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ABSTRACT

In order to increase the efficiency of quality control and assurance, several
non-nuclear testing technologies have been under development in recent years.
Liu (2010) applied shear wave velocity measurement for such a purpose.
However, his results show that there is a significant difference between the shear
wave velocities obtained in-situ by the multichannel analysis of surface wave
and that obtained from bender element system in the laboratory. Compaction
energy and compaction techniques may play roles in the difference. The
anisotropy of the compacted soil is probably another one. However, the degree
of anisotropy in compacted soil and the effect of anisotropy on wave velocities
are not known. Thus, the aim of this study is to investigate the anisotropic
behavior of compacted soil by laboratory experiments. A bender-extender
element system was established to measure both the compression and shear
wave velocity in compacted soils. Several details on assembling of the testing
system were discussed and optimized. A multi-angle measurement device was
designed to measure the elastic wave velocity in different angle relative to the
symmetric axis of the compacted soil sample. According to the experimental
results, on the wet side, the shear wave velocity parallel to the symmetric axis
keeps decreasing while water content increase. On the contrary, the shear wave
velocity on the dry side fluctuates as water content decreases. Furthermore,
observation from the anisotropy factors reveals that the anisotropy becomes

more obvious (greater or smaller than one) when water content is close to or



greater than the optimum water content. Further studies worth to be conducted

were suggested.

Keywords: Compacted soil; Anisotropy; Compression wave velocity; Shear

wave velocity; Bender-extender element
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2_fFiw o 7 H_4ew #7if » Cho and Santamarina (2001) 2. 3% 5 §_4 4+ 4 fj;zﬁj#

PR EIRT AR e 4 g B0 T Frattaetal. (2007) 973 d 2 L
P RSB Y ST Ol I & - P 8
* o

Semi-empirical model:

| afs*)

V. =
*“\p.G.(1-n)+p, ns,

Experimental data:

Granite Powder

Dyg=17 pum Dso=89um
G=2.75 e=0.692
n=0.40

S-wave Velocity [m/s]

Model parameters:

. Ge4.17x10" kN'm*  m=2.7

0 0.5 1 (a)
Saturation [ ]

Experimental data:

Sand Boil Sand

Dy=170 um D5¢=360 pm
G=2.62 e=0.507
n=0.336

S-wave Velocity [m/s]

Model parameters:
| Gy=2.56x10" kN/m>  m=750
0 05 1 (b)

Saturation [ ]

Bl 2873+ b {oR b 3% £ 2L 5% (Frattaetal., 2005)




115 4% (2010) 444 FE R 2 3 e 4 kg (7 4

EFHF S RNETR S

T4 A 2 S5k
V,=a,+bS" (2.5)
Hoe Vot 34 i@
S: pfrir
chssm R S
PEHRNSEHTERIEZ TS AF L RET VERE 0 RA T AT
BARZFREZEE TALRERIEIE PN -F 0 AR

FENE e AT

o f A

X B o

233 i

poARR e g e

#FLx ¥ o4 5 - &R w4 (General anisotropy) ~ &

% 339 14 (Isotropy)£2 & = 4 (Anisotropy) » £ = 4

2 14 (Orthogonality) 2 2

w & = {4 (Transversely isotropy) » 4 # 2.2 #73)] »

L0022 - B4R o B AEATE W (R rcTk 0 2010)

AR R

1R 4 i

B A B AR e R

¥ %o B

ZPE'f—?:;,_?\:]ﬁ'_'Fﬁ'aﬁgP_‘,ﬂf:r:;_lf1réﬂﬁ_’ﬁ f'&g o

W4 - L

23 30 e T G

_El‘”ﬁ i::_]ré-,:]“i—]\:]“i—?ﬁ_ o

B PSR G 0 R 2 2 LB FF R
o AL ARG Gz g bt BT R
AT RARETARLIE S S A doB 20 905 0 B £
AL - e £ E

AT G LR e e e 0 A

Sm VTG e B e
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® 2.9 = o 24k & BI(H 724 2007)

i35 A & T % = (Generalized Hooke’s law) » il el 4 — i % B %

v

=GCij€u

(2.6)

LM e it w2 TG bt e a4 (doB12.10

Cc:3EM ki

e %
Zz
A G
z
A
dy _,/7_ Iy
S
/ / Tz
Tz:v
fn
T =¥ o‘y
T » -
';r;)r Tﬂ-( —————— -i-' dz
O |t=mmm r"' H >
x H i
| T Y Ty
Y U'y fﬂ
T
=
— Tv > X
T
f dx >
)
F 4

y
f&] 2.10 Notations for normal and shear stresses (Das and Ramana, 2011)
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AL RTE ORI e R —RREF LT AT R

o] [C, C, C, O 0 0 eyl

O-yy C12 Cll C13 O O O gyy

O, C13 C13 C33 O O O &

. 2.7)

T, o 0o 0 ¢C, O 0 |7y,

T o O 0 O 0 C, O |r«
| Ty | O 0 0 O 0 Cg |7y

He ot w4
‘L':'i"‘),@;"
AR/ P
VRIS

C, Cy Ci» Cypr C,p0 Cy  3EE i Hic(Bekhterev, 1926)
X C,=Cy-2C, > FIt ¥F & T BEE ¥ B, Cyy > Cpz~ Ca3~ Cus~ Cgo
TERHEL e Ee PR ORA R om P T ST AR

\

#(Young’s modulus) ~ 4p x> +* (Poisson’s ratio) £ 5 4 fi-#c(Shear modulus) % %

T .

E
EQA-_v
- v

Cy= (2.8)
L+v)QA-v _2EE'V,2 )

Ev'

C = o (2.9)
1-v—"—y*
E'
E'
C, - (2.10)
: 1—V—2£V'2
E'
C, =G (2.11)
E
®2+v) (2.12)
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B9 ECE T E e ® 5 (xy T 6 )i S i
VAV E G e 0 B 6 )3 R el
G:di e Ea it 4 ik

Love (1927)#% #1072 A~C~F~L~N 7 i %#(Love notation) #7 % = ¢

g
A A-2N F 0 0 0 |
A-2N A F 0 0 0
F F C 0 0 0
C.)= 2.13
(Cy) 0 0 0 L 0 0 ( )
0 0 0 0 L 0
0 0 0 0 0 N |

Poo LR A R bR g e E R T LM

C et s A
A Sl )’ &1 4 Ven Z\/; (214)

—L 4 Y ~ ~ ~ C
-7 w2 PR Vey :\/; (215)
B - &R 2 Pk W”JE (2.16)
KT 20 S i# Ve =\/g (2.17)
€8 w2 Stk Vey :\/g (2.18)

Faiow i s plASC~F~ LN ¥ 12435 F #ic(Lamé’s constants)

A~ E
A=C=1+2u (2.19)
F=1 (2.20)
L=N=pu (2.21)

15



Auld (1990) # 3@ J1 584 i@ &8 7 i 5B F Bez B cnBf %

Cu = PVoy ’
2
Cy = pVey
2
Cu=pry
2
Cee = PVgy

_ \/(4pVPF2 -C, -Cy -2C,)" - (Cy, _C33)2 _

13

R a3

2 C44

PTG A B REARR O DA 2 F AR S S 5k

(2.22)
(2.23)
(2.24)

(2.25)

(2.26)

afie Een P2 LELE G e gt E o F

(Hexagonal crystal classes) s CdS(#r i &%) » B Bl 229 4 2 L i &

AR 211 907 A A A R ARG SRR BT L5 e 4
Bagp e T4 L2 L BRE S SAcF] 212 #15 o

(k/w),
Pure shear, polarized 1|
to Z-axes

(k/w)a Pure
longitudinaf

k 'rl o

T 6%x10"%s/m

(k} W)z
Pure shear, polarized 1
10 Z-axes

Bl 211 4 @ = % B S 4 dh2. CAS B A & 4R (Auld, 1990)
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(k/w), Pure shear, 6x1074 |
polarized 1 to Z-axes s/m

(k/w); Quasishear

(k/ w3
Quasilongitudinal

! !

D (pley)? (4p)"
2 2 %
{en +e53 + 2¢y, _\X(Cn_cssy +4(c;; +ey)” 177

@

1
@ (P”‘M)A

1 1
® (ple)” (4p)" |
{ci + ¢33 +2¢y +\/(611—C‘33)2 +4(cy; +C44)2}A

@)

1
® (P’(Cn)é

(\.o

1 2
® (P”Cﬁﬁ)é @ cot™! \/(‘713 +¢4y)" — (¢ = ce5)(C33 —Cyy)

Yy (Cyy — o)1y — C)
2p -
Ce T Cus

Bl 212 = AL % 4 & B 2 CAS & W AL (Auld, 1990)

©

LA A F - & B @ vLa Quasi-shear wave » H | A G

-1/2
(2p)1’2{cﬂsin2 0+cycos*f+c,, —\/[(Cn —c,,)sin*@+(c,, —C,,)cos’ 9]2 +(Cpg +C,y )7 sin? 26’}
(2.27)
S & & - B & B @180 Quasi-longitudinal wave - H R & L

-1/2
(2,0)1’2{cnsin2 0+c,,cos’0+c¢,, +\/[(C11 —c,,)sin” @+ (c,, —Cy,) cos’ 49]2 +(Cyy +Cyy )7 SIN? 249}

(2.28)
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Flgt o I T B KB Cy Ci3~C3~Coy ~Coe B HPEZHRp> T
REFe Ew iR Z- 04 A2 RGGAHEET 4 Lo
¥R 2 B w4+ > Anderson (1961)3% 1 ® w 4 )3 (Anisotropy

factors)4- ™ :

¢:%z (2.29)
5=%ﬁ%— (2.30)
n= Cu—Lu (2.31)
C13
% C,=C,—2C, » FIp 55(2.30)7 % 7 %
g=Co (2.32)

HeY 932w RFeBREGRAFEZ W ELS [ CG T ~LEr T
A ET S A g REEE e kT s e ST R h 2 Rk
MEEE e YA REG M e p=¢=n=1"F RN ¢
Bz EARARIT I AL R e BREAR] » FIUF NG iESE R e B FF R

B - R e BARR o

2AEME ik g R BB E
241 % 4 ik §pE

Pav g p BRI a2 A &5 & R4 (Resonant column)2 £2 &
7 4L (Piezoelectric material);= > H @ B 3 #L2 x 54 < i (Bender
element);z f X g §d L 22 2 BRI AR T H A 400
o R - A T ERPAE S RE A AR RS 2 TR
MR- RRIEYE S DA APHITPL TR 2 BT
IFL?\"IP‘?)E«EEL*ZL,}I =<z ﬁ}ilf’}}r—ﬁv ,;\,7 HB/RE I«I{fﬂf«yq o
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BREIWILFES P R P oA ple R BRTW LAY (0B 21397

F)oom g AT E L AR LR LR EPRTRL Y S

RELT 2o BRBTS Bk MELHTRLTRBAN R ED
WEL 2 s (coupling)Ih e F3f > RS E R BRAM AL okA o Tk
Tk g A (epoXY) R TR E Y F R REHB R B T (WG4 0 2010) o

—-

conductive paint
(shield)

polyurethane

L. ground

epoxy

Bl 2.13 %8¢ = i 5t & BI(Santamarina et al., 2001)

ri% 42 (2010) 1 * p % Bender element £ ip| % & 3 3 2248 e T

ya)

.
S
(=i

g
AR 0 H R A AR 2.14 A1 o FIM AR G KR R T

&

(S |
&
v
|k
ié'i

PR AMPREAEET S L

BRI R TR E A B #ha s (E)

G
) W\k
0

RA AR

:

Ben
B 2.14 % 4 i £ pIR & 7 & BI(2 2 p o 4 (2010))
19



242 R kY 4 pEME LR
Brignoli etal. (1996)# 1 - ¥ £ p] 2 M BGEAE LT 4 R o
iEoom R AR A ARl 2.15 A1 e
LOADING PISTON

CONFINING SIGNAL

PRESSURE &1 AMPUFIER
811

Y

SILICONE OiL

WATER <
‘nm COMPUTER | (|
{l PROCESSING [ ——Jﬁ"‘
3 DIGITAL
S—WAVE RECEMIR ¥
P-WAVE RECEVER } 9sCiLLoSCoPE
SPECIMEN M
P-WAVE TRANSMITTER 1
S~WAVE TRANSMITTER a 1
HL
. b ]
___b - POWER
« AMPLFIER
DRAINAGE AND T
BACK PRESSURE J
UNES .
FUNCTION
GENERATOR

B 2.15 B sgi & 1 4 @ LRIk & 7 & BI(Brignoli et al., 1996)

P- S ERY D ZBEIRRREREF S e BRI AR 2 7

Ik

iRR
Mgk i# @72 * 2 Compression transducer (2 /& 8mm ~ & & 2mm) - 2 2 £ ]
T4 ki #ri¢ * 2. Bender transducer (£ 20 mm~ % 10 mm~ & & 0.5 mm) ~
Shear-plate transducer (£ 12.7 mm~ % 127 mm~ 5 & 6.3 mm) > & BT ~ 2
i,ﬁm%‘ﬁf#f& 4B 2.16 #1537 o

20



Direction of
Shear wave

propagation
Direction of

Direction of Direction of
transducer Particle
motion motion
Shear wave

Direction of Direction of propagation

olarization irecti
ol [ra.nsdu.cer Direction of
motion Particle
-— motion Electrode

Nickel electrode surface

Direction of
Direction of I Particle

Compression wave mation

"
propagation Electrode

surface

Nickel electrode

__________ 1
Direction Brass foil —
Direction of of transducer
polarization motion Direction of

polarization

Ceramic
Ceramic material
material
Electrode Electrode
charges charges
Electrode Electrode
\_: v surface _: v surface
(a) Compression transducer (b) Bendertransducer (c) Shear-plate transducer

F12.16 2 RIBRMFEA LT 4 L2 = i 75 %, Bl(Brignoli et al., 1996)

Brignoli etal. (1996) 74t 212 2 % » BRI T 4 A BRGR OBRT ~ 2 3
aE % EA e A g BRI 217 2t ) o U B A BB T A2
AR T HE Bk e o £ pIPF > Bender transducer E 47~ 4 3 3
e > 7 ~FAREGFEMEL AR15% @ Shear-plate transducer £2 4 3 3 48
2 EREF- PE i ¥ AERE A kgt D2 ERIEE

B HE 4{1;_]“-%.%_:{3_%-%‘4, ~E s A A B PR: fﬂ/ﬁ»—"’—fi wo
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Compression transducer
Isolating support

Epoxy

Bender transducer
Silicon rubber

Electrical wires
Stainless steel base plate
Poros stone

Drainage line

O 00 1Oy W

(not to scale)

Coupling plate

Epoxy

Shear-plate transducer
Isolating support
Compression transducer
Silicon rubber
Electrical wires
Stainless steel base plate
Air gap

Porous stone

Drainage line

\ \ﬁ\\\\ -

(b) Base pedestal with compression and shear-plate transducers

| \

é
ALY

— O N eIy R W

~d
——

Al

B 2.17 BT ~ & & X % 57 & B (Brignoli et al., 1996)

2
£

-~

PIO L RaA R BT e R RE A A

FEANEM ) ST A d Slicd 4 B JR R o transmitter 7 3 B - 4 &

Tl > FIRT A RE A A2 DR Sd FHBIET ER4% receiver
Bl e SITUNBRTHIL TR TR O RT A2 R TRE PRI

TRUFLRTHRI T I 2 I CPIRERTEBITERTF Mo T
#t Bender transducer & * 20V 5% 7 & » @ Shear-plate ¥2 Compression
transducer P ¢ * 130V > Aff @4 3> m > 54 R 2R+ 1~20kHz 5 &
‘vfﬁ/ﬁ» o ER Y 40~80kHz > feAkiTérfoend HER® * 100 kHz -

22



2.4.3 Bender-extender element

Leong etal. (2009)# 1 - f&7 * K ZRIR¥FAE 2 T4 g2 320 5

Bender-extender element ;2 > pt 3 ;2 @@ % - $RFT A2 THEE PR .%f‘ﬁ;‘ﬁt

NS

ﬁﬁ?*%ﬁiﬁﬁ’?ii?%ﬂm7§W@$%ﬁ@4%ﬁMﬁ%*

B2 P R g A A N O &R R 2 R e 2R 4ol 218

Function
generator

Power L 1
amplifier «) oo y
Digital
oscilloscope : ge___&ol o i
; Switch S-wave transmitter,
SWIT .
wite P-wave receiver
i I
Soil
| l—1 specimen
, 44— S-wave receiver,
Computer for -
. P-wave transmitter
data processing

B 2.18 Bender-extender element j& :# & iB|3k % (Leong et al., 2009)

o

£

REBE S R = 5T A L x-poled-,"'i?)/-poledﬁivfﬁ’ SN M
32 ke G

» x-poled (4c ] 2.19(a)#777) > @ A R L * & > w40 b F
y-poled (4= 2.19(b)#777) o tkypet > 22 RIL > §F R e B RT B F

ETTS

UL A L LT Y £ P

BRTLBILFEY - Rt 2 B TR w 2 P2 € R EF AR
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#ds (4r® 2.20(a) ~ (b)) > # 5 Benderelement; @ § B 7 3% % & ki
S s Rinme f A PP g TR B (R 2.200) ~ (d))

¢t % Extender element -

(a) x-poled (b) v-poled

1 v v
$ or T ¢

B 2.19 B F M % 5 &1 35" (Leong et al., 2009)

REBI T 28EA7 80 5 I m(parallel)& 8 55 (series) = f& (4R 2.20
TR ) TERPER AR L R 2P AP BSOS B P B E
FHTLAZLPFALEHPENS B o - AR RTAEZRF - g5
B (transmitter) 5 T B A 3% 0 BEdrrg(receiver) 3 B B AN 0 st iE 2
OB TR P o 4ol 2.20 Ao o B2 e 2 x-poled 2. BRI R 4B B
S T L P I 2 receiver (4 2.20(0)) 0 Fo o XEE S Nid P S G
R Sgik 2 transmitter (4- ] 2.20(C)) © 4p fr 3= > H#-f&i- > w 5 y-poled 2 B
MR B Nk > A S 4 4 2 transmitter (4] 2.20(b)) > #ors B
il g LR HEI 2 receiver (4o §] 2.20(d)) o Leong et al. (2009)#
P RRPHT P HZ BRI R R e 0 R FRE L&
Tesh ~ BT B S g TV o R EREAST A R EER -
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Bender element
(a) (b)
y v Fout
/| in+
7 11 4
/ T Mout
7 ZRIE }M
/) =
/ A7 "
Receiver (series) Transmitter (parallel)
Extender element
(c) (d)
"I v —T v
Fout <= iP / : Fout <= P ‘ .
tP +P J
ALout —fe— Vir—84 W ALout —slfe— Vin+d W
L > L »
Transmitter (parallel) Receiver (series)

] 2.20 Bender/Extender element 2 # i 321 & Bl(Leong et al., 2009)

Leong et al. (2009)7 4 1 » § ﬁig?l * e AR SR A pE O T4 BT
B R o o § o BIREERE S L R 2 0 B L, /A>333FF 0w iy AT Hx
BT A4 kB BBl 221 577 ) a RARAISERT 2 LFRFBE -

500 ; .
450 400 kPa
k4= —B——=——9=-
400 o .
o™ . i 200 kPa
350 B ST T T T T T e T
g o=~ 30 : 100 kPa
300 I S S S .
T .
% S : 50 kPa
E 250 Jk-—rr“""'b_ - g e ... o
N i .
200 ‘(L 4/A)=3.33
190 | o (L 4/ A) from fy =
100 !
50 i o (L t /Z) frumfom
0 !
0 1 2 3 4 5 6 7
L,/A

B 2.21 i @ yEEEEer L £ 2 0 & L A% T 4 ki 2 B F(Leong et al., 2009)
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SFE ML v W AR o Rers gt TR L R PR AR B kg o B
Brignoli et al. (1996)*7# 10> 2 7 R Rig 2 T 4 - e FIERIPFF @
* 7 aUR T iﬁ)‘l&%]ﬁéﬁi@j BB A4 TR SRS /EH" B2
2l ;@ Leongetal (2009)# M1z =2 F - BT ~ 2T L § LRIRGE
g A L2 g T Ay -5 Leongetal. (2009)#73 d1 20 2 iE o
Bli% % pRs 47 % 2 Bender-extender element % £ IR Sk &1 3 4 L pLad o
B MRS ATTE T R A R 2B > 18 Anderson (1961)#% 112 & »
MFF > MEE S F LR e R R DR EER -

26



AP RrE:]

ﬂ\ﬁ jL z /n %E.’&f'r‘] 3 1 hlT"[‘ ° F] 7‘11‘_, 'r b';i,EH #E] Fﬁg o EEs }"thrb %

AT AR KRB EN 2 DB % Z RSP ETS  LER

WENRBRALAFLE > A WRFHRTE I HEFWEFEL LG E
FHRA  Bitd PHREFFHI A2 o LR EEERE 75 -

iR &

Ap B é/ﬁ*k?éﬁﬁ?g‘g/@

S A A G R
B S IR S -
FEE

S EE PN R

> wd e

A 4

2R R AR

A

BHRIFEERE
i= = Bender-extender element j& & & B % it
Ak EPIE LT E

v

R e ST I |

1 B it
2. ¥4 it

A\ 4

FRIERSMEEL LT

1. sEERE & 47
2. BB R B R TG

B 3.1 47 5 im A2 )
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3.2 & v M 3% A

3.2.1 #%&43

SAEF A R REFF (eB 32977 ) e 7 2 EEP LR 2 B e
T A RG] P FR

=
LSS
R XD
7_.
|l

BE*ICIMAZRE KBS E 2 KE (Optimum Moisture Content >
BAOMC)» R » (T2 2 BT F 2 2 kE > F% 2 EFWRL 0L 311

EFEEFF I E S BRI R RETREERIER
BiEd BRI > A L8 o
mﬁ??iﬁﬁﬁiﬁéiéﬁﬁﬁ’ﬁﬁév%@o
QerF 1 RFHM2ZErErd T I RIBIATER S v w22 -

HAs hv e o

R+ 2 I AWz FrEwa T " RIHL Y 2w Swa T 7>
@AL5 hh = % o

(4 $fgpnd = L & - f4E: 3072 %
G)E e 2T K AL 45w
LT FEERG P AoB] 3.2 AT o
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ek E F A
I
V8
4 5 0
~}"d_.ma:ie; d-—mmmm——————
OMC - 1 \JOMC +2% hv 7y
: hh
OMC - 4% :l OMC + 4%
y >
OMC
F32 8o BERE B
%31 B v B AR A
2R | FFRE | FF IRE | FEHAL Bl %
8 % H8 1L £ERwEwa
2. TiifgwEwa ®
10 % H1 .
o | Aezifezes
PR | RS 12 % Hiz |3 FfifieFen?t
AT G S
0
% HI4 s st 30 2
16 % Hig |5 HHAEm Y 45 R
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3223%#5% 3%

AL EHRATR Y 2RI P LB P LR R D HEP LR
BeP LR R LR 2 Bk A 1 B RS 2 gkt TR S o

DECNBIER NS € (5 NEX = PR BT E SR
WESFHARE > TERERES 0T vk o

R % B 5 B (600 KN-m/mP)ig 7 % @ 3% (ASTM D698-12)1 H %
F W RAeF] 337 T LR 2 A cm A S 1914glem®s Bt 3ok R
% 13.30% o o & A 47 2E5% (ASTM D421-85)1 H s is A % 4o B 3.4 #7 >
el 7 B 5 23.6% 0 F 2o 5 0.035mm e 25 H#c(Cy) 5 19.33 0 & fie
“H(Co) s 0.44 o d 1t F 225 (ASTM D854-10)f 189 Ligy 4 v & 5 2.72 0
d P % PR B (ASTM D4318-10)18 H jr /2 & (LL) 5 26~% 152 & (PL)
% 17~ Eﬁﬁiﬁﬁx(Pl)é o R & P F AR RIpIL- 33 A 52 (Unified Soil
Classification System, USCS, ASTM D2487—11)4 #f » i@ Lk 4 a2 T F)
(SC) -

2-3 T T T T T T T T T T
compaction curve
2251 S *  soil sample
S — — zero-air-void curve
22 ~. .
~ 215 ~ .
5 N
2021 N _
T .
= 205 N .
-E \\
5 2 N .
= o
£ 1os| ™~ - .
-
19+ ~ .
[ ]
185} .
1-8 1 1 1 1 1 1 1 1 1 1

6 7 8 9 10 11 12 13 14 15 16 17
Water content, @ (%)

B33 Lpit 29w R(UERLS KT F)
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100 P

AR pipiii 1 1| T grainsize distribution
e e N IR S el S experimental data

Percentage passing (%)

Grain diameter (mm) (log scale)

B 3.4 7 LE)d s A F B

YR TR TR R MM AT R 2 2 AR PR
B REETE 4 3.2 0

L 32FHmIBA PP

2 LA NI
_ OMC (%) 13.30
Standard proctor compaction 3
Yamax (g/Ccm’) 1.914
Specific gravity, Gq 2.72
Coefficient of uniformity, C, 19.33
Coefficient of curvature, C, 0.44
Liquid limit, LL 26
Plastic limit, PL 17
Plastic index, Pl 9
Soil classification (USCS) SC
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3.2.3 5% % E

Prig42(2010)@ * £ B2 2 P2 EITEFT S AEERIF > FRAY
EA 4 R BT > AR L RADOTRREE RERHM BT
RiEEZELFDRFAT FPL Y R4 3 o IR FMEL2 Jesr o
AFPLRFL TSR HE 2 R HCF B SR S AP (4
Bl 35%m) X FFZBiEHFEIL IR IEPFREIF > a R
LI RE KT 2 MR EEFERT R4 % 0 Bender-extender element i

IR B £

121 mm
I
|

1164 mm

20 llllj@

| 101.6 mm !
Bl 35 % B 4 7 i
AREAFTAAREARZER ARG ER > Rt LT REZ LR
BAJE (0] 3.6 #1or) 0 R R EHCR D EFEML Y > a2
R AL dh 2 Bender-extenderelement v -7 R = SR 2 k4 o

1%73-69’:42)2%‘4)5{&5{%)1
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AT € 2 B plAR N 0 LabVIEW 3£ 8 o it B S i 2 ff A 5 i
Bender-extender element j 3 B 3k &8 1 4 L o T F TR R B & b2
BAG o @ gz A7 % MATLAB 58 2 4250 & 17 4 47 10 18 DR S0 i
B g iE o T ML R P] K S Ao B] 3.7 Ao o

Computer for data processing
Function generator & DAQ

tl ‘msmltterl - receiv er .

E] 3 7 cy'i 5& }i/ﬁ\ 1§ ‘J /, ,/u

3.3 Bender-extender element i i € | st

Yrig 42 (2010) 7% 2. 5 4 R Bp i SL(drB 214 #rw ) H A2 G 0 12
* Bt L 204.8 kS/s 2o FRELHEE-HC . NI PXI-4461 » gipl~ i+ 5 £ pld 4
# 2 Bender element > % % 45 Bender element & 7 & ; ¥ 5 > Sk
A4 BEER TS - k- B R Y ES 10kHZ kR
T4k LBk 5 5 200 kS/s e

MG G4 (2010) 07 2G4 jhaE BOR] A ALE AAH D Aoy Kk
&2 REgA BT A L Bk e
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3.3.1 Bender-extender element 3 3+ 22424 P~ S A B2 P F 3+

FORGRET A P EARHE R L ITRAF gL nEd 3
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(%) (g/cm’)  (t/m-s°) (t/m-s7) (t/m-s7) (t/m-s°)  (t/m-s°)
7.06 1.968 703068 696289 220444 145574 202264
8.25 1.990 699028 696727 123079 131004 497053
9.06 2.014 717031 710183 190325 213323 245827
10.22 2.046 747703 748113 174379 168714 433488
11.65 2.087 773487 859023 136810 180931 630392
12.08 2.102 724047 955503 169300 98388 784699
13.89 2.160 613040 513815 81460 18592 482825
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7.06 41.48 0.990358 0.660368 1.296223
8.25 48.45 0.996709 1.064383 0.911107
9.06 53.93 0.990449 1.120834 1.368367
10.22 61.91 1.000549 0.967516 0.920316
11.65 72.15 1.110585 1.322503 0.792949
12.08 74.84 1.319670 0.581147 0.491203
13.89 90.33 0.838143 0.228233 0.932261
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