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Abstract

Quality control of compacted soils is important in earth dam, levee,
retaining wall backfill...etc. To develope a new measurement technique
incorporating both electromagnetic wave based on Time domain
reflecmetry(TDR) and Shear wave velocity, it is necessary to first figure
out the behavior of Shear-wave velocity in compacted soils.

In order to measure shear wave.velocity of compacted soils, bender
element(BE) method is performed in laboratory, and the purpose of
experiment were divided into two parts: investigating the influence soil
fabric on shear wave velocity of compacted soil, and to figure out the
relationship between soil phase parameters and shear wave velocity.
Experimental results show that soil fabric of fine soils does affect the
behavior of shear wave velocity in compacted soils under the same dry
density and water content, and the shear wave velocity of the compacted
soil has a linear relationship with the degree of saturation if it is between
40%~90%, the semi-theoretical model( Fratta et al. 2005) was

successfully applied to analyze the data. However, it requires varying the



water content to be able to measure water content and dry density in the
field.

Alternatively, an empirical formula (V, = a, + b, x §™) was found
to well describe the shear wave velocity in terms of degree of saturation
of freshly-compacted soil. Through this function, a method combined
with surface wave testing and TDR technology was proposed.
Preliminary laboratory results show that the proposed method can achieve

3% accuracy in dry density and 1% accuracy in water content.

Key words: shear wave velocity, compacted soil, bender element method
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Semi-empirical model:
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HEFE BT 4 T R R LR RS R - 1

AU 2 B R KL 0 T A L EEs %50 (Fixed-Fixed) ~ ¥4 p 4 3
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(Fixed-Free) 2 2 g4

i d ;N(Free-Free) e # A Hx2 2 2474 % &
éi’mfﬁlﬁ T‘TFE?LFE%@@%%!QQ
WAL RERTAR L @ ¥ - R L pd E o B p
T N —_ > s 3 ; ‘
NG - B g Sphe 2 B SRR S R
BA2 g BT - BRACHTA R A Bhod BRI SR R
WPEATA S 2 S F
——— Harmonic
G | < Torsional
Counter i Excitation
ol WC"QN , Acceleromeler
Coll - = = oy
i [
I—[ o=1
-~ ¥ Tvoo capl NS
dagne! e //] U;l- ,.m: I,_\\—-"'J
/ ‘ . T _7—
Drive I |
Plate lft-prt(:;fl-!ttl: ’ Coil
3 " Suppon
| ; System
=
| Fixed
—— Base “— ’

B.X > : \///////\\\\

W27Hz3pd
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FoRm > M- R V- ARt B -

TEAREAG D e RRET ARSI TNAL 2R o B

7

LY

M2 ko doB] 2.8 907 0 B S EARAE S I TRBET 4R

- (2.13)

IL == CZRC tan (XRC (214)
0
# v

R824 F 18 £ (mass polar moment of inertia) ;

Ipa *H4e v 2 2 Rt E el £ o
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12¢ . ]
+ Resonance /1 . (g, -L/Ve) tan(e, - L/Ve)

| : G=pVs
£1%

Accelerometer Qutput (mV)

Frequency (Hz)

W28 AH=Ad N2 3% % (Kimand Park, 1999)

e d SRR ARLT R B4R 29977 0 AR R R E
FREHp I N7 prapst ARlasE BEI E 8 4%
pd@Edz ki Fla v A s ghe 2 kd pH Y - SRR
LT R h R T - ERA SRR PR
F A G - R BET ¥ - ET A Y 0 4o B 2.10
T oo FIEE P d SR JRELEKR TR 2 Rk 0P T A2

AE s Fp g P AcE H A d N PR T T S KT RAE S o
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End of specimen excited
Torsional by torsional excitation

! device (see end view) et
accelerometers . vice (see end view ,
Suspension Bands fixed to end cap

fixed to end cap | \ '/

: ~ Steel bar
soil or rock ' free to rotate
‘spgcimen ' Stops
(inside latex k

membrane)

End cap"

Pivot Point

vacuum applied through end view
one or both end caps

W298Hpd NHRALKRE T R W(Stokoe et al., 1994)

0.2
Vacuum: 69 kPa
Cell Pressure: 55kPa
a,: 124 kPa
0.1 Max. Amplitude: 0.19 v

Amplitude (v)
<o
o

'
<L

AETEENETHIN IR IRININRERANTENANENENNET)

<
2

llll]llll'llll]llll'llll]llllllllllllll

0 20 40 60 80
Time (ms)

W 2.10 & AP d £ I=LR % B % (Kalinski and Thummaluru,

2005)
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ke L

L5 M TR it 2 R

A A £ Bl 0 AcB] 211 7o o PR Y L £ B

D
LB

ot M 5

S o Hg 4 hag 2 3HE v (2.13)5% 0 %N 2 35k kA R licag,

Pl e T 50

11+12 Qre
tan agc = % (2.15)
L2031
2e L, L ¥ 4 WS A I E R r 2
120x10°
o Vacuum: 69 kPa
100 — Cell Pressure : 55 kPa
o, 124 kPa| H
o T (A i W - - .
T No. of Averages: 10
z |
{ 40 e 6082564 64 SRS S S Sk D ST SRR ¢ 6 ou s 64 06 uilb b mtmnte - o0 chtel
20 —
0 1 T
0 200 400 600 800

Frequency (Hz)

W2 11 p d B3R p #0432 % (Kalinski and

Thummaluru, 2005)
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2.3.2 4% ¢ = it 2% (Bender element method, BE)

9 <% f L d Shirley and Anderson(1975)#74% 1 » & A f ¢
FRZ L5 EEAIJY EFRIETZ RHWAL K E P

R Ch RS TR 2 0 i 5o BCR & g (polycerystalline

ceramics) it if i@ et * 2 X KRS MO E 0 B X RRT HWL BT
FHO AT RS ERTER2 X I RA BT REEAF

e T R
B'ﬁ‘f’g@*?%@'ii BV EOp ?fﬁéq’f——ﬁg‘%ﬁ@'iﬁ
(bender element)ig 7 8 i8] > F S pE >~ =2k a5 A& 4 B (Function

generator)jgca & 4 A & - #dEed 44 1 d o1k % (oscilloscope) &

=

AR L 2T S AR Jd S AR R 1T T S

MY AL
Vo=t 2.16
=2 (2.16)

ERINSS RS

Ly %4 @Lpedy
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2.3.3% 4 Wilg Bl v &

Ferreira and Santos(2006) 4* ¥4 4* o FHRE R FHRERT T
SRR 2t B 2B 212 91 o BB EFE R F
- FMz2 T 4 g o 2 pFR B (Time domain, TD) % #7 & &8 (Frequency
domain, FD) = #& = 3¢ 97 47 12§ 4 e % B or B & dR ik
ATET A R FA A WG 2% 1% B B LR AR ATIRFL T S
Bl 2 TD T3 '@*Hﬁrgf:w B2 5 MR 5 58% & i 110% ;

AFD ™ > 94 il B MR 5 58% 0 BB 1 125% o Aty b

e

T

T
P
o

Lbﬁ;{ﬁ%_ﬁ:,?j’ﬁﬂﬁ%gb'a : 32—~._" R oo 4y b ’g‘“dr
ol R R B R R R R A

P %o BB RR AT ¥ 2 e

w

%—%? %”\Zb 7—1-‘/;//

o

200.0
175.0 Goe(ro) = 0.982 Ggc - 0.734 . &
R? = 0.969 Zahad
150.0 4 g
70 <
Ggerp) = 0.996 Gpe - 5.016 o 01: BE(TD) x RC
) Z
125.0 R* = 0.981 A 01: BE(FD) x RC
A o
R 7 = 02: BE(TD) x RC
G- BE 0.0 :
(MPa) O 02: BE(FD) x RC
: A 03: BE(TD) x RC
75.0 N A 03: BE(FD) x RC
Z + 04: BE(TD) x RC
50.0 . 'i o o 04: BE(FD) x RC
(Al =
1:1 line
25.0 Linear (all: BE(TD) x RC)
------ Linear (all: BE(FD) x RC)
0.0 . : , . . . .
0.0 25.0 50.0 75.0  100.0 125.0 150.0 175.0  200.0
G - RC (MPa)

W 2128 ~id2 R dmdr B2 P 4 8k B #&(Ferreiraand

Santos, 2006)
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2APY AN

R}

2.4.1 ¢ A 22 BT i

oA Gd RTALH S e o BRT Hg § R -
Wb 4 v g Rg A A ARETEE S S Z TR R 0§ H
LI - RRBRIETEE € F 2 APF L TR 2 AR d B F
TRETIRGF A DRF)ZBRIMPEIDTRITY 2TF 2 2 WKL
B R o n BITMLL T ARER 242 w0 A RS - FL
TR e E* T2 QA0 BREBIH T AF R e P ARIH

REHMAS P2 B d A B Al ket dirga BRT ¥
B2 FRIN T AR T N T e T B2 Sofch ok A&
i& fo & #c(coupling coefficient) » & 4 & it & T i B »a 5 2 39 4% >

moOM ¥ AT A ERZFABRE LEY P AT RGEEHEY B

d, g k@Y M OQm 2 BT M+ (Brignoli et al., 1996) -

4rBl 213477 o W AR AR FA Y- FEF TG AR
REHZA Sl n ARTREL S R- He T £ DRI Ha
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Fodk i * > I MERE R N T 4 5 B R 5N (Series connected >
4ol 2.13a #7or )& & B 3N (parallel connected > 4] 2.13b #7577 ) F4 -
fﬁ:}j%;% e 2o if 4% 50 g#ﬁ P2 REEME R TP A 5 R A

TOEPE T A A 5 R 2 # S E R TR

-

2P EFE A BE 2R 2

5% f%o‘—_',_ﬁc__ Jé))tl’it‘fll’}l’ %ﬁ‘_j,';bf 'E_ nglz!/i.‘ﬁffﬁ g:bl‘ /;I}? {;\'_

T BTG R S 8 g 4 2 ¢ JE(crosstalk) shR % i

i & A TR TR TS f BT o s ey LE e A5
;ﬁ /ﬁ 2 8 3 R 5 (Brignoli et al., 1996 ; Lee and Santamarina,
2005) -
P ‘ A
Applied =4 Applied _ \‘i —
voltage [iieomg—T——------ 4 voltage W S R 4
T Deflection T Deflection

(a) X-poled with series connection (b) Y-poled with parallel connection

W 2. .13 #¢ =~ i+ 373357 ] W(Leong et al., 2005)

%Bﬁﬁé’%*$ﬁ£4%1%ﬁiﬁ%§‘iwiﬁﬁé$

FARE AR F PRI A T S AAR BT &
¥% (Santamarina et al., 2001) > g L &% hr > ¥ d 22
¥
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ERMEFRMAPTR RS AL TRE2ZF oo 2 R TRY 2 LR
3 6mm I 32mm > F A A Omm I 15mm > @ 5 & 5 & 0. 6mm o 3E * i§
2Rt RPRE R TN P B2 R RTHRAHEY 2R

MBI PR L T AR R R MERERTF

EHB’T"#%WF‘%F”"/ﬁﬁ@a,F%ﬁ ﬂrﬁm.miﬂ;;l“’mw"fi\—"@

&

2.14 %557 » BERFRITBIT F BEAR LS - K RE 6

(polyurethane) & -k p ek > FH %S > A3 H L5 3t
TRAG B NEL BRI TR R AL UL 2 {86

(coupling) I % + 3f > Bufd > 8 * I3 PP 2 2. ¥4 = & B gt

REREL T o

=.—— conductive paint
(shield)

polyurethane

% g ) l___ ground
i »
S
o
”3-*—,'"-:&'
G bt L
e 2 /
b Wi

thin coaxial cable

W 2 14 %« < it 2% 7 & W (Santamarina et al., 2001)
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243 FANN - EEHFLER

-~

ERRCACE b BERER-- R A S SRR - SR 7 S E
BOF - G A EER S - B T - KRR A Kl
PERFAST2 5N 3L B o e R P d N S R A
A RS2 e b BT BPERE Y A Al % - F AT

2R Tty % PliT - (near field effect) B2 58 > @ & 324 &

STk BPEER B A2 A BT 2R L RARRA A X TS
B AR o MY ITHTE 0 Sanches-Salinero et al., (1986)%# & ) & &
VW FWPE AT > d - RBEE 28 o ik 35 L L AR B PR

518 — BLPIBE A R V2 315130 R A7 d R Bk E 2 F]F &

B BRI BT 3] fd ARG

Ri=3=3 2.17)
Ao oL Gk dukieg

As o &

fo e s

i HET

B 2EBHRET R GRS L] o FeFAE S o] 2 Rz P4
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{

Pt A T AR T ] Bk A e

F_L
H}
S
-

g
PTG RBLIRG FIRGRE AT i g A

F_*
sk

(‘.
S

[e]

Plafz - FHER G 0 MR BALITH R
R, BT F » 4B 2.15 #77¢ » A W MR,=1 T R,=8 7 o imn T 1L
P FR P PETHETRAPE PR 0 F 2 0 R APHER P iTH

e HFECL o Bl T Ak AR R E R 2 AP ERAR ST 0 B

/\ Modeled source excitation
usT

+ + + + + + + u
-0.5 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

| Modeled normalized receiver response

tp ts .. . X
o5t [\ Source-receiving separation: L/A=1
s | \n}m 0.002 0.003 0.004 0.005 0.006 0.007 0.008
]
4 I
| |
05t tp s L/A=2
o 0.001 I\/ 0.002 0.003 0.004 0.005 0.006 0.007 0.008
| |
- | |
| |
05t p s f\ LA=3
a5 o 0.00| 0j03 0.003 0.004 0.005 0.006 0.007 0.008

o8\ L/A=4

u . + u u u u +
0.001 : 0.002 VUUE 0.004 0.00s 0.006 0.007 0.008
I I
I

05T t.p FS /\ L/A=6

. 0.001 0002, 0003 W 0.005 0.006 0.007 0.008
| |

' I
tp: P-wave ts: S-wave
05+ travel nmle travel nnlle /\_ L/1.=8
0540 0.001 0,002 0.0(3 0.004 UEEK/ 0.006 0.007 0.008
1 1
-15+ I I
Time [s]

W 2.15 %  R_ B F|F 2 i3 s BB B (Sawangsuriya et al., 2006)

28



hppa BERE e > BRTMLLH T AW Q@R SRt
(poling)shsh B> 4 it B2+ o) 2 3 2R T P12 5 1 Viggiani
and Atkinson(1995)45 1 2 3E ¥4 & ~ 207 ¥ 2 i R H - jRr g7
FARGEERT MR T R - a0 T A L REkeTR
B2 it R 10 REF G A FI R EE TR B AZWE 10
R FRIE-¢LATIRM BT R A o gl Lo

Bk AR IR X EH b Dyvik and Madshus(1985)# 15 4 i
L ERIET Y S A TSR R TS
LA LR BT A A A B SRty o 2t P A T
G REEFES > LFRR R BWE R R R Rk
FOETH BB R S U ER] 2 BE SRl 2 B T g 4E 5 o @ Viggiani and
Atkinson(1995):& & % i * 1 5= o ap 5 & £ »t 1kHz~10kHz 2. /F >

Gl LR 2 TR T

244 % 4 L P2 H¥

B 2.16 52394 Rl % H2% o472 0 235(2.16)
PO B g iRs 4 2 P4 i o ApEgrandiE F > Kawaguchietal.,
(2001) 12 7 I £ B 2 A9 (75 H 2 % 4B 2.17a #rr o BlE A

B-Cz2 Dghi 7?2 4428 d B 217b 7 g mE L C
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BEG A7 R P AT R B W PIEREd L At B 2 T 4 Wl € R B

0.0004

0.0002 —

A

Amplitude, V
=
L

-0.0002 |—
| At=0.929ms
00004 | :| 1 | 1 | 1 | 1
0.001 0.002 0.003 0.004 0.005
Time, s

W 2.16 & A% 4 piF 2 £ R85 (Kawaguchi et al., 2001)
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-0

Voltage
-— >
S
>
D

(a)

S00 T S — Y -
O:p,= 1.88g/em”, L =~ 0.65cm
400} O: p= 1.85g/em’, L = 2.76em

amm, -

A - e . A .

Elastic shear modulus, G (MPa)
g

Travel time

W2172ki2EFT 8L RET 4 508(G)2 # P (Kawaguchi

et al., 2001)
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3.1/ 4ot

3.1.1 m3inde

ART R AT AR AR BE Y R B R o B W A R 3 e g

TAREL MGG AT P RFETL B BT EEFY R APH R
KPR ey R R0 AR R A5 2a MR R
HP SR EREREHRY LR RTS8 RHF

2% 0 % § Frattaetal.(2005) 73 12 LA AR F AT H 5 E
T Al 2 Wy i OB el A B I R R 2 R
e
3. 1.2 3% s 2>

WHRER AN ZED L G BINA LW G DR R R
By kR B kS 3 02 % 3 4% Cho and Santamarina(2001) -

4o 3.2 47 o H SRR B4 MR T R4 L B 4 2

g

T3 BN BIE T R R PR P i T

Ik

N

BPIRFET K kEFHER 32 &

T o RS e 4R R

g N g gk HAFBBOE N2 R4

o
|k
=

1]
2
hud
e
)/
N
iy
& &

BBz kERMERHE FE2EREEE R AR EL 7K
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oo M IT R A E R TR o R AR 3.3 o 0

GFEBETER = P LB AOTBME A ) > 2 TR R

2
(%
B

T4 RETP Aot PR AT F T 7B Y 2
NIER o S0W A G E Y BRA AL F 1T P 2 SB401008 2 B
T B 34 477 0 H R4 5 E 40mme F 10mm s BB
0.6mm . =i % % KA FRY > o AE 2 ot PR L 150 R4 o
Bofs B 2 R b o FAP Y A E R S ) i 107
RiF#c > PEIFF S 10kHz » Boag 5 2 2 22 3 100kS/s > * ¥
T J T R F KRB ® i o sm@ X E PR FKRF R PG A
72 A5 5 NIPXI-4461 2 $B~ & Ldelfl 3.5 477 - 3% s sez #y » T
B el 5 £316mV~42.4Vos 235 R i 3 24bit o P~k & 5 204.8kS/s - 4p

PREAFTT G Ko
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3. 2 @A

3.2.1 #H R FRE &AL

AT 2R RERE T 4B 3.6 977 0 B3P R 2 FHE
BRI MY AR I T MY BYSET NHR
BT S A2 2 gk ) - B R e e L)
Voo e e a T 4 LAY Bk g R
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2328 A ERY SRS R EE
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1.4 S0 FESTNS SRS SR TN S s |

PR SO e phd s TR

oo E MR | BEEME G Rl
£ IR 9B = e ga Atz &y

0.1
(@ o008 |
0.06 |
0.04 |
002 |

ZIKE8%

R,V

0
-0.02 / 0.001 0.002 0.003 0.004 0.008 0.006
RFEl(s)

0.004
0.003
0.002
> 0.001
B
¥0.001
-0.002 |

-0.003

(b)

N h 1 1 = 7J<%8%

0.003 0.004 0.005 0.906

4

0.002

I5RE(s)

W 3.8F=m 2 ¥4 ki ERIERY R (QREZY (D)F &
ABEIRE S R REEAEI AP FEZ IR G o 4o 39 1T 0 &
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3.2.3 8w 2%

A AERIEL o g AR RRTEA S TR I TG
Bpeo AR FRKLE 20mm 5 10mm 5 & 0.6mm> 4o 3.11
T e H R RS RTRTRIL L P2 BRI EHE S R
T AFe o el 312 A1 0 ZAERARA N F BN o LR 4R A
FRABRTIFFELE VA EERBTRILTRN 5 =4 ot
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clc;clear;close all

data = load('eb2-16-9-2.dat"); %:# B~ & | 7 42
dt =5 * 10"-6; % sec

winsec = 1:90; % % 2Liz &

AnaEnd =400; % 4 7% gk

SmoothPt = 3; % #; & - 52L 3

fcf = 1000; % cutoff frequency

N = 5; % filter order

Dist=0.104 %% & = i ¥ j&

t = 0:dt:(AnaEnd-1)*dt;
amp = data(1:AnaEnd,1);

base = data(1:AnaEnd,2);

% zero line shift
dz = mean(amp(1:winsec(1)));

amp = amp -dz;
% butter high pass filter

[b,a] = butter(N,fcf/(1/(2*dt)),'high');

yf = filter(b,a,amp);
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% smoothing

amp = smooth(amp,SmoothPt);
yf = smooth(yf,SmoothPt);
base = smooth(base,SmoothPt);
scl = max(yf)

base = base/max(base) * scl;

figure
plot(t,amp,'b’);
figure;hold on
plot(t,yf,'k’)

plot(t,base,'r")

pause

[a b] = ginput(2); %#" % & =L

plot(a,b,'kx")

vs = Dist/(a(2)-a(1))
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