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ABSTRACT

Development of Nondestructive Measurement System for Estimating
Geotechnical Properties of Soils

Song, Minwoo

Advisor : Prof. Kim, Dachyeon
Department of Civil Engineering
Graduate School of Chosun University

Soil compaction 1s very important in construction site of the road and
railroad. Field compaction control is to check whether or not the geomaterials
meet the minimum acceptable dry density, water content, and elastic modulus.
Because of this, dry density, water content, and elastic modulus are important
factors affecting the degree of soil compaction. Conventional method such as
the sand cone test and the plate load test are used to measure those properties.
However, this method may cause some errors depending on the operator, and
was the destructive testing method at surface of the soil.

In order to solve this problem, the TDR(Time Domain Reflectometry) system
was developed in abroad and has been studied continuously by foreign
researchers. However, it requires driving the rod probes into the ground, and is
still a destructive testing method. This study aims to develop a non—destructive
TDR system that can measure the dry density, water content, and elastic
modulus without disturbing and destruction the surface of the soil.

Therefore, in this study, a new TDR system equipped with a flat type probe

has been developed to improve the currently used TDR system that measures
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the dry density and water content. In order to verify the developed TDR
system, TDR tests were conducted on Jumunjin sand and three typical sandy
soils. Also, additional tests, to seek relational equation between electrical
conductivity and long term voltage level, were performed to measure the
correction value of the developed probe. Using the TDR signals, dielectric
constant, electrical conductivity, and soil constants were derived. Therefore, the
dry density and water content of the soils were determined through the TDR
tests. Also, in this study, the Piezoelectric stack, which is an instrument for
measuring the elastic modulus of soil, has been added to the TDR system with
a flat type probe. And then, elastic modulus variation of reinforced soil with
time was determined by using the TDR system.

The applicability of the TDR system was examined by comparison of the
measured values by TDR and the real values. The values of dry density and
water content were found to have about 2% and 0.5% error, respectively. Also,
the values of compression and shear modulus increased from 198.65MPa to
541.80MPa and from 125.55MPa to 302.02MPa with time, respectively.

Based on the test results, it has been confirmed that the new TDR system
can be used as an alternative to the previous TDR system as it can measure
the dry density, the water content, and the elastic modulus with reasonable
accuracy, leading to significant time and cost savings. Consequently, it appears
that the developed TDR system will be very useful to advance the current

practice of compaction control.
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S Hste] wE e WsE F4ste] A A 2k wE FANT Fe W
ANTE AA A Y. 3 Drmevich 5(2005)2 A= B3 & Al 5o tdle] &
A e A4 =&AL, $YE duA R gAs s o AlEdAS
Eolo] dojA= SN # AA SANe W oA = ST s v
stelom, o5 Tl A5 Frol AAl SAHH v=F FE de F Uves A

31 Zambrano %(2006)2 A3 AR ] g3k G489 o]z

Atk ol& &3 TDR Ax¥ls olgsl A4 Aoz AHFH 272
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=

g 3
dge] weE FEAYUI, A%y AL e Fol ddAs TDR #d9 2 vl
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¥4 391, ol Fs TDR Azde] AARAZ 5o §83 azel ol
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A2 olEA MA
2.1 AR71A w7 o] £

2.1.1 AR5t w4 A

A7) g A AAARA A7)l vste] 2) ddS Maxwelle] WA Ao

ey B Ao E Gausse WA(A (2.1), 4 (2.2), Faraday? ] (2]
(2.3)), 71813 Ampere®] H2(2] (24))& A &3}
V e D=p (2.1
V « B=0 (2.2)
0B
X E=——
VvV XE o (2.3)
oD
VXH=J+— (2.4)
ot
o714, D+ AL A% (electric flux density) (Coulomb/m?)
B @ A< WX (magnetic flux density) ( Weber/m?)
E : A7 9 E(electric field density) (Volt/m)
H : A7]1% X (magnetic field density) (Ampere/m)
p 1 %3} U= (volume charge density) (Coulomb/m?)
t © AlZH(time)

<
r
B
e
L
a
z
@]
]
-t
0.
@]
o
%)
Z
N
S
=
3
]
o)
=
aQ
~
3
3
[\
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(2.5)

57H‘C4 H]X]-/—F(EE’ ‘E;/’ Ez’ 'H.’L” }Iy’

ZAska AN, Faraday ] 2 ¥

Ae vee sz e 4 gy,

D= fp(E) (2.6)

B=fp(H) (2.7)

J=[,(E) (2.8)
AN, fp - S B4 (properties of dielectric permittivity)

D FA& EA (properties of magnetic permeability)
£ (properties of electric conductivity)

A, Ay, agla U WA A 2 (26) ~ 2 28)2 e, p, 09 AE

ol ola] thgel A o] Aes 4 vk

D=¢F (2.9
B=uH (2.10)
J=0oF (2.11)
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o7, e 1
pot FAE
% %

o A7 HAEE (electric conductivity)

A& (dielectric permittivity)
(

magnetic permeability)

ol gk ~Ze}F(scalar quantity)> 1 @ J e Fupg(Del oEskaL, 4 (29) ~
A (21D 29EY ZHoA 2 G Wy #gk Holn, o= Fiae-oE W
= Ao] AAsirt
2.1.3 AA7I5te] ~2AEF FA
=% (Electromagnetic field quantity)< &3ty AJ7He] ghmolu) o]

o 7] A,

ARNET we FA PR Fi

+oo .

U,y zt) =Y, Ulzy,zf)e”™ (2.12)
k=— o0

ﬁk(x,y,z,t)zif Ulz,y, 2,t)e "t (2.13)
T,J 1,

oA7IA, U+ AA714 A (21) ~ 4 (24)

U, © 37re]& T80 A5 (spatially dependent Fourier

coefficient)

fr 0 kA AFe Faa (k/T)
T, : F7] (fundamental period of the field quantity)
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21 (212)9F A (212)F o] &3tH AuiwAg AL thea Zeo] e
vV« B=0 (2.15)
V X E=— j2rfB (2.16)
V X H= J+ i21fD (2.17)

A4 kb AR Aol AT, A7) AN e Zhrke) g ele] A Ao wo]o}
=

§oShal, Fu-oE TR test ol 4ol

D= e(f)E (2.18)
B=u(H)H (2.19)
J=o(f)E (2.20)

L _—
22 59 FASH 2 B33

i

3

2.2.1 AAA(Static Field)dl A9 §AEA]

(o
P
et o)
o?_‘,_c}‘L
2 7
@]
o g
o O
== O
xS
2 2
L o
,—\#
o
_L/
ﬂ“é
Hé
__&1_4
L =
_Eﬂ
)
Jo -
R o=
éoﬁ:
e
o 2
Nl
Az oF
o,
o 2
= O
.
NG
i 2
o o

(Kraus, 1992).
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o9 219 o] $UEAL xS Be) 4L AR AfAa) W] A7)
4e @A,

OOOOOOOO
OISANNNNCNCIO,
QoW idooo
® SISl ==1IDID)!
OO Y\VNJI®
CEEHHIVG
0]0]0I0]01010]10;
OINANNWNIRPXOIO,
LN Ieo
@ Slolel="IIDID!
OO P \VNIV®
@CEEOOIGO
©191610101ICICIO)

a8 2.1 B 4o et AdHstol 2Ft A2 AR 2=E(Ramo S, 1994)

olHF dAdem 4 214 4 (29)= vt 2ol Aedh

Vo (g,E) =prtp (2.21)
pp="V P (2.22)
A7NA, e, ¢ AT IHA TS A A A&

Pyt Af-A s dx

oy - TEAS W

P : =¥ (polarization vector)
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N
E

2 (2.22)e 4 Q22D)& sy e 2L AE de

V e (e, E+P)=p; (2.23)
T3 AEEE DE vt o] AeojH
D=¢E+P (2.24)
S e AEARAA E52 AT nldsta, e o] £ &
A THRamo 5, 1994).
P=~xe FE (2.25)
A7 A, x + A7 7S (electric susceptibility)
21 (225)F 24 2200 Wiistd e 2e As ds F Ido
(2.26)

D= 80(1+X)E: eF=¢e F

A7IAM, x= A ol &

(P=0) 0°] A}, 287] wiLo e=¢g 2 el Har, A

RN FEHANS £
o &

=

o A= oF 800] L},
LT o] e 4 g,

(e.)= &7I°lA 1o] Wi, F7F
2

O]jl

(2.27)

__ ! _.I/
g =&, —je,

_19_

Collection @ chosun



1}

o]
I

t}

[e)

(2.28)
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No field

ko3
T

(b) A7}

(@ 17k A

R4

gk 9elA ke A7

A

o] AFE BALEENA

o “O

o ONe

<0
Bl

R

(b) o]

H(Lin, 1999)
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(polar module)e] <17F%
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@ -1 AX
— > —>
rf\/@v’i X > ol

& 7 E
(a) & 22 (b) ¢le] wyak (c) A7 wakow A4
O 2.4 R MI|Eo| 2o|st vl &2 =8 AHDrnevich S, 2001a)

223 AQE = 5A

Bo] ExO oF Ao

g % =
o ey Fo) oldAe AAS wAAele] AEHAG wjEe] ANET SAol

t 2k ofsl 7k d v

A4 (bound water)= =9°] B WlEE A(soil matrix)ol A3E 5 7] Wi
of WGt Ao Are wEHA zHoRRy Wy dolxle wAFT
(unbound water)?} Af-F=(free water)ell we} thEt}, Eo] B¢ mjEEY 0 A3t
g AT dUuAE #e F da, o e Ak $sbF 3 (relaxation

frequency)+ A B o 2 oh(Hilhorst, 1998).

o]F % (double layer) =2 H(F2 HE)Y o|FZolA Folx Fol9 4
e we] WA, o)#d HF2 100kHz ©]dFe] FufgrolA]l X4 o]t}
(Chew &, 1982).

Maxwell-Wagner £7He %9 A% 2 A% 4 549 dold] ue} gepa
Foow, ad 25t AWF S8 AWM BAE FE P 99 welE
thoEla B AFelAE a9 259 A% 99 TDR o Fus WA 59
o}
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ion TIjR frequency range

kation

free water relaxation

wetsand |

PERMITTIVITY

T T T T I T
0.1 1 10" 100 1,000 10,000
FREQUENCY, MHz

a8 2.5 A2 o Fa HP|(Hilhorst S, 1994)

A5 A=A FA B FelA AT duel oigk & A (216) ~ 2

(22005 2ol Aol 4 Qom vhesh o] e & glvh

V X E=— jQWf;LOfAI

Vv X H=oE +j2ﬂ'f8E

AE Ao A 3 H A7) (transverse  electromagnetic)

—az ](27rft B2)

E= Eeit = Ee
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= AujolH,
oF A (23003 2 Fua AN S v Ze] #8 e 4 3vhFeng 5, 1998).

(2.29)

(2.30)

Al
A

(2.31)

(2.29)



H= _E[e.ﬂﬂft — _E[ef&zej@ﬂft*ﬂz)
AV, E, H: BA Fupiol A A7kl et s
E, H,: AAZxZe 93 AAHHE FF

o @ 7+ A4 (attenuation constant)
B8 Y4 (phase constant)

g ar

A5 ()% 9AFF(9E e 2ol 49 Ak Ramo

2nf &' ()| \/ el (f)
B =— \/ > | 1+ =) +1
A7, = AFEitolAe] e £xE ey,

(2.28)°l 93] Ae]Hr].

(2.32)

5, 1994).

(2.33)

(2.34)

e/ T & 2 (220% 2

2 (2303 2] (232)F AV AHDE o&dte] tA FHT § glow,
oo 2ol Ao gt (Feng 5, 1999).
V(z) = V. e el @nft=52) (2.35)
v
I(Z) — 7267(12 j(2nft — Bz) (236)
AVNA, V, t AAZA e AAHE G
2 A% ARe] 2o
Z, . HAA Aelel A B4 oF B4 duus
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232 AAVA AqEAL »d

TDR Al2=dle] A7) 5 AwhE Feng §(1999)7 Lin(1999)e] ofsf o] &
AAE R e, Siddiqui 52000001 o8] B A}, 27 262 TDR A

o=
s g
Wl @ AFES o Eh

Vo L
Step Voltage Pulse

. ——
Soil
TDR ! —
Apparatus e ) "
Coaxial Cable, Impedance =7,

Probe Impedance = Z,

% 2.6 TDR A[AE AmHA(Siddiqui S, 2000)

X
=
o
L
hu
Ui
>
o)
)
o
ok
)
=
>
o
ol
2
ol
o)
rE
v
o)
rir

A% ARAE, 22 R A WAL o] AEe] Fwe] FrlAth A4Ad A
9 wue B#gd

H
Feng £(1999)% Lin(1999)< #9493 AEM3} 9

Aw 2dg Adaledvt o] RE2 Yanuka 5(1983)9] vhE ¥} 9 AR

Heimovaara(1994)2] gt dA5Ae] A d-S 2389tk

AgMel F4F 95 (frequency-dependent) 54 AFH=(Z)= vh3} 2o] %

e
ofd 4 Qlth
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& B3 /AE vl A4 fAA AR Agae) gag s
LAk 2 279 z;ol Yoo BAX R o8 WA det.

Z z Z,

Incident Wave, . ——» _ ] )
3 — Transmitted Wave, V,
Reflected Wave, V| <4——

a8 2.7 A v)el F HSMel uEA xfo|2 el MSIKy,) H

SEALTGH v,) 2 $4&(Drnevich &, 2001a)

AAR AA e wA W] A 2 AR s@PAAE e 2ol v

9 4ol
Vi V.V
1(z) = 7. 7.7 (2.39)

ANA, V, Vv, 2T V= 27 QA dalst, aea A4
ch:ﬂ]— ZcQ}i /‘ﬂ' (237)3”]— Z—:]—_O] ch :Zpl/\/‘grl:ﬂ]— Z(:QZZ[)Q/\/‘(:T'QE ]"I_EIJJE—] ./3’1 3)\]:]—

mlm
=
r I
_0|L
s
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F9) $8 s Aua.

Sampled voltage by | L |
the oscilloscope | |

S7t2 2(Lin, 1999)

a8 2.8 2L MeMe

3} o] Ao},

dlo

Kirchhoffe] <t M =-2 tf

V,=2,10)+ v(0) (2.40)
V()= 2z1() (2.41)
V(0)=V,—Z,.1(0) (2.42)

dojol ] #AP AL B3 A2 5o

Z ] A~

F i
o

o g Atk

2
&
rir
i
dlo
1o,
i
o
f
o
’
il
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Viz) =V e "+ V e "

_ _ vt o Voo
— + vz +'yz: Yz __ vz
1z)=I"e""+TI ¢ —Zc e —Zc e (2.44)
VNN, VI, VT, I, I = 20 —20ake] o] Ag Agoln, A
(D F8 A AR SAel oEstel thew 2ol Fed & gk
(2.45)

V= J27f \ lgEoE,

2 (243)% 2 2405 nHEEd, Z,(:)& A4 Az 57 dudas e

2ol vERd 4 T

1+pL627(271)
Zn(l)= Iz)  “Cyte - er%yzz Cl—pLeh(Z*l) (2:46)

Ae] oAl whapAsolT), w3, Z, () 2=1

AN, p & —

o 2= FollA dadsoly, o] thgat Zo] AejdE 4 Q)
1+p
Z,(1)=7~—+ (2.47)
1=pp
ae]al 2 2478 AEEd ey 2ol x84 Ay
Z,)—2,
A A OF (2.48)
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2] (247) 2 (248)& W

—~
[@p)
~
o™
pa—_
, ,
< X
S <
Q N
L )
Ole ol ol o
NN
1+ 11 |+
A N -
=S
NN (NN
+ _
— —
©
N
Il
—~
N
N—
N

%, )+ 2,42, (1) = 2,)e "

2,0+ 2, (2, () - 7))

a=10]A] 21 FFEs Ao

(2.50)

z, ()+2,—(Z,(1)—2,)e"

z, )+ 2Z+(Z,(1)—27,)e"

z,,0)=

2] (2.42)25-¥ 9]

(2.51)

st o] £
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I

(251 Ao o}

Al
A

N
Lo
Q)
VS
ZS
ks
&
N 7%
N
I
.S
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i Z7
l_l
i
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=
~

%

o
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=
[S3%}
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Input

impedance
Zin(:0) A Zf)i(:u-l)
Source . V_(:’) )
impedance z,=0 o Zi =1,
Voltage i Lead
SO}irCe P impedance
7, |/ 3
Z, (2, =L)= 7, (2.53)
Z 47, +(2,~2,,)e
Zin(zn*1>: cn = - - —2v.1 (254)
ZL—i—ZC’n—(ZL Zcm)e
Zin(zn71>+Z(ﬁn71+(Zin(zn71>_Zp.n71>672%711”71
Zin (Zn72> = Zc,n*l / - - - — 29, o,
Zin(zn71>+Z(z,n71_(Zin(zn71>_Zc,n71>e o (255)
2, )+ 2, +(2, () =2, )
Z,,0)=2, —————= e (2.56)
Z7n(zl>+Zc,1_ Zin(zl>_Zc,1> !

ANA, Z,, 7 2R L= A7t B4 e, Auags, el 4rte] #9
& we dojeldh. a#: Z,(s, )& FE ndlA A5 oz A4
A9 dFdzolry, AR AgL 2 (253) ~ 2] (256)S ALTozA dS F
At
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Aol et AmA Aol wldo] Wasw WA} Aol Wz}

th 29 2109 7ol

, 2012).
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TDR Device

et

Coaxial Cable E

Measurement
Probe

A|AE! (Drnevich S, 2001a)

T3k olegk FpH] A A 2EE o] &dte] FHo WAL A E SASW 1d
2113 22 23T E 4& 5 U

1.25 = .

0.75 - The 1% reflection from air/soil interface
~ Y
- A -
S 025 i P S —
=1} Iz,
£ S o
>C | \\\/

o 4 |
© 0.25 A
= ’ The 2™ reflection from the end of probe
3+
2 075

‘1 .25 I‘ T T —= T e T 1

0 1 2 3 4 5 6 7 8
Scaled Distance (m)
O3 2.11 TDRe| M=l mté(Yu &, 2004)
AFdol A Ax7)1de] AulE Maxwelle] WA 2o A S Aspulg o o
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(2001a)2 = iyt

[€)

=

a1, Drnevich

o]
A

IEDE
g

)

i

—
o

(29 A5

o

R

K

B

2001a).
(2.57)
(2.58)

=N
[S3N)

21 TH(Drnevich

2~

2
Aee] dvlE a2 Ao frh(Krauss,

I

R

P

=N

3} ko] el
]

[}

71Z 7}

oL

[e)

1o

)

of ¢

(8.854 10" *F/m), 1y

dolA AA7| e &

Ho
o=

A

-
1.

o17]1A, ¢
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2.4.2 Purdue TDR ¥ (ASTM D 6730-05)

2 Ao M= ASTM <A 4] BAE ol 9+ Purdue TDR Al &=H

1.

&9 544 Wi oea 2o
Purdue TDR AlA&®S U2 HAAAPRE o] &3 U5 HAEAS o83 A]xad o]
FEA )L, &3 =(coaxial

t}. TDR A&$AL Az 279}

head), Z¥]al T2H 2 FALo QI 2.12).

Camghell Scientific, TDR: 100

50 ohms Coaxial Cable,

Spikes
=95 mm

656 mm * g
Wotchook computer ™

% 2.12 Purdue TDR AlAHI(Yu &, 2004)

TDR A oA 22HE T3] AEyE dAgSEm(vs g3 2o

AT

(2.59)
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s
D A FAH oA o] A7) o] (2998 X 10%m/s)

m

4 @5NE AYSA Ao o] FAZE g o] AojHr)

2L +/e.
t=—2>1" (2.60)
c

Fellner-Feldegg(1969) & gt d&o] F357F oF 1GHzE Wl AEA|3F &4
B AoE 4 rfar AL, Topp 5(1980) HUFAE&S Au

(K)zhal Ao WRlaL, vt o] 28 5 v

c,t 2
g =K :( ) (2.61)

A9 49 TDR Nai 719 2110049 2o] %25m, Barker S(1989)& ct&
Au7] AoL)HA BAT 4 ATk AL, ole] W fARFE Te 2ol

L 2
K = (—) (2.62)

i
2
Ja
&)
D
>
X
N
k)
3
2

°1714, L= TDR #¥& F&f ¥ F U= A HEAY

A% Abol o] Au7] AololtH(Iiy 2.11).

Drnevich &(2001b)2 TDRE °]&3lo] A3 o fddrE FAHE &9
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e @Eks W, AMHES] A 2RV SFgel wel fFAeE A ska,
AR At 2571 S7hgte wel FAderE S7rgvan gke 4C 9k 40C Y
HOl Alolel A &K A (temperature correction function, TFC)E th=-3F 7
o] A|erstad .
TCF 4 =0.97+0.0015T (2.63)
TCF, . =1.10—0.005T (264)
AVNA, Te AP ST 2xolH, SA4Y FA4FE SE8HE 1LH o
HASH vhgi o] thE o] vEkd & ol
K, s0c =K, 7¢ X TCF (2.65)
Giese 5(1975)8 TDR #HotolA A=A AFS AR ar, Clarkson 5

(197N &9 & A7HER(EG)E a3 2ol A sttt

[«

€y \[ 2, \[1—p(0)
EC, =22 | =2 (L) (2.66)
[
A7, Z,= E5AolE e dydsela, v o] #dE 4 3tHRamo T,
1994).

dO
In{—

_ i (2.67)
P 2mec
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714, d,9 di= 7H7h ¢F 8 giR mAle] Ao, Kraus(1992)% WA 4
(pt)E th&3 2ol Aol
Vit) = Vi,
P =—— (268)

in

3 FANARRE(EG)E vt ol 4oE F gl

1|V,
Ec;,:—( ‘—1) (2.69)

oI71M, Vi Agjdao F uf Av]e] defold, Vi A7 defudolvh (L

1.25

0.75 -

0.25 -

\'/]

-0.25 -

Relative Voltage (V)

Vy/2
-0.75 -

-1.25 T T T T T r T
0 1 2 3 4 5 6 7
Scaled Distance {m)

8 213 MI|MET APHE 98t TDR T (Yu S, 2004)

agla O 2B Fxo] #¥d oy, tid o] AHogd

(Giese %5, 1975; Yu %, 2004).
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_ 2R Lp

Q.|°Q. S

%

(2.70)

o714, Ri= TDR A& A4 719 WEASG(HE 50Q)0]t},

Siddiqui 5(1995)- 7]&¢] 3

2o v wAN S| ARG

G2 RdH I, dREs
2 xgaa ol Bitela Ao Mz A8ar] ogra st} FaEu=
olold 4 271E AFHAL, o) thFH Fol dete] WEAN S AsE
o F A H(Sallam &, 2004).

Puw
VK, —=a+bw (2.71)
 Pa

AZIA, pim =] HE

= -1, de a—;g Z:]_}—HE]E W %%]:6]'

%o B35 ol

w3

Yu 5(2004)2 7]E9] A7) Ao
ARG wH@H e glo]
Z

L=
AEEe Anage 1

3| A A7 Rl 7] wiel Al ol Feo &
AV AEEE A ujdhctar Wi 2] (272)5 Aleksksich
Pu
EC —=c+dw (2.72)
Pa

d7da grold, 4 QT A (272)F o]g3te] F

= olg3ko] A (2.73)

Aot & A7AEEE
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oA 2748k ol @AMk Axd=et gHlE ARME 4 dvi(Yu
2004).

=N
[S3N)

d\/K,—b\/EG,

(2.73)
ad—cb Puw

cv/K,—a\/EG

= 2.74
by/EG,—dy/E, 27

Pag =

T oAM= ARke] A A4S A @] A 54 ‘%l i Tl #akd
Arstal, @ S2E B3 @A A ARl distel st

e sE ARkl FAo] stald W LS FALCRFE e wEgow A
HEH, o]# st B = AW (Small strain) B9 W] MIEAS AUy, 7] &
Aoz vBAuE WA AsEE EWHI(Surface wave)et m @ g A A s}
= AA I (Body wave)Z #F7skal, ol9 Z2 AAu= b= 3 (Compression
wave, P32} A (Shear wave, S = 753k 5= 2 H(Molina, 2006).

¥ 214% tEuel Awne] AEe e,
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Dilatation Compression

— N
ZFFF T T T //
+:'_L_u_..{f 7 s et G 8 47

v ¥4

F1. -

A

o

Wavelength, 2.,

Direction of Propagation

(a) &=
Undisturbed Medium
v S S S S SR S Y SR N SR A 2z Ii{
. x ; !
= - 4 . Kl
o= ; T _. e - 3 - 1 r", ¥ L
] . - 3 A D - - 1A - - - Uy
o B o el 5 Jh : - g ; 3 &
—1 | L] ]
- -
Wavelength, Ag

Direction of Propagation

(b) Aekst
a8 2.14 EtMIlel Mol AHS(Bolt, 1976)

251 =9 £

a9 214@9% Re ABS = vARE EaPaheta s, the 2ol

== (2.75)
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s e},

o
I

= o

3

(2.75)¢]

Al
A

(2.76)

— Aei(wt il{.’]})

g (=27/T)

N~

N

1

o171H, w

¢
mﬂ

A 2 QTN el &

24 (276)= 4 (275)°] HAUs

%%

(2.78)3} 7ol

- x)
LG

2.77)

(2.78)

g

o171, A

i
=

;o

H

(2.79)

@

‘/c:f)\:
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a9 214M)st 22 AEs e gAdes deekGahEal 3, vt 2o

y_ G (2.80)
ot P ox
SN, u, ¢ yHFEEe] QA%
G AGHFA S
2] (2.80)9] =& thet 2T
uy:Aei(wtifcaz) (281)

4 @8DE 4 2809 B4t
= TEAUG T S

W2 (282)9F o] e £ dow, A &
= & ]
T ATh

ool A (2.83)3 #o] A
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o
I

i gelsts o

3|

Aol o

0
G
Y

|57 (Ghay) BF3L & 5 3o 4 (283)= A

=
0

Gl

(2.84)

G=

o}<= N

KA
s ol

2.5.3

(2.85)

peH, Al

(G= o] Folxl 4 (2.86)3 2ol

A A

A (K¢t e

(2.86)

3K—2G
2K+ G)

tel 2] (2.87)3 #Eo]

0§

(2.87)
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oM,

A

o]
A

(2.88)
(2.89)

3 zro] uepd 4

o]
=]

b o

<]

1 e

I

nlol o

T
hy

o}

-
XN

o)

=

belet.

2] (2.83)3F 2] (2.87)5 2 (2.86)°l Y

aelal A (2.88)

s

A
=

=

_ZTI

ke ALt m@Atew

(2.90)

3 AR Aele] A
— 44 —

: =2 A ZH(Travel Time)

=

=

°1714, D :
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H

%% FA9 Y (First arrival picking method), =

3 o] &4 (Peak to Peak Method), 343 H (Cross correlation Method)

o] At}

o}

—
o

=
(¢}

o]

tel 29 2.15%

A

3

N7roz

s

34

2010).

0.1

-+ 0.05

(n) ebejjop ndino

-+ -0.05

-0.1

—— Input
—— Qutput

o 1,

(N) ebeyon ndu|

Time (ms)
a8 2.15 =25 FELHE(Chan, 2010)

=3 o
N7roz

tHChan, 2010).

4%k

/1\1,

tol 12 2163 7ol maA| 7S

A

3
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10 B : _ 0.1
N : Input
; —— Output
5+ + 0.05
S =
g g
> B0 L
> 5
5 = o
g 3
5 - - -0.05
10 : } 0.1
0 1 2 3

Time (ms)

a8 2.16 SHE o[ W (Chan, 2010)

AR A QIDF Lol EATL & on] N TE A5 Azl Eo
_]

/ T(t+t,)R(t)dt (291)
T.

A7IA, tm AFEANTE)H =2AIHRE)S zelelw], 1 2174 Zo] =

A1 7HE A &tk (Chan, 2010).
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1.2

0.8 4/

o
-
L

Normalised amplitude

] (CC = cross-correlation function)
= | 2 i S. L L 1 i L i L |

0 1 2 3

Time (ms)

a8 217 #4542 (Chan, 2010)

FA3 7]\ (Spectral Analysis of Surface Wave, ©]3}F SASW)-2 FHule] FAb
EAE ol &a] Awks TASA A AR AgESe AAAS wofstes A
Aoy, e AU Zlolwgoz yHoRFH AHE YEY, o
oY== tF-2 & 3ol sdsli= zlo] kel EAFTH(AI R, 1999).

AT 7Y dFAEE A A ded, 77 Fol Hash, SASWe
MexE 19 2183 2
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Ed m.m M
= s = =
w\..,.n
gl -
1ol —
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nivioal 1
~
" 1m
1 _z =
-
| Ii
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S 2
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1 B
7]
= ¥ o0,
=1 = Nuh
5 m_.mnm
g 2 EZN
2 £239% _H__
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= A S

=

b

-..I_.‘. Divariable)

1994)

=
[=2)

a3l 2.18 SASWE| 7 2 &= (Stokoe

)

| =

=A

2~400HzelH, 7}

S =

=1
[¢]

47}

_ZTI

K

0~1kHzo| v}

5217] Ape]

=
=

)

EEDRCRED

7114 B8 E

3 Aee %

2k 7]

[}
=

SASW &
o] A

=
=

37t

19 2199k o] 9%

A (292)2 JERE 4 Q)

-
1.

s o] o] B A 7H(1)
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R2

R1

2

\
\

N\

AN

Phase

ongle

f

frequency

, 1996)

a8l 219 AZA njg AH EZ(

(291)

BN
T

fsiz
=

®9

2] 292¢F o]

tel 2 (293) 2.2 veEbE 4 gl

S

ke
T

(V)

&

ol & of

il

N oH, i

(2.92)

=< |+
I

(2.93)

VR

|~

A 2938 Fu

=<
Br
3

—
o

N

iz

o

H|
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(2) 7}

HRo] ke A A 4k

KeN
=

B AABEATAC] AN wWAA A g

.
Abat

=]
=T

(4) °l

i3

.
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A 374 vH33y TDR A9 7%

SCIENTIFIC

TDR1 00 _ INC. woom v

——
TIME DOWAMN REFLECTOMETER

i secection sow aponess
- . pisgorte CAMPBELL
:

EY¥yoc=EBER

SN 1001

% 3.1 TDR100 &H|(CAMPBELL SCIENTIFIC, INC.)

T oA e ¥ 329 #ol 47l TDRI00 4], TDRIOE T&4717]
1% 12V WE 2(PS100), 22lat HolHE AFHE Ul 5 3= PC QHEA
SEZE S0 vk TDRIS.Z B3 dubs Z2HE F3 sli, wkip
Ho] 9% AMFIi= PC AzZAFEAN AFHY AZEYolz AH3v) AF
AZEYolE vk Case Western Reserve Univ.d Yul+% £ Aztd Tz
Z(TDR Seismic Testing System 1.3)& o] &3} vH(2g 3.3). &3 B =z
& ol &3te] FAE As= 19 349 2k ol sd S STHAI7Y] Hske] w3
Bz Aol~E AAetd o, e WAFSS A FuES A x

A Anx T4 Azsidti(d 35).
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wr b A

ado3soIasO Dd

2dodsodid

%8 3.2 TDR AlAE x| 74

a5l TDR Seismic Testing System 1.3 — O x

Intelligent Geolnstrument

TDR Soil Testing System

~ Two-Step Method
« One-Step Method

¢ Seismic Testing

Ok Exit

12! 3.3 TDR Seismic Testing System AT Eg| 0]
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! OneStepMethod - O X
File Settings Tools ProbeType About

Project Name: Contract No.: J Date: l Test Locabion: J Operator: ]

TestNo: Temperan-ecwpu B F - Soil Type: @ Cohesive ¢ Cohesionless
L

Am 12m
prww—— v 2574
107
-im 156m
Mold Probe
Ka= |317 ECb= |o.00 mS/m
| None
= ) 984 pef
1st Reflection m w®= |01 Dry Dens=

r i 1577 Mg/m®3
2nd Reflection m GotoMold Test

GetSignal | Analyze | Screen>>

J% 3.4 TDR &ZEQ|o| ALSA} 5tH

J% 3.5 TDR A[AH
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ZH = Multiple Rod
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=8 A
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HYu &, 2013).
Toll A Az ZzHol =AW= Knight 5(1997)3 Ferre 5 (1998)0°]

sasde F5ol s,
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17]

s

(3.2)9F o]

Al
A

(3.2)

_ |E(x,y)P
//QEO (z,y)PdA

71A, wlz,y) :

w(%y)

TR

il

5(1998)2] Aol A 509,

3
T

slojok &kr). Ferre

A

b1 Askel & g e
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ojy

70%, 123l 90%%] &H

NH

ojy
B

\._A.uﬂo

™

_56_

Collection @ chosun



I- S8D=10  _ _oeems V- 5:0=10 V- 5D=10 VI - Slh=5
F:0=1.1 D=1

- w
X — 70
k 50
I- 80=5 Te— I - 5:0=5 VI- Sl=5 VIl - §:l=5
GD=1.05 FD=11
IX- 5D=10 X1l - 5:0=5 K- K=5 - XV1- K=18
=11 Gal=], 1 3

1‘_1“‘ g -\‘1

X- 8D=5 Xl - 5D=5 XIV- K=75 XV- k=12
(G105 G-D=1.1
Bl Mctal Rod

a8 3.6 SEHAY sl (Ferre S, 1998)

o

Ferre 5(1998)2] <
St AWM AE s F AN B AFoAE f3taa S &3 90%el E

oy,

ogwgoel U SAWNE ol gal AU Y xEne WS A5
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of
o
P
S
i
k
i

§ b asdol P W= i 313 2o S sd s
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PicoScope 6

PC Oscilloscope Software

flod

PicoScope® 6 - PC Oscilloscope software Version 6.10.16.2

Copyright © 1995-2015, Pico Technology Ltd
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