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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 zhead 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 tmnel 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 normat 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

2 X g R duke] okt

=4 W3] d&L Hd AlE Al &

72 ke 4 g 0T Aol B AL

Eeisto] tfgh gJoliial Aee o83 WY o] LN |Ssh uinia) ARHEL ANTFO A B 3 A

===

U B WSS oSt gk A AHGINE QRIES HAR] 95k} ZE) 27t BRl B 20® ojfold M

2FE ARSI 7lde A% 1A 7Rse Fubes tiedo] 150 HzollA] § kHzg)

F S ZAEEAE AR E T BARRAE A
AHNE glol7] 913 ¥ ﬂzm 7& o] g
¥kt dare Akt vhg vt

i TtTe =

R T

oo, Z4A7=

AxFsl7] 8l Holgdl Wgl 4L st Au A A, -
% 7hs Zlo1¢f 3
74]—1-7} 029 1 o&x|$} A=27} =

oo ehith At RE T4 7|20 71EAE ol g3
Qxslglch. EAnte] As ol 5] 04

2~063412 Lekstom, Aol 1ol | vtk 47} sl Fato] g Bof Arel 21k 2 Ansiac

ﬁo

Zeasto] dhat Yol Wakg o)t S
ol TBEEZ HY B A

Fe] Euin Algde] s Ad 74 W Y
o) ghit 24 ‘e‘iﬂ— o2

u oA}

FRO: =, ohul, gojBal ek memh njnw) A3y

>

LM &

%*H% i 'ilﬂr 0121?% Tl Mﬂ Al@‘ﬂﬂ Eg}

AdE B B T A otk B wisks qi5%t
25 YT ¢ Qiek T T Al BATIE AN
Shs SASWO| 9 Al59] hgo] 43 B9 ebgst

BB - Dastn ASAE SR Ras
CH|B|Y - TDAYEtT ASALE SHI S} CiEreA
‘HEY - GSUM xlakBTIE B

“HE9 - DAstE AEABIBRTE T Bs

*A AR} 0] Q1% (inmolee@korea.ac.kr)

H, T
=g E&4¢ Ago] 7HsE Aos ket
1 S RRE @] BT 24 Folg F7MY|

7] 8l A7 HEE s#oF sh, A5 shdE=rt
ol Fula-uia= siaRle of] e BA7IE L
2 ks @xo] AT (MEET s 2004).

B Aoile vimtd Ao RA o] it
ol WHILS o] 835l 13 ulo] QARELE AA
Tomn B op Aol et 24 ks A oS
& 9de %“ﬁg AlRrsklth. A d@elM= He

do

ri

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



F3lo] BAAL AN, shge] wet Zoje} Eof
gato] olibg stk

rE o
Ol
FfF
&
.0
i
o

21 78t 2oLl BHOle| §4

APl 4 2] X Zlal(seismic wave)= AU
75| MBS 2|9k SYHo|o) material damping
of o3to] BAll Urks oz|9] ol 27| wfie]
Er/dal(elastic wave)2tl et BHdulol= ujd
bl Hufsl U7h= AZjutet wf2o] wHofA Hut
8 Yrhs Ehuts vtk A-ools & B3-S
Qhtelo) Aol Ymeh e WEe Yol
stk Aol qich Eelstol olEvie) vk}
o Sze) EHE W4 £F IS e A
(Rayleigh wave), &Zute}l ddute] g AgHo] &
FE dR 5 FEHE 7 22a(Love wave)7} QL
CHStokoe and Santamarina, 2000). ¥HI} AJFofjA=
T2 HdeuE AESHY B =Rl 3k Y
Yok xAech

5 Hisotropic)©]n] 5-Z(homogeneous)Q] T4 &
Alofx &) gdute] Hu} o202 HE] QrEmtel Adtut
o S 27t ey et Uk

i

Y, | M
Vo= -2= /22 1
P kp P) 1)
Wy G
Vo=—=4/— 2
8§ ks 0 ()

AN, Ve AETY SHHEE, Ve iTiute) 914t
%%, w=2n/T's 25T, kh=2n/AE W, T 5
7, A TP, M TR, G ARAS, pi oA
o) WE, o HA po} s Yt} ArkuE ojojgt
o). Qute] gpdsmel Huiutel SptbEE B
4 B9} Tolgu] v 2zt Uehie dheat 2.

. E(1—v)
G i) ®
= Ve 55y @

70 EEria A107 MhE, 20084 3Y

Erinks el 2R Aol e 94
2% W2 Ao Bune) JWHE 1, 95T
of gppmsl Mektel SadEste] WAL #Y
#u} Aoz yeplH oh23}t Zti(Achenbach, 1975,
Santamarina -5, 2001).

12 2 V2 2
(2——%] —4yf1- 2 [1-—2 =p 5)
Vs Vp Vs
woimle] SPEEE Welne] Sib e} Eop
2 Y orea 2k

_ 0.874+1.117v
Ve= 1+v 5

(6)
4] (Heh 4 (6)2 B3l FUS iAoM) dut &

=9} Eolpu|ole] TAE HH UE5Te] EEE

Aduel wAute] Y&t I FHIY| olkE
= Aokl k&) 0.8748~0.9558]0]ck

Frauo] ofst At o5 S B oF 18] ubge]
Zolof] T2l ofUx|7} HESTEE FHTLS] Q4
T of 0.54] u glojollAe) njale] QS TR
ghti(o]/d ¢, 2006).

Agshs P70 A WSk BT B
< 29 A Huke] e v e] mpE o g Aulshy 7]
s13HA 74271 mjd et AE 1/r, EHAAE 1/
HhHo) EHuke] 39 53] mHo R Husi 7|
3¥ekd 7471 1/ Vr oltk. & EHolA AHuke] 74
7} EHute] ZRaE T wiEch E3t ZEIolA wAgst
£ A9 67%7 EHIS] Fe=E Hujsf Yrtn
hguke] Hub 9S 7Y SRl E3E dHE
7= ZARE G Ynear field)zt 7HIolA w1742]
U o] AelghE Gojd oA 7zt FejE FH
£ 7HE EAEE d(far field) o2 Uss W, A=
2 FAolx= EHuke] AJEo] |ulgiti(Stokoe and
Santamarina, 2000).

2.2 EHOO EAM

A AEe mAP] Sl FUs Rt e
e mesRs Aol felsith o ol st
£ Zajo] mhat QPR HsRs B4 (dispersive)




Layer 1

2 T Ashort

Layer 2 ’;l'long

Layer 3

Depth Der;th
29 1. &35 WiFNA Fubgo] ©h2 2Hnd 4 d9)

2 7k 3 13} 2o ke iRl Eavke by
o & ®& Fuolil e RE i b
= Uehla, apgo] 71 W& Fulgol| M= 2 2E
o QY SWEES ettt ol Euisko] Bak
AL BT AlFolA £33 Q47 FkStokoe and
Santamarina, 2000).

3. fHojE™

31 dio| S8l HEo| 54

Aol F i) AR R AT g
£ =Y o = #HTlo| digh YolESl HEks: o8-8}
ek flolE3l M3k wavelet transform)2 Faof Ml
(Fourier transform) ¥ #} $8 olg3t Fujof HE
(Short Time Fourier Transform)¥} 7Z-& A7k
ST g AT ZeiE Sl 2AYS A4 &
st AT 4= = AREAAIY SfolEtar el
tolsEdt 353 2004). A B0, th3ld 22
ARl e Fakgrt fisks B8 ASE AL

Mg Of8T IR of%

Ft) =sin(2mx20t) if 0.1 <t < 0.4 (7)
sin(2m X 40t) if 0.6 <t < 0.9
0 otherwise

o] ¥z A3 E Azt do| BasE 1 29 7
o EZE 22 A% thefix Fejofl Hekt HolEsl
Bgist Avie Zi7h a9 33 O 49 Pk

9 304 £ *l§4 Feof] Hgho wilE Ao
Falp JES dopd 5= RN A7) w2 Fukaeo]
e HJ‘%M a9 4°M £ 1lze] 9o
£ Hke 2 RE A7) Fupe] LEE o
Ak

2
1 L
@
o]
2
3 0
£
< -1k
72 1 L L
0 0.2 0.4 0.6 0.8 1
Time (sec)
a9 2. N7 9949 B A%
200
)
)
-
= 100 -
a
&
3
s eV
0 10 20 30 40 50 60
Frequency {Hz)
1Y 3. B AT o W
® 50
T w0
2
'—3- 30
£ 2
<

08 m<_ 4p 2 3

08
Time(sec) 1o

a9 4 B Az JolEAN W

Frequency(Hz)

719 5= STFT w4} glolE2l Mol A Fulsof
digt el 2715 Yetdigict. ofe Fuiert S =
A% 0] 79 STFT WL shte] Askez a4
7] wjoll AFme)A sjAo) 7hssteE A A7)
7} 2A A ok agutol| A siME 4= gich b
Aol golg3l AR Fuleo] wet o) 27171 st

il
]__
L

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



Freauencv
Frequency

Time Time
(a) STFT (b)Wavelet Transform

3% 5. STFT W3 gol&a wWgel 39| 37
SHER STFT S while Regici(olsdat 353k 2004).

3.2 flojE3 Hato| Ho|

Hol &3 W2 2 HolE3(mother wavelet)2] Z57
o we} Morlet HlolE2], vl 7ko2 YolE3), Barrat
HoleH 522 tha + ¢lok 2 folg3ls Yehid
ot gk

ab(t)—T (t b) ®)

o714, ¢ (1) & 2 flolEsl, o= 2AIY ul=)ule|(scaling
parameter), b= ©J%5 Tl2}u|€|(translation parameter)

2 yehdch o3 wke thewl Zo| Aejdr)

W (a,b) = f fwf(t)ip;,,(t)dt ©)

o714, f(t)= YAlS(original signal), " (t)= 2 9

ol52l9] EA-gMH(complex conjugate)S LERUTE
Yol Eal Wk YA} 1 go|Ralziel AFEARY
(cross-correlation) #AE & 4= 9jc}. 19 63} Zo)
27| wtujE7h Htof what = YojEle] He)r}
3o} Tkt Fulpol sty si4e] 7k, a7
73} o] ol Tehlels} Wl wet v Yool
ol sto] YAzl gt & YojEale] gAMS &
% 9l

B AFoas & gojEglos EaAA ajo] &
Ao} A-Fai STt 7R Hojuths 7
o}&3(Gabor wavelet)S AR2-313tHInoue 5, 1996).
7he) gl B3t bl gojBatel Felof weke: 2zt

72 EdriE, M10E MiE, 20084 39

-5 -25 0 2.5 5
time
39 6. 2AY weEtvulgo] wE 7 FolE

1.0 -
—b=0
0.5 - —b:5
>
_05 L
-1.0 — ! !
-5 0 5 10
time

a9 7. o|F wetuEd g2 7 oy

Uel kg3t 2ok
¥, () = Ly

= Y eacp[—(wo#ﬁ]exp(iwot) (10)




¥ () = \/._ U exp|—

A7 v 7vV2/In2, we 29 ZHE JHAITH
3.3 2A&L 9} QAtAL
x& ygog Ausf) W= % _3_ )12 T 2

Foleg I 2BLES S T Y B B
719 theat ZiInoue 5, 1996).

ulz,t)
ulz,t)

= Acos (k,z —wt) + Acos (kyz — wit) (12)
=2Acos (Akx — Awt)ecos (ke —wt) (13)

o7|M, Ae A=E, k, k= Uk{(wave number), w,,

+ Zr5ukp(angular frequency), Ak (kb —k,)/2,
Aw% (0, —w)/2, k= (b +ky)/2, wi (w)+w,)/2
S UERdth A (13)0ll4 ER AR ASut
B A5 §FA0| o|Fshe 4w} Hlo] glon
SE B o] Azisl nxmta 2159 gt A} ol%
She V&=t Bdo] gk 18BR &R V,,,
W I Voo S 2

7} chgath o] YRl 4= gk

Aw
group Ak (14)
W
V;)huse = E (15)

3. 4 HolE3 HEE 0|88 HYAE oS

A1 239 45 ol Wi g
& Fhso HHLEE 22 ekl U5 2ot

(Park and Kim, 2001).

d
Varow = 77— (16)

tgr? grl

d
Vohase = Tt (17)
AZVA, 2,1, toor= B WA, T WA TRV NN EBE
AT} B AARIRY, b, tyots R WA, F Al 2
A|7100A &8 Ao P AL de F A7)
2ol A Jehdith. 1% 82 & AH7)ellA 3=
Azol £ o} =S vepdck A (17)& 71818}

Recetver Receiver 2

tor1 =tk %3 tern Time

a3 8 F #AA7 A ERFE AT R+ {4 1g=

i

49 PAZ o1 g3to] chewt 2ol Lk & ek

d
(thQ - tgrl) - (

v

phase =

0,—6, (18)

w

A7, 0,3} 0,5 1,7 1,,9142] $AFZRS Lhehick
A AR 4] (18)€ o]-g5lo] THislo] i3t 9]
olmdl Hele o)gF PAEES cZslalrt

IR ZASE7| flsked oloj) H
sl FA} gk = %.E o]s2ojA] M3 BFL AZ
i \= s 75‘%94 An mge 1Y 99} o] Ao
27 313l #F 12 A519] A

A 7RI, 79 s e, gR)7), 4
27| -5 %PHL Ag oAz ~rmZa Uech 719
FIg= B0l 150 Hz~5 kHzQl Hspoflo[El(712A02,
PCB)S AMSIAT, 7HIYS 5317 9l8te] Alswt

# 1. 439 Az &4

UEAE Ve Vs
(MPa) (m/sec) (m/sec)

Gypsum | 14 2000 1500
Gypsum 2 30 2500 1600
Gypsum 3 70 3400 2000

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



Source

Ia Recexver 1 Receiver 2

£
L] | W ]
———e

-
d d

Som

Gypsum 2

200mm

Gypsum 3

150m

1200mm 50mm

(a) Case 1

Source
Ia Recezver 1 Recetver 2

=1
17

[J
i

-—
d d

Gypsum 1

Gypsum 3

400mm
300mm _100mm

~s

50mm

1200mm
(b) Case 2

Source
Ia Rece:ver 1 Receiver 2

=~
lJ 1 J
e e

S m—
d d

Gypsum 1

300mm

1000mm

700mm

Gypsum 2

1500mm 50mm

(c) Case 3
23 9 AW A AHEEH 2y

A71(33220A, Agilent)sqL F 200V7H7) dEAlEE
FEG = Qe AlSZETWEPA-104, Piezo Systems)=
AME8H3ITE %*7417]% I Hz~30 kHz9] Zuf o g
248 5 Y= 7KEEA|(353B1S, PCB)E AL23HT,
HA7IE 538171 Siste] o 100812 PSS 5
Z3t 4 9l AT ZE7|(482A16, PCB)S AR5l
HAe oARAFIL ) 100MS/s2] =2 AT S
G = QM= TE(PXI-5112, National Instruments)2-
ARg313iTh

74 E47l=, Mi10® AMiE, 20084 3¥

x10* Time Frequency domam Analysxs Gabor Wavelet Transform

Frequency(Hz)

Time(sec) x10°
() ol W

Gabor Wavelet Coefficient in Time-domain

|

800~ ‘Amplitude of Gabor Wavelet Coefficient]
2 ool
2
£ 400p
£ 2000 \}

\/
o
gﬂ Tlme(sec)

() AolEX HY =

Unwrapped Phase information of Signals in Time-domain

T 600 T
8 I Unwrapped Phase of Signals
& 400
@ //
£
o 200 9
O ‘
0 2 & 8
Time(sec) x10°

© ¥4 947 2=
a9 10. A7) 1994 249 A%

Frequency(Hz)

Time(sec) ° x10°
(@ HolEx Hg

Gabor Wave)et Coefficient in Time-domain

800~ Amplitude of Gabor Wavelet Coefficient| |

3 so0r / g
=1

£ a0 / \/ |

200 i

& ° W /\/\/Mj\fw ]

0 2 4
tgrz Time(sec) x10°

(b) FolEA ¥WE 24

Unwrapped Phase information of Signals in Time-domain

g o0 Unwrapped PhaSEofSignalst/
8 a0
8 //
& 200
9200 : 2 4 6 8
Time(sec) x10°
(© *3 f474 a4=
2% 1. ZA7) 2004 249 As
4.3 MY W

A BA712He] ARje R AR 2R
719} % WAl gx7\oke] Aejet 27 Fol DA &



FHnear-field effect)} F 27| Ajolo]] dhaysl= 9

—~ 1850 %
A B (aliasing)E A A HRix 5, 2000; Rix =, § .
2001). 2417 2ol T2 Fwnte] G WS o E1750
ol 7] 9I3ted 10 em, 20 cm, 30 cm, 40 cm, 50 cm %1650
2 sjelo] AR 4% T /P AE A7) 2 3 " 20
28 ddsiglet. sbide 10 Vel 2712 1 Heel @ 1550 3
Square A5 & TSt & 20v] FEE 3t A3t ‘;Ué Aé‘ﬁi?
ek AA7eIN EZHE AEE | MSs9 HER > 1450 | )
10000749] MEZ 2usteict. 5 AA7]o)4 248 00 O eienath (T
N5E Yola MBS o] Q)] Fairo 19 et
10, % 1132} 2 glo2s) g Wyt a1 4
% adzg dect 517 .
Qolel Futso] Ssh golal We wholA %1600 , L
277} Fdi7} =i AZR) whE QA ¢, T ¢, S =
AUt 4150 4 o7} Tz sk A g1450 |
Aol Siggehe g7t 6,7} 6,5 etk b s 1300 |
= 4 (190l 177] 254, 3 AL S <
T2 thstel dlEahA Hek T 1150

0.1 0.15 0.2 0.25 0.3
Wavelength (m)

5. Uy 2 Y oy

(b) Case 2

51 B4 =M 51500

@

342lol we Feael 4 HISIE epop 212t 2 0

2RolA 7 MY 1AL Aeel] Hsto] Au w £

)
3 Case 1, Case 2, Case 39| isto] 7H2]7] 744 10 51100
cm, 20 cm, 30 cm, 40 cm, 50 cm© & H3IA]A 7} T
Eoiv ARE Sioick wo 29T wavte) 94 3 900 [ w0

o} S e
&9t o] 22|l Bute] YEHES vlusl] 95t £ 00 . B

A (5ol A 23R IS5 =0 Adu £ o)
Usto] & 29} Zo] o]2XQl HHIL] PIGEE AKX
shaick

39 12 A3l 2§ Case 1, Case 2, Case 39| o3}

0.2 0.3 0.4 0.5 0.6
Wavelength {m}

(c) Case 3
29 12 A7) A B BA 24

E 3. 22 7% ZPolo wE A ARV 744
£2 419 ogyd B S

EPS R
Vp Vs Vr FA 71 744 7t Zol dimin / Nmax
(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 A7) 7ol W2 Ea} TAG vebdc) o)
Z7ktol wet st Z718l7) ARkl 747
A 1 ool oS Uehi R 33} 2t} & 33}
o] Ha 7] AL g2 71 Zole) 3u) olakel
o QPP Sojzitka whgkwch

A7IA, wh) & Thgel T2 7HEA, A& STt

o

jol
Ir
i<l
X
rII
of
2
¥
N
)
ful
=
£
N
o
N
rir
<t
XY
©
ofN

5ol #8sto] JAEES] GEAE AL o2
ek AZH 9} Qe theh Zo| HAAFHO
Helstel 237k 71 He wel e HksES
A},

E= V;neas - Vpred (20)
1

L=(X2(p?)? @1)

A7V, Ve SPEEE AER, V8 YASE

9 AEAE vehdch 2H 9] abd vigAl=E A=s)
7] $13) u mtdAlel] w2 GAbe esle] oAk
9| dEjel A& exto) gl L7HE AAlsle]
3 139 vehhick 19 1394 Case 39 2 74
A7) 7t4 50 emoldollA] AR B3t stAS megt
o 22 9] upd vigAlRE 028 AEde] fa7t ¢l
< Zo= wokEnh 1)) 7840 50 cm, 3 vk
7} 02¢ W Case 1, Case 2, Case 39 thslo] A&
33tk

I 14, T 15, 1Y 169] ool w2 S
78R oA F Ao BRI RS bl & 49 2
ok ot Ay} & vt ghis XFe] Zlojs ubge]
0.42~0.63¥1= Uehgtt o) Pd<&wrt ok ok
2] 0.54) zZlol v thugick= HojlA elgst At

76 EE7Ii=, AM107 AMiE, 20083 38

400

300

200

100

Least square

500
400
300
200

Least square

100

400

300

200

100

Least square

0z 04 06 08 1
Q
(a) Case 1
0.2 04 06 038 1
a
(b) Case 2
0.2 0.4 06 08 1
Q
(c) Case 3

4. % A1 2exy

a3 13 o §hgASe) 48 Lk

AR 2o s} A}

S | e | °
Case 1 0.05 0.08~0.1 0.5~0.625
Case 2 0.1 0.2~0.24 0.417~0.5
Case 3 0.3 0.5~0.6 0.5~0.6




Phase velocity {m/sec)
1000 1200 1400 1600 1800 2000
O T T T T

€01 ¢
L
0.2
&
0.3
-3

©

=04

0.5

(@ T B2 HFEE AR

Weighted factor
0 20 40 60 80 100

©
b

—eo— Ac=0.02
--&-- Ac=0.04
—a— =006
—x— Ac=0.08
--x-- Ac=0.10
—e—ic=012
—+— Ac=0.14
------ »c=0.16!
rc=0.18
---¢-- Ac=0,20

Wavelength (m)
()
N

=)
w

0.4 s
(o) B7o]| 2 7153

— 2000
)
©
Q R
£1800 | o !
Po)
é’ 1600 5
©
> i oo @ 2 Measured
§1400 o Predicted
S . Fitted Eq.
& 1200 : : J

0 0.05 01 0.15 0.2
Wavelength (m)

© NEExe A&X9 HU&A) Hw
a9 14. g4 A7 (Case 1)

2 sagck 29 14, 79 15, 79 169] $iaHze)
Az Tl T2 St wskshs 7K
o TTHTt SALS F3 Tl W ST} WS
L F2(Ee) T & 5o thehhglch % 5ok 2ol

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

O T T T

T

EO.Z
ey
*570.4 r
5
0.6
>
©
208 r

1

(a) B3] B2 §A5E 713

Weighted factor
0 10 20 30 40 50

<
N

Wavelength (m)
O
e

0.6
0.8
(b) B & 7H5A

—~ 2000
[&]
@ e
21800 F .
& B ‘A’A
21600 | L
E P
1400 | j
Z G.. O] & Measured
%1200 r o Predicted
i —————— Fitted Eq.

1000 : —— :

0 0.1 0.2 0.3 0.4

Wavelength {m}
(©) AA&EE o &x)9 A=A va
a9 15. €4 AT (Case 2)

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



6. 2 E

Phase velocity {(m/sec) =

1000 1200 1400 1600 1800 2000

’ | | | ' Ao Al Taulol gist glojEal Heky) 7t
—~0.4 ~ 3} Q:]A]-O 23 =3 o] ORI ES o231 uu}
Zos | 3 A AT, Ao AakE oSt ke
£ ki d
5’ 2 o k.
21.6 ) )
= (D) AU A%L 23 7Hx)7] 7Ho) whE Bar 24
7 2 2 oo ZHut mwul AFHL Q3 24 7))
= AL g2 71 Z)o)9] 3uj oAk w ¢Ho|

@ 3ol e Q&= 733

Weighted factor
10

£ o= yeEr
Hauto] ot HolE ‘:ﬂ:?}‘% ol g3ty T 74
7]°ﬂk1 ;;E)% }1\_]_§—- /\]7]—_ cgg_:]|}o].0ﬂ/{_1 _(:).H
Al Fold Al 5H/“'E§— ok AT BT
THE o83t 7H3E RS Aghsle] At
SHAT, 7HENE 2R 84 F o wh
ARG 024 W] 7 Bl 225 Ao
(3) 94t 2}, AA Zol= 3o 0.42~0.6382
Uelton ol= #Hule] oJ3F Zlo|y} uiAke] oF
0.5vfeks A ARkt whgol e ¢
Ao] Ho) ke F4lo] Ak Faje o]
W Ee i) 23 AoE veltor it
FAolA shgol] mE SPEELES] Ho| 7| F
A1g 2 rez B 4 itk

@

15

20

Wavelength (m)

(b) o] 2 7AFA

)

-t

9] N
o

S 3

1600

ZIA}o] 2

1400 F l:llll—] =

a  Measured

o Predicted

------ Fitted Eq.
1

B RS ANRERT} sk SANRETIE
BIHEAOA] SRR 2049E AURA| AT
WAY(048A712CON 2] AU GSAYY Ago
ool R Tk

1200

Phase velocity {m/sec

1000 : : :

0 02 04 06
Wavelength {m)

© PAEEY GEH% AEH v
a9 16. 94 AvKCase 3)

0.8 1

E 5 A4EES Ho| TR A4E B By 77

Hol 77+ | £al 72k | Mol 77t9)
(m) () 34 (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 Edris, M10RE AhE, 20084 38

. O}8# (2006), “Y0|2 HES 0|8

LS4 (2004), “HWAW S 0|25t
ERSTH XIEEEAPIR) (Y, CHEIES S!S =2
C, Vol. 24, No. 2, pp. 117-124.
3 EjE ortto)
W AN Wt B, JafEe=S, DAy

pras)

E1LR
I5& STt (2004), “Hloj=3 HE 0|2 X NE~,



BEHIlo| cyek oS3 HeEks

B2

4. Achenbach, J. D. (1975), “Wave propagation in elastic
solids”, North-Holland Publishing Company, New York.

5. 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.

6. 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.

7. 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. 472-430.

. 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.

3 o

o & o Y
2 23}
AT B0 A% Z 3
Ris ot

E-mail: jongsub@korea.ac.kr

4 8 # o 2 =

GsSAAd iA )= gl

2857 A8 35t
73 g

E-mail: hslove99@korea.ac.kr E-mail: dhyun@gsconst.co.kr E-mail: inmolee@korea.ac.kr

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



