash 2419
S Qlol] 913 Ak A7) 10] B b 2018l 3] SO Uehdeh Bt BE FHo) 7153 /1ENE o] 83
3 S ARG, TP AT 029 1 A S A7 % A sk Este) A5t 2ol 32 04
~ 0,638 Lhepst OB, $ALF ol A Tgel mieh 1t Wk Tale] Sk Bl AE Tt 2 LSk

sl Tjg o] B9 WS o] 88 9y A 49 T3 2 AY P, o

‘]

2 B fo
i)
i
2

o
>,
32
s
ol
o
e
o
B
2
&
e
r2
4
)
x
s

I f
ot

N ot
o Mo

il

= o i o
o

P

N

o 1

1}

2

= = =N

g § <] l
o] Idslms B g el ot 24 WsE dSshed 849 480l e Zlew wddd.
] H]

20l PS5, gh, golel WE, EHish

A

N R
oL
o

LA 2 T 9k e 9] f5aL 24 o|2 27147
71 S18l A7) AS Sefok shu, Awe] st
By A1F A Y 2P ] Ak 27do] o] ol Fuldnals: s ol Ao BAvIE Bl
Bk defzom PAElo] Y A W A syl = shoks wie] iR 1B 2004)
W = Qlek olelet sl wlvle] Al st B AgelAE Hgk) AlggoRA Eas] i
NEe B3 B whg ] okl B4 WalE =g gllo]EYl Mk o] g9k Y ohile] ks A4
oZR opat 5 Qirk e F Al BAVIE ARE Foms EY upg dhie] ohik B4 wskE 4] o
3= SASWE] A% Ao o] Al A% BE @ 5 g WS ARtk A AgelNE gy
ShIkS mANEE v} 77t B9 F Fow o)folxl
e maam S A3 wEe AR A5 Edel] 9208 gl
89 - GSAA ASENE A A S A SE T AA7)6A S8t HlolEEl |
A o G 2 e Saeigid EEsl] hE olEu Wae

Tunnelling Technology, Vol. 10, No. 1, March 2008 69



2.1 A3 v oA o] mwvte] 54

Xﬂ@‘g‘é EollA 2] XR3k(seismic wave)= A=
750l WPES] A719h= 5H%]o|™ material damping
o elalel Faka] 7R oludAlel ol 7] wjge]
EbXiilelastic wave)Ekal Ee]2t) BHAuo= niE
Qo Astal Lk Alsie) e mel Ast
8 ke wRe e, Aol o) B
W] AR dEsle) A WEe Qo
Akt AEsp} Qe RSl ehstsh dus
o) sl B YAt £ ek AL A
J{Rayleigh wave), =39} Zchule] 4 AdFo] &
1 2 5 FEE 7= gH3l(Love wave)7t 3L
t(Stokoe and Santamarina, 2000). 3EHI} Al A=
T2 ddeuE ARe 2 =Rl sEHvks b
ks A

_w_ [M |
VP_ kp P) ( )
Wy G
=== 2
Vb ks P) ( )
S, Ve AEThel SPSE, Vi duste] 914
S, =2/ T O k=2 T, TE T

w =

A= I, M2 AR, G DA pe i
o] W, o} A} pot s EuRel AdhkE ofn|gh
th ¢lEulo] kel Arkule] kLS B
‘{'\_

Bo} EolkH] v 27k UEhi thea 2k
- E(1—v)
O e ) ®
Vo=V 5 @

70 ElY7]E, A10AE AllE, 2008 3€

o] Sssl Aiviste) SasEste] HAe)
g3} 2o g YepfH thS-¥ 2t (Achenbach, 1975,

Santamarina 5, 2001).

Ve
S Y o s S

weisle) $htmg drkvle] SPbEs) olsm)
= Ui thes) wek

0.874+1.117v

Vr= 1+v

Vs G

~

A @A ()= F3l o f?i HH?“H*H el &
=9} FolEnlete] WA B S 1S e
Hte} ste] ﬁ“’:&u} itq Fravle] 9
= Agke] AT e] 0.8744)~0.955H] 0t}

ELJM oJgt o2} &% S B oF 1) T
zjolo]) thie] U7} Bl ko] oL
% oF .58 3 ZlolollAe] njde] EEE Y%
o}(0143€), 2006).

Rlsdh= %b‘ﬂﬂﬁﬂﬁ HRAEH= ©

PH H

ot

Pgste] R Y

& B AR TRe] - vede] spHow Hukshe 7]
s}ja 22971 vl OPOHH 1/r, ERAME 1/7
Hhdel| vkl 79- Ede] o R Hukst 7]

slehA] 7R7F 1/ v/ ot & 3ellA A¥zke] 714
7} Este] 7R wEn) Begh 7Rl ol A whalst
= AR 67%7F FHTEe] Fel® Hufs] W
edute] Ml YA 7RI ZAdA 3t FHE
7HE AR G A(near field)} 7HIHA 9o
A o] Arfnbg Holxl StollA 24z} Fefe H
£ 7P A G (far field) o= vis o, 9742
el EETke] Aol Auigkcl(Stokoe and
Santamarina, 2000).

U]- uH;d _@_1;]. 1—4__
S aeehE 3o %ﬂ%}u}- 1;]..% izl A 3t
5 WM3l= 2 (dispersive)



Layer 1

ﬂ 1 /15/1017

Layer 2 /’l‘lang

Layer 3

Depth Depth
wdolA Fuol whe EHshe

]

W
=]

f

a9 1. o

13} o] U wijdol| ] v g
srof| A ke HLBLo] nfjE o] Qs
Jol 71 wke: Tl Az 28 R
= Ukt ofelst muste] 24k

=83k 947} Hrk(Stokoe and

N
S

e |y
N o

4
P

il
T
ﬁ,
K
%

o i O
5]
o
H

2,
lo o

g
[ Lo
B
o
I
e

U

>
i)
_t

o+ AL

Santamarina, 2000).

3. flolEl Wghs o] &3 IEE 5

3.1 flel=2l Wske] 54

2 Aol T Ae) Ao Ase] sl
2 %9 4 9l FITl] g Aoj2el WS o83
ATt llol&2 $i3Kwavelet transform)-> F]of 13
(Fourier transform) % % 35 0|83k Fjo Ak
(Short Time Fourier Transform)} 22 AT}
sAahs e el 2o s LS A &
dfsted s = Shis AREAAIY siolelar EEle
thelsE3t f53h 2004). 2 5o, U543} e

Akl e s ke B e el

P

F(t) =sin(2rx20t) if 0.1 <t <04 7
sin(2m < 40t) if 0.6 <t < 0.9
0 otherwise

1#4*11 ARFSNA s T 29 3
ok e Algel disiM Fefe] Wkt gl
_f& A= 7¥z a9 33 a2 49 7o)

18 30jA] Ba] 250 Falo] Wsko 2HE] 259

rgﬁm

u1~r AAE-S dopd 4= XN ATk w2 o]
I o = gl Whdol 9 4ol EE] 259 9o]
2 Hgko 2 HE] A7t mhE Fulre] BEE S 5

T ai-=

Y0, e E],I —iN

-

2
1 L
D
e
2
= 0
£
< -1t
_2 1 1 1
0 0.2 0.4 0.6 0.8 1
Time (sec)
a3 2. Az FoMe] £ AE
200
[0
©
-]
= 100 r
o
£
<

0 10 20 30 40 50 60
Frequency (Hz)
oy 3. e AFe Fd g

Amplitude

60
40 0

OFrequency(Hz)

S
097 >

) 08 oo
Time(sec) 170 10

a9 4. el A5 doly W

%] 5% STFT " flo]E=1 Biglol|A] Fajro]|
T:HffP e A715 eI oY “I"J]‘T‘ﬂ' o]
= AT - STFT W2 shue] Ael4=2 sy
0}71 wjizel] Aol A sjAo] 7FsalES o] A7)
7} A A Jrhd sl A sjAE 4= glrk 1k
Hell glolE2 Mk Fae]| whe} o] 7|7} ws)

Tunnelling Technology, Vol. 10, No. 1, March 2008 71



Freaquency
Frequency

— ——
Time Time

(a) STFT (b)Wavelet Transform
@ 5, STFT Wi 3} ¢o]Bel Wl o] 7

SR STFTE] TS HeRBIT)(o]5-E3 S-53% 2004).

3.2 dol &l Weke] 49

olE= HMslke & o] B2 (mother wavelet)2] S+
o] we} Morlet Hlo]&2, Plit 7192~ ¢llo]E3, Barrat
Aoltal S0 s 4 gk % Aelee Uk
ches gk

vual0) == 2 ®)

a a

A7, ¢ (t) = B AlokE, a= 21 Seh]E(scaling
parameter), b+ ©|'5 J}2}7|E|(translation parameter)
2 Uehick sJojel weke trea) go] Aejwr)

Wf(a,b) = f jmf(t)d);b(t)dt ©)
A7, f(t) = Y25 original signal), ¢ (¢) = 5 ¢
o] &3¢9 E AT M (complex conjugate)= YERALE

Sk drlsel B QolERIgte] s g
(cross-correlation) AR £ 4= 9t} 13 63} o]
2AY g7 #iglel] wet 2 glolEle] Fejvt
WHato] Thefek Falre] diste] sido] 7hsabH, 19
73} o) o]F Fen|E 7t HEel] whet B o]EElo]
oS sto] Yhlse] tigk & 9olE=e] fAMdS &
=

2 AT e B dlolEgle s B3 dd
slo] AREFIRE ST 7 Holuths 71 <l
=3)(Gabor wavelet)S A28 THInoue 5, 1996).
7H fllolER 7h gllo]E2le] relol] WEks 747t

+
;O

7
o]

72 H4d7)E, A10d A1, 2008 3¢

1.0
0.5

-0.5
-1.0

1.0
0.5

-0.5
-1.0

1.0
0.5
o 0.0
-0.5
-1.0

i

-2.5

0

time

2.5 5

W

—a=1.0

-5

-2.5

0

time

2.5 5

AN .

-5

-2.5

0

time

2.5 5

29 6. 2/ steblEe] B = o]y

1.0
0.5

=< 0.0

>
-0.5

-1.0

¥ 7. o)% wenEHel e

-

—b=0
—b=5

-5

Uehi gewt 2,

time

(‘U()/’Y)Z 9

2

t

g T

] exp(iwgt)

(10)



(w—wp)? (11)

_ V2r Y [ (V/‘Uo)Z
0, 0) = [T |1

A7 vE 7v/2/In2, Wy ool ZHS 7RIk
3.3 79 s

R Al ke g 1 b e
TS A 25ES S T AN S FAA
I o7} ZtKInoue 5, 1996).

i

Ny

S

(z,t) = Acos (klx *wlt) + Acos (kQI *th) (12)
u(z,t) =2Acos (Akx — Awt)cos (kx — wt) (13)

2

714, A= RE, K, ko 35(wave number), w,,
L, © 259 (angular frequency), Ak (ky —ky)/2,
wT (wlwa)/Z, kT (k +k)/2 wi (w1+w2)/2
E vehditk 4] (13)0ll4] e Aztels A5}
2 A15e] fehe] o] Faks whmel fele] glow
SUPLS] AP D 21591 B YL ol
—5‘]—"__‘_ EH/\]——{:EQ— T’]—Eﬂo] ]Tq- 131 E_ llmup
I kT v phw = 717 tea) o] 1,].5}1/14 a9k

S
r1r

>

Aw

quup Ak (14)
w

‘/ph{we = Z (15)

d
Vrmn =7 ;7 (16)
grout tng - tgrl
d
V) ase — 17
P 25])/12 - tphl ( )

ATV, 1, 10 A Hdzxn, WA 77100 S
A5e) sk AR 1, b, R A, T w7

2710 245 @m g A 2
el ARk vehick 28 8 5 1) S99

S
ISH
rlr
1
N
X
~

Receiver Receiver 2

thl :tphl tph2 tgﬁ Time

A ME RIS E R RO e E

2
o
J

42 YA olgsle] deat 2ol ekl 4 .

V,. = d (18)

phase 9 _ 9
(tqu - tqu) - ( 2 -
¢ ¢ w

A71A, 6,3 6, ¢, 3 tg,goﬂfﬂ-‘ﬂ Pdte vERIT)
/\TLH /\Tzﬂoﬂ}q‘— A) (18)_0_ ]
L WS o}3 NS A=

4.2 29 & A4
A ks 2 7RI, 7RI SRE A, ), 3

A7) T ], TR ealwmme U 7RI
Fal= tide] 150 Hz~5 kHzQl diFollolE|(712A02,
PCB)E AH83153, 719 T53l7] Slste] AEw

X 1. a9 A7 BA

HEZ = Ve Vs

(MPa) (m/sec) (m/sec)
Gypsum 1 14 2000 1500
Gypsum 2 30 2500 1600
Gypsum 3 70 3400 2000

Tunnelling Technology, Vol. 10, No. 1, March 2008 73



Source
18 Receiver 1 Receiver 2

g —H £ £
e -
%I d d Gypsum 2
g
&
S § Gypsum 3
- ~’s
1200mm 50mm
(a) Case 1
Source R 1R 5
eceiver 1 Receiver
E L) L)
=) - —
QI d d Gypsum 1
g
g g
= g Gypsum 3
<
o
y T
1200mm 50mm
(b) Case 2
Source R 1R )
eceiver 1 Receiver
£ i 6 =) =)
E LJ L
=) -
s gI d d Gypsum 1
Ele
e G 2
=P ypsum
(=)
=
< 4
1500mm 50mm

(c) Case 3

a8 9. A Aol A8 =Y

A71(33220A, Agilent)®t Hdll 200V7H] il s
3235 4= 9l Al S FE7|(EPA-104, Piezo Systems)E
/\}%6}0311]- A7) 1 Hz~30 kHz2] F391= tj9S
SA3 4= 9 7 EAI353B15, PCB)S ARE319I A,
H71E ?Eo}ﬂ %’46}04 ] 1009 = %’Eﬂﬂf’*— =

2
oxE S&E‘i@g% F o 100MS/s4 St Aur
#?“‘EL # = BE(PXI-5112, National Instruments)-S-

74 ElY7|E, A10E AllE, 2008 3€

Frequency(Hz)
w

Time(sec) x10

() Alol&el W

Gabor Wavelet Coefficient in Time-domain
T T
800 - l Amplitude of Gabor Wavelet Coefficient| |

600 - B

400 /‘ [ A /\ AN
2007 / \/\[ i \\/\V ! \%a’\w\ A e VAV
6 8

0

3

Amplitude

2 4
tgrl Time(sec) x10°
(b) Slo] &3 W T

Unwrapped Phase information of Signals in Time-domain

5 600 T
g ‘ Unwrapped Phase of Signals
3 400} e 1
- —
o 200- T 7
P

O pot=r—_ ‘ 1

0 2 4 6 8

Time(sec) x10°

(©) *FH S1gz e

a8 10. ZA7] 1904 SAHR A

x10°  Time Frequency-domain Analysis, Gabor Wavelet Transform
3

§ <= Contour of Gabor Wavelet Coefficient
W . i
2 | Joll
o it} N =
O
w 0 L 1 i 1

0 2 6 8

Time(sec) x10°

() Alol&3l W

Gabor Wavelet Coefficient in Time-domain

800~ ' ' ‘ —— Amplitude of Gabor Wavelet Coefficient|
8 e00f /
E]
£ 4001 ’/ f I
E 200} V\/ \‘/\[/ \ / \
< N
: AWV AN
0 2 4 6 8
tng Time(sec) x10°
(b) Aol WE v
Unwrapped Phase information of Signals in Time-domain
S 600
© Unwrapped Phase of Slgnalsr/
T a0t .
£ _—
o 200 =
| i i i
e200 2 4 8
Time(sec) x10°
(© 74 147 ad=
3% 11 27 20 SAHE A E
4.3 /\13@' v}



THnear-field effect)$} 7 A7) Alolol] WAsl= <
A% (aliasing) S A A THRix &, 2000; Rix 5,
2001). AA7] kA w2 wule] g3k Mes &
olr7] 95k 10 ecm, 20 cm, 30 cm, 40 cm, 50 cm
= Wslelo] A3S S 5 7P AgE 2A7) 3
AL Ageigitt. 7EILe 10 Ve A7|2 1 Hzd
Square AT E WA ¥ 200 FFHS skl AHES
Aok AN S4E A= 1 MSs9] HER
10000718} BE= Sgagi). F 271l S48
NS S dlolEel MEkS slo] ¢loje] FulrollA] 17
10, 28 113} 22 flol&2l Wgk v} w4 914
7} agzs Aeth

deje] Falro] sk dlolEHl WEk Tl
27} A} S AR sRE ARARY 1, 5 1, S
HeEjg), F A150] A Pzt TefmeE v <
AR sdeh= 9137t 0,7 0,5 et 9Pds
= A (18)9] 207] 2, sk QAR 91

2 giglalel dSs) Hrk

A

cm, 20 cm, 30 cm, 40 cm, 50 cmO= WHIIAATH
Fish ARSI wE 24w Ease) st
Szt ol el Tsle] SRS s Slajol
A (s A 2R YE Ss) et 4E
afo] T 29} o] olelel Tlste] PES A
sioivk

1% 125 A3l B3 Case 1, Case 2, Case 3] 3]

—~ 1850 =
) x

G.) x

L

£1750

ry

g 1650 = 10em
é o 20cm
o 1550 < 30cm
g & 40cm
o * B0cm
%1450 ' '

0.05 0.075 0.1 0.125 0.15
Wavelength (m)

(a) Case 1

~ 1750
[3)

/se

£1600

ity

1450

1300

Phase veloc

1150

0.1 0.15 0.2 0.25 0.3
Wavelength (m)

(b) Case 2
— 1500
O X
ﬁaj o FFm T *
£1300 g9 e
z u]
8 1100 o @ 10cm
@ o 20cm
= < 30cm
% 900 a 40cm
= x 50cm
D‘ 700 L 1 1

0.2 0.3 0.4 0.5 0.6
Wavelength (m)

(c) Case 3

ag 12. FA7] A0 wE 24 =4

B w3
Ve Vs Vr #A7) 34 7Vs Zol dmin / Amax
(m/sec) (m/sec) (m/sec) dmin (cm) Amax (cm)
Gypsum 1 2000 1500 1268 Case 1 30 12 2.5
Gypsum 2 2500 1600 1444 Case 2 40 25 1.6
Gypsum 3 3400 2000 1834 Case 3 50 63 0.8

Tunnelling Technology, Vol. 10, No. 1, March 2008 75



of 7] 7o) whE Bt AL e Tl
7Rl e} $1gETt BNl AR 247
Q2is) 1 wle) S e X 39 2o 39

s o4 1 :’0111&1 Oé'C?}“dH‘: 4l XE&
FHTke] EAS Wggitt Al 7P 91
Lol Agste] LR dSAE AR o5
A of A=A Qb= vt o] HAAlgHow
Aelstel oA 7bg AL wel AR AgEES
Ay,

E= ‘/me cas ‘/]n ed (20)

1
L=(}(rp)’ @1)

A7V, Vo= SRS HASA, V, H*J%E
9] oSXE LRI HA ] 3 RidAlE st
7] 913l 3 vk Al w2 Hhks Tﬁﬁokﬂ e
o] dSx)9} ASX]9] Qa1 del Lk AXtate]
a3 139 YeRAIEE 23 13904 Case 39] % 7

A|7] ¥4 50 emodelr] Agdeb«] gt sHAlE gk
b Z4e] w7 uked AR 025 Aeigel] Fe7t ¢l
< ZloR ) 711)7] 1F40] 50 em, I WEIA|
571029  Case 1, Case 2, Case 31 thalo] Srke
Fegst3ir.

19 14, 719 15, 19 169] IRgol mhE $pde)
7Rl 7 Aare] RS Zohyd i 49 7
ol ik Ay 7 Aot vivks X]39] Zlol= wlge]
0.42~0.63¥1= LEIRITE o] 9<%} ti=f oy
o] 0.58)] Zlo]o] wfES I Mol A et A}

76 Bld7)=, A10A AlE, 2008 3¢

Least square

(a) Case 1

e
fee]
—

200
400 1
300 r
200 r

Least square

100

400

(b) Case 2

o
co

300 r

200 r

100 r

Least square

(c) Case 3
o 13, 3 H@AS wE L

e
fee]
—

4 % A3 2eA7
A A zZlo by 24
" (;f)] xjr(;x) D/
Case 1 0.05 0.08~0.1 0.5~0.625
Case 2 0.1 02~024 0.417~0.5
Case 3 0.3 0.5~0.6 0.5~0.6




Phase velocity (m/sec)
1200 1400 1600 1800 2000

o o
W A}
T T

Wavelength (m

o
I
T

o
o

(@ el e 3w A

Weighted factor
0 20 40 60 80

100

o
o

Wavelength (m)
o
N

0.3
0.4
(b) gl e 7HA]

—~ 2000
]
[}
‘-L?_ Afr-T D o i
§1800 B @éﬁéé
=)

4 Measured
o0 Predicted
"""" Fitted Eq.

0 0.05 0.1 0.15
Wavelength (m)

© FIdEme] o ZA9) A%A) vla

a3 14. 94 A I(Case 1)

0.2

HAEch 29 14, 29 15, 28 169] 9440
1=2)0| 4 apgel] whE 9AkEET) Wslshs A
o] TXh kg FH el me ) s}
TR TS 3 5ol ERAICE 3E 59F el

>
ol

iy

<

e <

Wavelength (m)

e

o
N

Wavelength (m)
o
=

Phase velocity (m/sec)

1000 1200 1400 1600 1800 2000
O T T
2
4
6 [
8 [
1
(a) o e &L 7HA A
Weighted factor
0 10 20 30 40 50
0

0.6
0.8
(b) el T 7hEA
—~ 2000
[&]
& =R
<1800 P
£ st
21600 - o
S o
1400 | j
Z U= 4 Measured
@ 1200 | o Predicled
i ------ Fitted Eq.
1000 : :
0 0.1 0.2 0.3 0.4

Wavelength (m)
(c) HEEE e} A5 v

I 15. 94t A7 (Case 2)

Shgms] AZAolA Srgel e $1ggEe] Aol
ko] F4lo] Ake Fajo] oty Hel el L
Hol Yo & 5 ¢

Tunnelling Technology, Vol. 10, No. 1, March 2008 77



Phase velocity (m/sec)
1000 1200 1400 1600 1800 2000

O T T T T

)
-2 @
o B~

T T

Wavelength (m

o oo N

no

(@ sHgol uhe 9&Ee] AR

Weighted factor
0 5 10 15 20

m)

Wavelength (

(b) Yol T 7HEA

—~ 1800
[3)
@
£
1600 |
2 N—
8 1400 MAA‘Q_)A;L»»"'D'”
© ,EA‘A" i
= | [ = I =
| At A Measured
% 1200 % o Predicted
E ------ Fitted Eq.
1000 :

0 0.2 0.4 0.6 0.8 1
Wavelength (m)

© AREES A5A} A% W

a3 16. 94 A I(Case 3)

E 5 945E0 do] T UL B w74

Aol w3k | ®el w3k | Aol 71l
(

(m) m) 4 (m)
Case 1 0.05~0.14 0.08~0.1 0.095
Case 2 | 0.13~0.32 0.2~0.24 0.225
Case 3 | 0.37~0.63 0.5~0.6 0.5

78 Hd7|=, A10A AlE, 2008 3¢

(1) A A= S8l A7) HAel] whe 2ak =4
& A2 Ay v AlRE 9IR FHa 2
DAL G5 7he zio)9] 3ul] o o Qbgel
= Zlom yekdr

) el gk flolE3l Weks: o8sie] F A
710K S4H A2E AT JdelA &
Aste] Hold A sd=E AT At 2
=S o] 87 e 7S AIE AIjbeko] Atke
TR, 7RIS AshE 84 T 9

O

GAG7E 024 W 7P EFEE dSAE AU
(3) g4t A=, AA Zol= 3-de] 042~0.6301=

0.5uek: 28 shatslick vkgel nhe 9)
0] o] TRH] Fle] e Fsjo] ol
9 B2 o] g Ao vetor] 3t
T kel ne Shde] o] ko]

v e APwEE Edsal I e )E
F7HdelA e g 2004 A
2AR04 341 71=C01) 2] A7t GS3
olFoIHF YL

it
1o
By
(o
Q

Y

IEF

1. W% 255 (2004), “HWAW HES- o] &3F A=
e T AEA o A1y, HPESSE] =7
C, Vol. 24, No. 2, pp. 117-124.

2. °]4€ (2006), “Slol &3 WS o]&3 Bl <k
Wt g grE A, S =, e
o,

3. ol5E, £53 (2004), “9lo]B 2 WSl o] & W g

>



A7

. Achenbach, J. D. (1975), “Wave propagation in elastic
solids”, North-Holland Publishing Company, New York.
. Inoue, H., Kishimoto, K., Shibuya, T. (1996), “Experimental
wavelet analysis of flexural waves in beams”, Experi-
mental Mechanics, Vol. 36, No. 3, pp. 212-217.

. Park, H. C., Kim, D. S. (2001), “Evaluation of the
dispersive phase and group velocities using harmonic
wavelet transform”, NDT&E International, Vol. 34, pp.
457-467.

. Rix, G. J, Lai, C. G., Spang, A. W. (2000), “In situ
measurement of damping ratio using surface waves”,

10.

Journal of Geotechnical and Geoenvironmental Engineering,
Vol. 126, No. 5, pp. 472-480.

. Rix, G. J, Lai, C. G., Foti, S. (2001), “Simultaneous

measurements of surface wave dispersion and attenuation
curves”, Geotechnical Testing Journal, Vol. 24, No. 4,
pp. 350-358.

. Santamarina, J. C., Klein, K. A., Fam, M. A. (2001),

“Soils and waves”, John Wiley & Sons, New York.

Stokoe, K. H. and Santamarina, J. C. (2000), “Seismic-wave-
based testing in geotechnical engineering”, International
Conference on Geotechnical and Geological Engineering,

pp. 1490-1536.

E-mail: jongsub@korea.ac.kr

4 3
oy e
A% 87355
EERR)

}_q

GSuA
SEER
o+
E-mail: hslove99@korea.ac.kr E-mail: dhyun@gsconst.cokr E-mail: inmolee@korea.ac.kr

Tunnelling Technology, Vol. 10, No. 1, March 2008 79



