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Abstract

Thick layers of silty sand can often be found in the Western coastal plains from south of
Taichung, Taipei basin, Yilang and Hualien on the east coast of Taiwan. There have been
countless civil engineering projects conducted in or on this type of soil deposit. The projects
include infrastructures such as the rapid transit systems, highways and the high speed rail
system. Knowledge on the mechanical behavior of silty sand has been limited. Previous
NSC funded research performed by the investigator has indicated serious inconsistencies can
occur when applying the ssimplified method in liquefaction potential assessment for the silty
sand typically found in Central Western Taiwan. The investigator has used the Laval
sampler to retrieve high quality silty sand samples under ambient temperature. The cost of
Laval sampling is substantially lower than that of conventional freeze sampling. Other
research conducted at NCTU showed that a significant part of the ground subsidence in the
coastal plains in Taiwan was caused by the consolidation of the silty sand layers. Some of
the important infrastructures have either been affected or can potentialy be affected by this
ground subsidence. The main reason for these phenomena may well be due to the geological
background and mineral contents of the silty sand in this region. The silty sand is
significantly more compressible in comparison with the uniformly graded clean sand typically
reported in textbooks or research papers. The sand grains are platy and contain relatively
weak minerals. Asaresult, the silty sand in this region is also significantly more crushable.
In order to properly interpret the field or laboratory test results, it is imperative to capture
these characteristics of the silty sand. Because of the popularity of the silty sand in Taiwan
and the importance to understand the engineering behavior of this soil deposit, the Pl joined
with other four researchers and formed a research team to pursue this collaborative project.
This research seeks to extent beyond the dynamic properties of the silty sand as accomplished
in earlier studies conducted by the principle investigator. The objective of this research
project is to develop undisturbed sampling technigues under ambient temperature that are
compatible with the local industry and perform a series of |aboratory tests.

KEYWORDS : silty sand, undisturbed sampling, in-situ test
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MR FRR T Rt 2 FERY LT ARG PRBELERE AT R
B o

Yoshimi et al. (1994) & m I 7k iz 2 p 2B P 6/ bl & # B @i F) 2 2L 6 Ak
WA PR PR AR I E R R R BRME YRR EFR LS Rk
poeb B E — 1 p g SPT @S o1 SPT 2 (N))g 2% P # i = #hif% 2 CRR
(B rts) 22502 % TR 4 5 > Yoshimi eta. (1994) %t CRR 2. 12 & & _ix 4}
Seed (1979) #fi g 2 3% - Yoshimi et al. (1994) 4 #t I Bofi gt 3 P B 4 5 vt
> enggE R R YRR & 4P § r- & Tokimatsu and Yoshimi (1983) 2 i % j #rickk 8 %
FARaRE S R0 RS 03 ?E:mafk/ s ki e CRR B % >0 4 34
oz Mg R R 0 kR e CRR E MO E R o

dO P GRAIREAE 5 AR L FRE S KL AR KR AR SR ER

WER A BRIRE R F AR I > FP B AL dERF BlEfut CRR 28 1 2 38 ik

41
&

Pykeetal. (1975) %= 5 » ik Bengd kp 52w > 9%z 3o op RRET
# 5% (cyclicsimpleshear tests) 2 & %V # ik = #hid% (cyclictriaxia tests) i % g%

FIL KR 4eid 3 e it o Seedetal. (1978) EHILE 1 k&b > v i RPEAR
22 F R (Tcyc/ffé)ﬁdd REFHETF RAETR%RE S 10% & R (K, #1)2

FREAVEF BETRENE L Z fhids%k (K =)o rEd G R4 7T * (248 ¢



(25)2 B 4 % 47 o

T
[ 0 j =09x (CRR)& =0.9xC, x(CRR), . . (2-4)
GC field

B3RS K =l E RrEfut gt Bk C 420 1.0% 1152 BFeox K, =04 >
Al C i 5 Finnet al. (1971) ~ Seed and Peacock (1971) - Castro (1975) ~ Seed (1979) # *
Ao B dgHR N > T EEERL RE B GG H g Sdod 22977 o AET
T3+ Castro (1975)#7#% 2. % % C=1.15> % K=1 % CRRyiag¥? CRRy 2 [F e11ig I e
51035 # EAFEITL AT #E2 CRRy  K=1pF7 2 & - % K=0.5 CRRyiad

2 CRRy 2. l¥ erig o 2% 0.69 -
2.3 CPT % i i 3272

CPT i f* /it 3= % #9 2.8 ##- CPT-qo 2 SPT-N i ¥ 4%i¢ (74 # 3 1 1988 & Shibata
and Teparaska £ #7 % & & Bl * 2 CPT % 6] » 22 = 9 CPT-Qoiit I fo-fh W 4 o

CPT (Cone Penetration Test) i& #* »/z Y Bar =G PF - %1 @20 3 73 A8
b vt SPT e 5 cnif Bl o gt RBEe 3

CPT gk A2 B vv SPT A % @ ¥ f i Sk o

ETSUT:2 S BT

BEER LG RA NEA

10



b e R UG gL A
Robertson and Campanella (1985) i 5 Seed et al. (1984) #7 ¥ craiy +~ & SPT i85 & 1Y
2 EaER A o) Dy 2 A H CPT 2484 fedaig g, 1t o, B »ah 2 B4 o8 1

i (P=98kPa > 1 + § &)## 1 gy B4 ¢

PR s B (50 E F RV H 2 5 2 Seed and Idriss (1971) #1254 (2.1)
2 F R4 s B MGTERAR 2 TR 2 iRk ¢ 5 - Seed and De Alba (1986) ~

¥ x4 Seed et a. (1985) #i#& 1 iz ) SPT (N,)g ¥ 2 4(21) CSR e it fofk o

oo R ) Dy R A (N #de 2 CPT 2 dax[2drig g, 735

el B4 B DR DA Qo Ar 25 270 R WGCE R R TR 2 TRl A

H? pp=0098MPa- 1= § /& o

Shibata and Teparaska (1988) 14 125 B It % it & 2L iv R b > R =t BB L /] 3

frot.
@)
wn
Py
T

Boo@m 3 AR 0] Dgy £ 2% 0.25mm & §2E R o[ 2t 0.25mm 5 w4 oo
EE Y IRNE U R N I EIE T S RNV TR IR SR Y A O
Stark and Olson (1995) 4-%+ 180 B I3k - % 2% v & 6> T 303 25 (7 CPT £ i o 3%

(2135 CSRE F@ M dmipimh e s 17 4728 (FC<5) )7 45 B % &) - Stark

1



and Olson (1995)#-38.3+ 4 3 3k~ ) D& 5 =87 » F - 7 mllp) 2 2t it o
MAcRB] 2.2 #7o1 o

§z47) (ceansand) 0.25< Dy, (mm) <2.0° FC=5% ;

# 2 FF) (siltysand) 0.1< Dy =0.25 > 5% <FC<35% ;

¥ 3 FRIF T2 (sltysandtosandy silt) Dy, <0.1> FC=35% o

Robertson and Wride (1998) & * CPT &% % 2 & Rt 7 » fe4i(normalized CPT
penetration resistance, Qr) ' % I it Azt (normalized frictionratio, Fy) - # 2 3 A i

4p #i<(soil behavior typeindex) |, % =& & ik 3 £ - @

I =[347-100Q,  +(0gFr+222P]* (2-8)
H
Qr = %3 u4 &R s ey = (0, -0v0)/ o)
Foo= $4£3 4 & i g (= [f9(q, -0v)]x100%)
|, FC 2 55 M % 5 (FC<50%)
FC(O0)=L7512-37 -9

Efpl B PR AR PR EFRE RS K K & B3 - 452 2 B (53¢

£1,.>164
K. =-0403I; +5581l; ~2163I; +3375I -1788 (2-10)

1, =164
K L et e et eee e (2-11)

g 58 (2-12)#-5 fodl e 2 K 2 40 PR B 1 % 55 7E R 2 484 FEFU(Qun)es ©

12



N O (2-12)

Bisd ;4 (2-13) 2 (2-14): & 41 e 3 K ok Rredut CRR e

% (Oean )es< 50

CRR, . = 0.833 [(q ). /1000] +0.05

% 50=(0y )es<160

CRR, =93 [(qy ). /1000]% +0.08

12 Seed and Idriss (1971) #7#% #1en2 N (1) B 3 BérA 4k {4 v (CSR) 4ot
ok (2-15)3 B 4k anhdup it & > k¥ (2-15)58 ¢ MSF i B RARHCR 4 F)S
(Magnitude Scaling Factor ) » d 3%(2-16) k-2 o 5 FS<1> Rl& 7 2 A A R | &
FSS1- P& 7 27 ¢ F# RAZ RIS - B 23 A ERE T b lofle) 2 K | 97

B e CRR B 28 &0 o

_CRR

FS x MSF

MSF =10%% /M 2%

24 BRI FRHI R RR 2 FlE
PEB L TR FuR R NTIR L 5 & IR R L AR G A

13



SEESUND EF-8 SN R SNEETEE TR SRS EL I AN

o

R ok g B R PR R R

2.4.1 3 A HE) 2 ik 1 R R

“‘JX‘

d APy @A A R OEHGEHEAT A TEFRREYF AR LR R
FIEF ROE TS N B e a7 2 2 Ap R TR 0 Z B E AR

Mulilis et a. (1977) % 4 * Monterey NO.O #) » & B 1R % % 82 5 572 8 (78 fi = $hid

‘ON’
[

o R BT AR 0 SRR R AP R BRIRT R DR bR VR F T F B0 e

Tatsuokaet al. (1986) #= 5 4 %4 & f 1% ~ B 4 % ~ iR

I

, . c1 A oL oap
e ol QLRI FEE S 3 - R )

W&«

~.

Wivz @G 3 benfp bk A0 LBRREHARS A RA BRI KR
FE o A F R E R o

Amini et al. (2000) & * Ottawa 20-30 #)i8 & M 5 | L 8] v £ 467 I fmfd § £ 149
(Uniform) ;#4840 & (Layered) ;848 > ¥ 2 2 2§67 b § »cBURE 78 (i = dhid sk o
GEHIAFA 2R ITaEMAFRE R R AN A A B RS 2R LS
EN - isEt i BV LR B2 I R AN s T

Yamamuro and Wood (2004) # 1248 e e Nevada #) ~ 4p e cnimipsfl 7 8 20%17 % 4p e
Lt dOE TR > F IR TR R BMERWERF L A F R R R

2 R R R R RIS B A AR A

242 wmAl s B HF 2 FuR 3R R P

14



B FPARELY 0 X FERANIEN G > RA AKX E G gl
Rypmy et A7 34 4 (Seedetal., 1983 ; Seed, 1987 ; Seed and Harder, 1990) fm
R Ry 2 B i 75 BEERG G A o BN ATE RGF S B ST L G el F)
JRTAT MR LR RS kR F R R AR AR N T 22 B

o o 2397 o

1 72 deimipie s P A& p) 23 LB AR > Bk D Sk E Lo d
SARERE S - Rk AP 2 B DA EAR S > R AR R b AR R
FEd ndt YRR PIRRHS RS RATAAE Hhekl F 2R M FHE R e
fALir 4] o Thevanayagam (1998) 4 41 D/d 4+ 65 B pF > 3] g p o # &
AR A It RS E IRt ek R Y o R R RIE L G R
§3 PR S -

2 2 R HcPl i - A T o F kR eh Pl AR B BRI RS E AR
o PR bR RS REEEFS O EF e g B4 B U FAlGHE
Fo il Pl EY ¢ R U F A anigirak 5 & Thevanayagam (2000) #% 3|23 4
(non-plastic) shimfl » H 4789 Almfdl 5 £ 20%~30%2 fF » B 3 |4 chimisfl 2
B4 T ELR] G Atk 5 B 20%p o

BRI P RS D g XA BP0 LG AR By B Pl ERA G E
FEERF AR B RBEKNE G I EEERF LT > LBAEFNE G 2 AE

}:'55,"-_7%#707 F/ o



A DFi= A o AR F ROREE 2 kbl F R LRI E T ARk
g BB (75 k5 2 P ondpihdic® ¥ ¥ 67 7 Peniin o d W E G mikawd o
Haph g 7 Bl gz a2 (cleansand) 7 #77 oo Flt o % MR BCWAE L
R4 B EGdpidplicdt > BH e Nt apR B apE 0 A R N7 R 2 dg Rk
B drtp gt A S 3L v e (Globa voidratio) ~ es ( Skeleton void ratio) ~ ey (Intergranular
void ratio) &2 Vg (8 4% > & ) % ; Politoeta. (2001) % 40 & ~elt 2 ek
BEAOBRNL LT N T RE SR RO 2 KA Y

BR S IH S g B ERT A e § R o
25 EHGFHE T

SRS o d NI AR B FIEL T 0 BRI LA 2 R gr
= ;‘fjﬁ%ﬁ%ﬂﬁﬂﬁ_i o Al en® it N 5 H iR P RBE D DN KRB
AR P Rk R iE R R > REBEFEM R 2 3 o 1245 Tatsuokaet a. (1986)
Fr Ishihara (1993) » 7 12 FEIZ J1 &8 e 152 8 4o
Dry deposition, DD (iz % /% ) 4o Air pluviation (F 5%i2 ) §z % 2 £ 83798 2 130G
Apo TP ARL R FIHPN  F AR RINERE TEINE o REFRE
Bl WBP R Rz BR  BEFY 10~20kPa E 74 @ FMiRdFEp = o » - % 1+
BisEERF (Flush) s Ris s Re oo T o pdc Repfopr » 40 LR 8 % St fE 2
B L REFEME T a4 ?f?&: (BRBH ) F FEIric B2 7 bR B3RL A

REFETNEHEFL- LA

=
P
3
A~
ki
‘u_.
2
A
i
(w
—R
=
P
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Wet tamping, WT (&% 72 ) v Wet vibration (JRZ/% ) B2 2 E8pmt F LR E% 5
7}\,,’@*}127}\—&%) 8%,)7%]»;/”\)%;;5_?/4%_)»%3_ [ ,Aléj—f’# - _\Q‘}\y\?]’}.%

RoFMALN B2 r 2 F PRBEFRF  RUELBRE fopF o F 4o
RE s 80 DARRMI L DA RA (RRD ) BRZ ARSI A
PR BN FEMOIN O RARZ I AE RS FTEM A A B 2 H AR
Bl eh Rl ens 5o J‘JEI'JJQ:T»i?T‘%Ii P HRER I REFT VRS E S - o
ke s (Water Sedimentation, WS) ik :ch/t % ;2 (Slurry Deposition, SD ) : -k ¥ i
ERES ii%“,fﬂ?’k%i*ﬁ—& RIS A= BTt £ T AR A il K,fﬂ?fks‘z;ﬁ'riw;’ﬁé;m
FHEREE 20min~24 hr» i%ﬁi‘]’lifiéiﬁ‘é o AR RL RINE R G FERT S S o
WA ) 13 Mmoo T I BT (R 0 SR R B R SR T ek
Bl B R 4 f‘f‘
KRE S FREM LR EL R ERAMFENTAGEHRF BN D T T R

P BB RCE R 0 TR R R RR ¢ 4 24 5 1 R

Z WL+ & (University of Texasat Austin) 4] * % 4 % (Shear Plate) ( Shirley, 1978)

EEIET A R E B E AR FRE% T PR EART RS AR AR

S

Ao TR o PR RTH LA e 2 T4 A (Bender Element) iF

BB g4 B P T e BRSSP - 24 g it (Bender

17



Element) :£ 7% 4 A 80 BRTMBELT 4 5 8 5 (seriesconnect) £ + 8% (paralle
connect) @ B 4% 3 0 4rll 240 2 RS N g5 2 RPAORT EE 0 P IR
PR S R 2B F A TS B F 2. TEPFT AR S R o P Bas
B RTMATA A~ ZRERTS AP -k, 44 % (Function
Generator) jei ¥4 A » ¥ - #d2jc ¥ 4 T4 7L F (oscilloscope) & 7 %t 24T
FRAERER > VLT 4 A 0 B 25977 0 R E T F =20 R .

PAORREE SR 26977 0 d T4 R ARRRTHPHGAEPFR LTS R o

R T Y LS S SRR PR Ty TR PP e ™
FHE T RAEEA A FHE USRS E S MR E LS Ep e

WEIEY o R AT

261 §4 A B
Dyvik and Madshus (1985) 47 1% 4 jL ~ % 4F S=f 2 e T 7 0 7] > Hfesh =

R FrF RS 2 R IRg B 0 @ %-5'%]51;%%#&1 °

262 FEL 258

BT R i R (poling) G B BT RGA )2 G e AR

dn

Wkl gtk o ]t Viggiani and Atkinson (1995) 4p &) 2 3T 4 L A 2 gEse rid * 2 i
TRE-FEFTRERIHPE2IBCT R - ka5 o FET S AERTR Y ZRT

HEEE TR 10 REFE 4 FImsk el TR 7 3428 10 R4 F R4 €378

18



CRTHAG R E B AR LR TR 10 R

263 FE AN EHE LGP 2 2

FPREFTA A AP RGE- R EYE - PR ITLEF RN EFAN - B SR
EFE - SR V- H oA BRGPFR LA AR -

Pk AsE 2w o A w B2 B TR B AR sl (near field effect) a2 582 vzgk,
P - HAR o L g A 4 2 ARl BT 2 B
Sanches-Salineroeta. (1986) % A # & 1 e & " US S @B A F ¥ »d - BLRZ 2

TR AP R EAE S R 2 2R 8 B R RE T4 R

S 6F B F1 5 S g B B A 5] ik )2

o
1

B G LR

~
|

= FF AL
f o= g M
= Btz T4 pE
FAEFHRET R B JRC] O FESFF LI FMT 4 R d @ T TR,
F|F o) P AT A A RE o 6 BT D AR % FIRSERE R S

Y
}’?iﬁ’;fﬁ» GﬂﬁLg ii""/ﬁ»’ LI 3%? ’-’%E”;,ﬁ\,ﬁ\ﬂ ’ﬁ"ﬁa@‘%‘;‘—l%\j&&ﬁ\%i

19



o

Ry FEFF > d B 27~ 5 R=112% R =817 KinT 1L @&v¥ 7 3 § R ] fFo»
WP E PR > A § RUAPHEER S P AR ) 0 FIEF i e R
BREZARFFREFZT > FREWOT RARS > L BIEARE BB s AR o
YoB 287 S B 0T B 1z BA 4P € F BALIR e (2 R AR rE S ) A 1
AAEZ PR BT A A TERER o Fl W ¥ i S PR R o

B S AP L GRS L i L B 2 e Ak B
B OEE Bk ek P L 0 Abbiss(1981) i ¥ 4 R Rl R BT
A2 % - FATERAAB - d S L S R e 2 FAE S 2 B8 R AR TR A
FREL Pl so R 8 TR B BB E - E G A FMEER LK

WP Rk W T S gy R A 2 e ) S O e

e

BAGRE L PER L B Fh R TIE g

Kawaguchi etal. (2001) ™ 7 F#F4 £ & (0.65cm %2 2.76cm) i 735 @ TR 54 B
29(@#7 > B A~B~C2 DE:i 72 k2 4rprFoiEg > d B 290b)7 7 f2% 2 Cg:
FIET L PR D E R PR AR T 4 R X TERERORE .

A bz p > Fpt AEE L H - F ¢ osE R 0T S g A A 0 70 Kawaguchi et dl.

(2001) #r#% d1d B 29" C g% 5 4 R P EPFRA L o

264 JHEMF 2 EH
Dyvik and Madshus (1985)#% ! 5" 4 JL e 4 5 cree g ¢ B 8Btk A2 drtg <~ ) > 5 T

20



AR EERE IR A R IRE S BRI g A R RE ) SRR T T AR
P EBEBFEMS 0 R TSR R FMIEE RN B R R PR R ST
#E o R R 2 EEM 2 B o AE 5 - Dyvik and Madshus (1985) #2325 4 L~ 2 2
F etk w @ % 5~100Hz 2. = & » @ Viggiani and Atkinson (1995) & % & * I 52 & ¥ »

F R A 3 1IkHz~10kHz 2. B > 357 @B B sl o
FHFHE (2007) $1 4 A& FRE > AT R * 2T 4 A 4 6kHz pFer 2 i
€F It 2Rty o Flpt AR * OKHz ¥ - ¥ & 2L 175 e k) 0 @ e T 4 LT

i pF AP 2t Kawaguchi et al. (2001) #r4% 21 d B 2.9(@)¢ CgLiT 24t d Flid2 pFRF L o

27 $ RE)ZIEF

A BPREZ A A BN R mp A AT 4 p R L (1997) -
w4z (1999)~ 3 %= (2000) 3P i (2002) % 504 E (2004) 2% » H B i

AN EE S RN 7RSSR L R &

271 $ % 2 Wmri2. Rk

\“‘b
i3
p
=
B

B0A LR AR R TR B R REARY 0§ T ST R D

AN
fa
A

@

WAz B —2F FHEELERR LSBT AR R mipRk 2 & R
do XL oFT BRI ELRZ P o AFLARRY ZF I ST B AD
HEF X EF R - F1r2 T2 o A5 $ %2 (Ma Liao Sand, MLS) >

ZZER B S B Y SRS TSP W VL Y R



272 $ ¥HARFRBF

i (1997) M2 2R 58 (FC=15%) “fi {72 AP Mk e 5 v & - o s
Fi2 2 ol 7 2T 2B R Afe X RS AT E AT Y 2 ol T K A
# 200 5LéF (3472 0.074mm) 2 i e 2 R F G R 2 Fidpde (Pl E) /|5 50 vzt
T LR TR (Sitysand) o

WE BT 4 ey ASTM 2 R e BB FRs 0 R REF R E 5 269 ¢ ¥
ZF) (FC<5%) 2. & 5 261; B 210 &7 X REFR 2 RIS A hd &0 15— 4
#AEEE (USCS) v A48 5 SM & SPe

4 258 % %% (MLS)~ Quiou#) (QuS)~ Toyoura#; (QS) - £ Ticino#; (TS)
AP £ 268 F Pkl z 8t E b g rEdb g iz AR -B 211
BT FRRiER e miphrt i S M (SEM) R P >3 ERAGK S S E E A
(sub-angular and flaky ) - B] 2.12 £ 7 I fmfid 5 8 F 20 5 5 3L 0 2 O] T Bl
Bl o A d 2B R I Emax fr B FU AP emin X 3 AR 2 B ek i R 4 X
Wk E2 4 F A4 %A (Travenas and La Rochelle, 1972) » F 5 fmipfl 7 £ 2. B2 58 »

& ¥ MLS~ QUS 7 €max fr Emin # QS ~ TSt + > * MLS 2 % pfe QUS 5 i » == H ema

fr emin 2 QUS | -

213?%@i@$ﬁ

B A g s > AREF LM IR SEE B - BF ) A B R FEF AELE
TORARGUEF ARG Koo AP A LJEd 2 R X R e R RRRE

22



22 REER SRR > R0 fRep i g BHE FE L 9 ORGROPE

. 0r (1997) § 443 Ficita) (FC <5%) &7 H v R % R E% > H v R RFY &

=

* %

Rl

Yo 213 0 7  fAp b e BEEET 0 B R R PRI LR ER T B i)
Tt WA RET 0 A L AR RAET > FRAEE T A E S R RS
B oo Flt o RO - BRI 0 A AHTENA T R G B ARZEEE

EP i (2002) #E R AL E0 BB E% R 21487 ¢ %7 L FC=0-
15~ 3022 50% (A= 4o4p %t % B (D,,) 30%% 70%z2 ) ek KB #1iaz dhs v B
BBz e w4 T R((0) +20, )/3)F LM B o F ¥ w5 £ (Fines
content, FC) 5 FC<5%* FC=15%F% - = #h/R % 244~ 45 4p ¥+ % & (Initial relative density)
D,,=30% ~ 50% 70%2 /& 45w s P AFend B3 KA o f FC 3I:E 50%p - jaAE 2 7%
FAPfoRL A TR BB B > RN A B D TR MY E - kb A5
MTRREZ eEe MW ey, o FlR FRAZBREGFE ZPERTRY § FHFHL

Ay SR Y YRR e

274 ¢ FR2Z R AT IR

W 216 2 W 217 B - 5718 080 BRI $okpho RIFZ Pidf % & k4
B~ A HOR RS R B RISERSGRRE T 4 B WT S 2 0 FC=0,
15, 30 ¢ 50% ML FRAMEL Y o whe RAGREEE 2000 @ FRULT §
B ARiT > TR Rk & (critical state) (Beenetal., 1991) - & — 5% i @2 feh k i 2R @ #

— 4 o d B 2.16 v g 217 %F'_fr i EE ?ﬁ %fi b ?E’l/;é%g,d ’f@;") B E

23



(AARTIMAAR) 2575 d Rt 2R FCH 4 BT L 4P A - F 217 ¢ #f
7 p (= (t20°0)/3) £ q (= (o'v-0'n) B k2 el ik fE BRI E ARARIT 0 M E M2 AL G
Ms=121-124>

_ 6sing,

S_(3_Sn¢;) ............................................................................
TERZ R A SERE B (d) 5 302°% 30.9° B s FIFC @ F M A AR M % -
FRed $r k& w8 3p 0 F 2 B4 (intergranular friction angle) fis £_&F 2 e o
Bl 218 4995 = phid Bk or i@ TR L Bhil 42 A & 2 TRk 0 (I B T 10
Bz Bikoep ) $RPHLIBRKRES REPERTE @ &P iTg - § FC = 50%p
Hegph ki T ep 2 Mihe g% - d kgl ~TRR R Y R AT LS

¥R L PR AR £ ] kBRSO B 2 £ -

275CPT &2 R 7 ¢ 2 T P2

FrdFPH2 BB ELLRGE REBAL FERTE 2 2 GF LT RN

FE P T CPT %% 2 2 > 112 ‘il ;

R0
Il
beiis
%
(w
il
=%
45
—ul
P
&
-
[N
Skt
=4
iy
&
ol

rFEehi* CPT S % A # iz 94 & F et p it R « $ R F P HRorid
P2 PEA BlAeB 219 47 0 B kAR P RS P Al fodbd P R %R
4 (Huangetal., 1991)° 24 5 - 43 > a3 7 $ £ /2 525mm> % & & 762mm I
813mm 2 B ériddd o Fl4 7 » RE B A 2 2 B 7 EP Q4R M SRR

M2 frfoo it P73 24 535k W (porousplastic) fo7 B# d-k B E) 4 1R dg

24



DAL RO AN s N VI L2 SR L 3= SRy B O (R = 0 O AU T S R P UE S
Z g e PR P EHFERE LG A BRORR 0 iR fo 2 Bk 2 4 o

FF 2 CPTH 2%+ 3 92 w3 £ (FC) A Fw 45 FC=0-~15~30 £ 50% -
Y RICE Aot Ea A AL FRY 2 A4 R A (Do =50%~85%) ¢
fs# o\ (50~490kPa) 1 % 13-k T e 4 (o'y) &2 o'y 2+t i (Kg=05~2) @ 2.2 o~
Tl BHBOMASC KT I FHBRE2T M () FC = 02 15%2 & 23548 i
* ek QT FC =302 50%2 i id i RS 2 W IT o CPT T8 %R 2 5% ¢ 35
Aared (g ) BEEFIER () N2 AL 83 8 TR T2 QEIH R (W) -
Py o~ R A 20mmisec = 0 o~ FR B 700mm e o g3 CPT & T 3r 5k %
A2 TR A e I BB R SRFEP RA T FHZAAH TR 12 H

Gty B oo ipl SR Y CPT =R VR REEL 2 TR FF -

SE G AEE BT

e

KB N RF)S AN KB M A R EFAL TS 2
PEAT A 4 hat BOKR ¢ 3 - 30 2 4 FRBL 4o ] 2.20 #ToT 0 971U E I e R R

e EEE2Z &% o Bdigheta. (1981) f Campanellaet a. (1982) # 4102 T i3

St
pr

&

G © 31762 48w fadn
U @ x> E KRFEFEZIVH AR

a 220 %0 2 Af v
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7/

d 30 &k 2 5E 5 FC=30%% FC=50%2 ;#4H # & 4 11 1) 300kPaz v -k B f 2 4o Pt fo %
FEREEE > F]pt§ e FC=30%%r FC=50%:t 7 kBRI 2 ¢ & ; @ {3 38% ¢ FC=0%2
FC=15%p < 40 ié * 7% z@ 8 > F1V 8 ¥ quAp e > @ & FC=30%%2 FC=50%p= & -z
M2 Q2 gL P 98%=t o AP itz CPTUMA L PR EET HKBBE & 5 o

L
B

tetefre goiEpy? (it s B0 5%) @ ¥ BEFMAT ~ R CPT» F5 8 43k
TR R PR B A a7 R AP B AT A 2R R R kTR
¢ 4w i FC=15%-30%~ £ 500%0fF iR T 2 e b fr d F R AN Y PRI » Rk o
Bl 221 Er iz @k k2 0 § FC=15%F o' fréefoid M p o0y » B % § QI
ERETI 2 THEP L 5% P o e Ef FC=30%pFic E RN q T o e {oE
2,27 ®% > @ FC=Db0%PFiz kAP - T39E 5 & {odtl2 228 - Flp > § FC 3
> 30%p CPT % ¥ g AR S #kedfe > s CPT 1~ 2 R & » R~ [ 30 g B
O B e
2 AItHC 2 RIRY Q. 0B o Beenet d. (1986, 1987) £ Wroth (1984) # !
IR 48 e g (normalized coneresistance, Q. ) PPEA

O =0 =00 O0 e (2-20)
He
co= ATk ? (oo=(cv+204)/3)

0'o= BT ¥3F 4 (0'=(c'v+267h)/3)

% % 722 Almeidaet a. (1991) ## ! Ticino{r Quiou 4 2 DaNang (Huang and Hsu, 2004)
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FjaL b 2 Qg B T BlAe B 222 971 o 3 R Quiou (B ER)) BB B2 E)
2 hdpk eh Qe iR T 0 FC=0%:h3t I vt B9 AF# % %t FC=15~ 30 fr 50% » %.4p b 3*
Moo ™ > FC=0%:(,\ & ¢ ** FC=15~ 30~ 50% =) k ¥ = - Ticino & Da
Nang #) &% ¥k 1Lehe 2 F) » BatBiot ol ips ez Qo R 1 chie RIS R 7)< 37
5o FIPL A b O E RN I IE 4o $ F R 2 T CPT 3325 T4 %R 4 2 ?‘ HARR o

#- Fioravante et al. (1991) ¥+ Toyoura 7 & #) CPT &% 3% 112 S8V ff 40 i3 2o 2 50

(2-21)
c e
% = C, {%} x {%} xexplCoxe] (2-21)
H ¢

Pe2oV Ik 8 =2+ F &4

Po=22 gl 8 =2 % § B4

EC=FM BB IS 2 I H

Co,C1,Co,C3 = 55k¥ &

# 27 5 CPT #2385k 2 %% o & i Fl2 RS dp o Aok & EPRE2 APl Gl # -
oz EMFERY IR GRS Hex Floidopt s et 7o CPT BEEe
FHE Bz H el 7§ - #FC=0-15~% 30 % ¢ FR2Z T RHREE U B HFDT
Bt o A 5 E - fimk 7 £ §F (regression) Hg sk dioe @ 5t (2-21) 4 B4
Pl BRIt TS5k a0 B ApR GBS dek 2.8 F] FC=50%z &

BRI KT L TG RS B o B 223 o CPT % €@ % iy &
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EE 2 ghL s e N (2:21)F e
p 1o

c, x[K]* xexplC, xec]:{%}{a—ﬂ ............................................... (2-22)
BN =(C+Cy) @ Nk AUk 4 4pdic (Stressexponent) - = 5% (2-22) Jedp 3 2 ¥ o'y 4
A2 g i ¥ fE2 5 Qg (Robertson and Wride, 1998) ; A4 & % 1 = {f fv Stark and
Olson (1995)# Robertson and Wride (1998) i& {71+ #i > Flyt ek & 4 #7412 (g ¥ 3%
Qun ©

Qun = Oan =Cox[K[* xexplCoxe] (2-23)
% 2.8 ¥ 5 FCI 0% v & 30%pPF > n (C,+C,)~ 1 0.45 3 4v 7] 0.67 > p* - 4% 22
Olsenand Malone (1988) z 7= 3 B % - k- Co 22 Co2 e g FC 2 4 @ LR » v
BARR A RET o F el RS R RS 2R (PRERC]L ) 2
-G ERE L 2RI » ] o FCED 30% 0 CPT =38 imt- ok i » # (7
Gt % Coer Coz B¥FE M AT ™ o (e £.0 % N4 FCHi e 0 #7121 o 3 e PE 4 i FC
oz BEEE M) 4 o B 2241520 (2-2D) 2 3 E LR fESS Mk EES RS R
P FordE st BFCZARI B th o AR 2 e~ 00/ P. & KoliRT » FC = 15%
B2 o (o FC=15%)) 1* FC = 0%p¥2 o (o FC=0%)) i > iz b £ %% o))/ P, 2 Hi
deiB bl & o
B 22587 & %7 CPT R #E% S5 HF | 28 Bk HFENTE Tz 2200
o FFHEN CPT 22 | 2wl 7 & 2 B %22 Robertson and Wride (1998) %t - &

— R B4 5 A 28 32 B R AE FC R e 4 o
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2.8 Ftr) 4 HWEH

MF R P AR R R R QT A L 2o - B RS AT BT B - B

RN S I A R A R R F AR TRk o R R 23 R
Eorgpfspe b AR ERR O L AR R o S AR R £

EFCER R IR R S SRS | A RS . Dy SRR s

o~ AT 2 ER AR R AN o

Yoshimi et al. (1994) & I /kif 2 o p &6 i bk = # BB i 2 ) 2. 254 B0 okof R

o RUERRBREFYFIHRFEFHEZ phidSho# - 11 5 27 5T 610mm Ak 354 -

% ki 800MM B fT2 2 F R * i F (-1967C) 30 ) B R (-30C) £ 1t
4Tk -k (calciumchloridebrine) 12 % 4 f PFRF 4 i dg 2 o Bk o L E ZH T X BRI
5k 5 s

R AR ORT Y FREPRITE AV EMS IR RS E 0 T R R

~

AR LY AR o

Hofmann et al. (2000) 14 iy /k ik Bote » F 2B P 5 T 272 37 2% i B 5 &
LA Ry ki 42 90,000m° i fi F o (PR PER K E 384 B (16 % o ki
TR PREFATCEREFESEPFRTIEE > AT RO o

Konrad et al. (1995) ¥ % — = * Laval sampler *t ¥ 8 T #- il 3 £7) 2 S B4
% > Laval sampler &_LaRochelleet al. (1981) k& & @At cssapd Poffm Kb 0 F
P-B 42 200mm 2 £ A 600 mm 2§ & f7 2Lk #o iR 48 o % 7 B-4% > Konrad et al. (1995) ~

# 417 Laval sampler #) F FRETF R T oAb £ @ F LR EGER TR IV R IVE Bk e

ABR R m o LR AT E AR ARER o okk AR Y FIE R R KA R
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L3 B KBRS SR et T SR A 4 -
Hoeg et a. (2000) ¥ & * 2 ;= 50mm SGI( Swedish Geotechnical Institute) /& 3 B~ % >
AAE TR AL S rB @ E R 12 7 3 S 73mm s F AL Imm o § £
260Mm chiE F - Lk F 25M T BTN £ R A tho b A @4 1 mE) A

- F £ B2 2 2 95mm NGI (Norwegian Geotechnical Institute) /& % B~k BB~k pF >

A

S MY ME Y

LR E RS
A oSGl E R PR BT AT C B W BT 6§ LR 0 @
PP Er PSR AT 2§ F A s LI A AR i AR

PO R gl £ TR iR R i 40 o Hoegetd. (2000) 3n i SGIE R

S et R 1Ak
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220 & FBILM RBRIER R s 4k Bt i (Youd et al., 2001)
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422 F Brdut g ¢ 8 Cr(i2:xp Kramer, 1996)

Equation

Finn et al. (1971)

C =(1+K,)/2

Seed and Peacock(1971)

0.55~0.72

Castro (1975)

C. =2(1+2K,)/3/3

Seed (1979)

C =(1+2K,)/3
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2023 ikl 5 B FUR (5 B AR TR 5 R g B

(#mig,2001)

¥ FCH{ e > 5 &)

Chang(1990), Chameau and Sutterer (1994),
Vaid(1994), Koester(1994), Singh(1994), Finn
et a.(1994), Zlatovic and Ishihara(1997), Lade

and Yamamuro(1997) % 4

¥ FCHi4c > 5 & 5

Chang et a.(1982), Dezfulian(1982), Amini
and Qi(2000) = *

¥ FCHi 4 R I &
|- §5 1 M FC i 4e i 3

Sy

Law and Ling(1992), Koester(1994),
Thevanayagam(1998), Thevanayagam et
al.(2000), Palito et a.(2001) = *
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%25 $FRE Rt AABT2 0

(Almeidaet a., 1991 ; Fioravanteet a., 1991 ; Borden, 1992 ; 5k .7, 1997 )

b5

Quiou #)

Toyoura #)

Ticino #)

% % (quartz)

Z % (muscovite)
3% & % (clinochlore)
% (Feldspar)

12

E
™

R ik 47 (CaCO)
 ®(quartz)

+ % (feldspar)
% % (quartz)

#  (dlica)
% % (quartz)

0.125

0.72

0.16

0.53

0.065

0.13

0.36

2.15

15

2.69

2.71

2.64

2.69

=X & 3 j
(sub-angular)

S IEY
P T]/

(flaky)

=X & 7 j
(sub-angular)

=X & 2 j
(sub-angular)

= & Ilj
(sub-angular)
43

1.058

1.281

0.977

0.589

0.831

0.605

37

31.60

30.92




¢crit = el kAT Pk R

326 4 Fmpdls BT A 2holic = F (35 L0, 1997)
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% 2TCPT #% %% £ (B p 5k &1y, 1997 ; 3 454%,1999; 3 %L, 2000)

Test No.

A

97-1113-D-S

97-1114-D-S

97-1115-D-S

98-0505-D-S

98-0507-D-S

98-0510-D-H

97-1002-D-S

97-1110-D-S

97-1111-D-S

99-1120-S-S

97-1220-D-S

97-1229-D-S

97-1030-D-H

97-1101-D-H

97-1108-D-H

97-1020-D-H

97-1027-D-H

97-1023-D-H

97-1219-D-H

97-1223-D-H

olo|o olo|o
OSIINE Dl Dl ol Pt Pt et D SA L ST T T Ll Dl ol ol Pl P o

97-1204-D-H

o
ol

97-1208-D-H

o
ol

97-1129-D-H

o
o

97-1117/-D-H

97-1118-D-H

97-1230-D-H

99-1216-D-H

97-1222-D-H

97-0331-D-H

39

97-0327-D-H




97-0415-D-H

97-041/-D-H

97-0611-D-H

97-0612-D-H

Test No.

ANININ|FP([F

97-0613-D-H

97-0227a-D-H

97-0213-D-H

97-0217-D-H

97-0213a-D-H

97-0217a-D-H

97-0501-D-H

97-0227-D-H

96-1111-S-S

96-1127-S-S

96-1106-S-S

96-1206-S-S

96-1230-S-S

97-0120-S-S

97-0304-D-H

97-0305-D-H

97-0304a-D-H

97-0305a-D-H

97-0515-D-H

97-0518-D-H

97-0520-D-H

97-0523-D-H

97-0605-D-H

97-0608-D-H

97-0610-D-H

97-0708-D-H

97-0710-D-H

97-0723-D-H

gggl\)I\)I\)I—\HI—\HI\)I\)I\)I\)HI—\HHI—\HI—\HI—\I—\HI—\HI\)




97-0724-D-H

97-0725-D-H

97-0805-D-H

97-0806-D-H

97-0807-D-H

97-0811-D-H

98-0528-S-S

98-0423-S-S

Test No.

99-1217-S-S

98-0409-S-S

99-1210-S-S

98-0312-S-S

98-0122-S-S

98-0305-S-S

99-1023-D-H

99-1107-D-S

98-0324-S-S

98-0329-S-S

98-0125-S-S

00-0517-D-S

00-0513-D-S

99-1224-S-S

99-1230-S-S

00-0114-S-S

00-0118-S-S

00-0219-S-S

00-0310-S-S

olo|o
e e L e e L L LN LS LS L Ll Ll Ll Predl P Pt

00-0225-S-S

=
a1

00-0324-S-S

00-0330-S-S

00-0420-S-S

00-0413-S-S




Test No.: year-number-Saturated (Dry) — Standard (Half-size) cone

**: deeve friction reading not recorded
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Waler
surface

Increase in pore
waler pressure

Surface
settlement

AR X KX LN EMN

020%0%0
8080808989
O OYOYOYOYD

[l 8e e 8's N

0=0=0-0~0
o

0A0A0A0S0
0202625209
0%0%0C0C0

O

Q
0
O

80808080808

o
o
o
o

Q5

Effective

(a) R EREYRESY
Z Rk ERIKE

(c) RACITHRELR

(b) kit X BIKE > 1@t

B 2.1 ;% i 5t % B (lshihara 1985)



Seismic Shear Stress Ratio (SSR)

0.6
FC=35% 15% <5%
05 [
M=7.5
0.4
0.3
0.2 /
0.1 / //’//
0.0
0 50 100 150 200 250

Corrected CPT tip resistance, g,
Bl 22 7 I lofdl 7 £ 2 0% 14 B Tt & B (Stark and Olson, 1995)
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Cyclic Stress or Resistance Ratio, CSR or CRR

0.6

quN
Bl 2.3 §0ip) 2 & 65 woflp) 2 & 1 91 % 20 4 CRR B 1 )

(Robertson and Wride, 1998)
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CENTER
L~ ELECTRODE

| DIRECTION OF
POLARIZATION

SURFACE
ELECTRODES

-
e

PN

CENTER
ELECTRODE

DIRECTION OF
" POLARIZATION

. SURFACE
ELECTRODES

e
|
|
|~
|~

B 24 54 g it ;¢ (Dyvik and Madshus > 1985 )



Function Gener ator

%

ﬁ Top Cap
LI e e \E@
(I I '\PiBender Element
| (Transmitter)
PW-145 ‘ . .
Lo o | 7 Soil Specimen
| o = | |
%
]
= ~—  Bender Element
= A (Receiver)
Pedestal

—

Wave Signal System

B 25 T4 g RFERT LB (H#E e 0 2003)

1 1] T
14
o
E L'E
E. - i
F o3 -
=
'5 [ -r ! Iv&v-u
S o { 4
3
& ={1d
:l‘:-_ & -
...... .
LR -
L |
L7 i} i 0d 0E (5 0; |
Time ms

B 2.6 T 4 & Bi% 2 g2 % (Ling and Greening, 2001 )
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y "\ Tranamittad
5y - If |
J
{ R,=11
04— _ i
5V v \
2my i \
a S eSS \
amv
Reosived \H
&
=
(=]
= | Transmied
+5V || :
Ry=81
0- Jf —+
SV |i
4 | : : IJ.'
2mv '
D—"“‘""-'-'“{"-'"'""‘-'""' 'Ili fu%
-2my |V
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T‘T‘r‘m
-0 5 oo 05 14 15
nr.

B 27 % F RAdF L7+ 15k FE%H %% (Jovicicetal., 1996)

+10V -
5 Transmitted
©
E‘* =10V |J.
:3: +2m\y - . M “
ﬂmm i\ J/\
. |
=2mV - i
1 Received
lllllTlTTIllIltilllll’l"l
-05 00 05 1-0 15
T,

Bl 28 B4 > > Zopew i (Jovicicetd., 1996)



T

:
]
|

O p,= 1. 88g/em’, L = 0.65cm

i-mn- 0O p= 1 85gfem’, L =276em
N 4
% 300} -
E 200r 1
é 100} ~ .
E il i - . i
S-A 5-B € 50
Travel tlime

B 29 72 PR R8T EME RHT 4 ik (G) ¥
( Kawaguchi et a., 2001 )
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Percent finer by weight , %

GRA- |COARSE
VEL SAND

MEDIUM SAND

FINE SAND

SLTSIZE CLAY SIZE

100 LU UL

|"‘\\ m

\

® Sieve Analysis
] Hydrometer Test

20

10

0 (NN ..

10.000

1.000

0.100 0.010

Sieve opening , mm

Bl 210 & $ )2 oA # ¥ & (5L F, 1997)

0.001
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BB.B;m
mipfc s 500 (i <0.074mm)
B 211 ¢ %77+ %H (SEM) 5 (2 s=,2000)
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o emax
+ emin O
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Bl 212 $ gpjomp il 7 8L 2 &30 (Gnacfr €min) 2 M %
(3 %= ,2000)



1.00

0.90 5 a Dr=30%
A/ T A DI’ = 50 %
- T O Dr=70%
0.80
o Quartz sand
B L oose
oo " - =~ =~ Medium
;(amamuroetal. (1996)
0.60
- % B g
0.50
0.40 covanl v vl v vl vl
10 100 1000 10000 100000

log p', kPa

B 213 H v & RHFE R (%&£ 7%,1997)
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1.40

1.20

1.00

0.80

0.60

0.40

1.40

1.20

1.00

0.80

0.60

0.40

FC = 0%
D,., %
——30
nax —e—50

—=—70
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%
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:emin
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D, %
T —oe—H80

—>—70

@\x\%

10 100 100C
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:emin

=
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i
2

FC = 15%
D, %
——30
—oe—80
—>—70

——85

%
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H

i
2

e T

FC = 50%
Dro, %

—o— 50

—x—70

AN

10 100 1000
(o', *25')/3, kPa

B 214 & griz o BB A (FMiE,2002)



(c'y-c'h), kPa

Excess pore pressure, kPa

800

600

400

200

600

400

200

-200

FC=0%

FC=15%

0

S _
*
———

10 15 20 25 30 O

Axial strain,

5 10 15 20 25 30
%

B 215 $ & FC=02 15%:= dhi#s% 54 - R¥ 2AZI KR 2 405 B

56

% (EP i, 2002)



800

i FC = 30% i FC = 50%
600 — —
o
h'4 — L
=
-? 400
s
© |
200
0 !
600
©
a e = "
x Y —
23 o e
% = | -
g— 200 F’
ol = Aot
g o0 ==
O N ¢
X
LU - L
_200 | I | I | I | I | I | | I | I | I | I | I |

O 5 10 15 20 25 30 O 5 10 15 20 25 30

Axial strain, %
B 216 & % #) FC=30% 50%= #hidZ% &+ - BB U AR W KRz 4pT M
% (FEp g, 2002)
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(c'y-c'y), kPa

800

600

400

200

800

600

400

200

FC = 0% FC =15%
— 1.24 —
1 1.24
- - 1 o
€ —— 0.76
B ——0.90 B
0.89 —e— 0.73
— ’ — —— 071
—=—10.89
0.85 —oe— 0.70
B ' B —— 0.69
—e—0.82
| | —=— 0.67
——0.78
0.77 —— 0.67
B ' B —— 0.65
| | I | | I |
| FC=30% e | FC=50%
—— 067 e
— —=— 0.67 — —— 0.65
—e— 0.63 121—9— 0.63
B 124, 059 B “=+— 059
- 1 —x— 059 [ 1 TF 0.56
—— 057 —=— 0.56
- —&— 0.57 B —— 056
—>— 056 —— 0.55
[ —%— 054 B —e— 0.53
n —e— 054 | —#— 0.48
! [ I I [

0 200 400 600 800 O 200 400 600

(c'y*+20'/3, kPa
W 217 § 5 %)= phidfe§ 2ol 4D (FRP 3, 2002)
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12
| FC=0% R FC = 15%
10 —
- ) -
o e~
0.8f . o ~
[ ] o o
- - \O\o g
] L ]
0.6 —
04F o initid state B
- e critical state -
02 1 L9 o1l 1 L1 11191 . s 1 2 1l ' T
12
i FC = 30% I FC = 50%
10 —
0.8 —
i [ ] (] o o R i PY O. o
0.6l \'é\'\ S B T, o
B i . o
041 —
02 1 L1 1l 1 T N | | | L 1 el 1 1 L1 1111
10 100 1000 10 100

(o', +25",)/3, kPa

(o', +20')/3, kPa

Bl 218 ¢ F &)= phidZ 2 il kit (3P g, 2002)
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e
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1 219 v 4 feiiii2 #2424 B (Huangetal., 1991)
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-

—

yy—— PORE PRESSURE

\ AREA OF UPPER
SECTION OF FRICTION

SLEEVE, A,

A A
1 14
N WATER SEALS
AREA OF LOWER
. SECTION OF FRICTION
An SLEEVE, A,
\ PORE PRESSURE
e A |
AN

NET AREA RATIO, a=
At

FRICTION SLEEVE UNEQUAL END AREA,

A #A,

2

s 4 ™ ;LE:'E—,"L “4,!1

2 o 22 2
|

B 2.20 44 @
( Campanella and Robertson, 1988 )
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D
o
o

a
o
o

Depth of penetration, mm

(o)}
o
o

700

800

| FC=15% | FC = 30% |
-1 dry (97-0501-D-H) o dry (99-1023-D-H)
~ msat. (97-0120-S-9) - e sat. (98-0122-S-9)

FC = 50%
o dry (00-0517-D-S)
o sat. (99-1230-S-S)

Bl 2.21 §c'f 22 4pfoiddl CPT 5% B % 2 i
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1.2

Ticino (Almeidaet a., 1991)
Quiou (Almeidaet a., 1991)
MLS, FC=0%

MLS, FC=15%

MLS, FC=30%

MLS, FC=50%

DaNang

10 X

X
> & O X +

O

+
S
O
X
2

0.4 ! ! ! ! !
0 200 400 600

B 222 % % # ~ Ticino ~ Quiou £2 DaNang #) 3 . +* £2 q. cRE 1%
(Huang and Hsu, 2004 )



Computed ¢, MPa
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Bl 2.23 R Hcyp & 5 o 3t 2 FHv
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Ohrc=15) Ch(rc=0%)
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Bl 2.24 q 2 &
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Soil behaviour type index, |

Zone 2: organic soils-peats ~Recommended

L - @neral correlation
Zone 3: clay to siltyClay
7
3k . Q

Zone 4: d'a'{/ey '
7Sty ¢
\ // _ Zone5: silty sand to sandy silt
/ S -7
2% // _- ~
a %
/ i :
L/ - /@ Zone 6: clean sand to silty sand
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¥=2F Py izaRil

iii%ipiiﬁﬁ%ﬁ@?@ﬂ’iﬁﬁ ZEhERR A T A S B A S
FRE A L = dhEsk 2 2R 0 518 ¥ Gel Push P~4% B &2 B~k i 4% > Gel Push
PARGEMN RR BT H L phedk L B S ER TR w2 il e

3.1 #F& A3

AFTAEAL G RHE R B = PhifBh ~ IR R WP F R PR Rk AR
4cE) 3.1

EWZE AR ERAIEFERRET R FRL AP AF i hE *%%ﬁﬁ%ﬁiﬁ
skE G (1997)~ #4547 (1999)~ 3 %> (2000) enCPT @ Wit 24pk - B 3.2 5
CPT##% 7 il 2 £ 5 »cFIRE BRI BERRES ﬂ\ By ﬁv%«;ﬁbﬂv TR | e
FC<5%%2 FC=15%i% * 37 % /2 » FC=30%x2 FC=50%1i% * & % ;£ » I J= 4|5 48 3t gt
Byl R Az e CPT R&ipin > IR RAMAT Pkl 2 27 2 8
s R o L kpe s CPT BBz $8 RiEI Fopl s £2 2 BB T2
B %3 CRR-gr& CRR ¥ Vez 2 R VB R o & &% =P (2002) 7 IF e
FL B2 F8 Tk A 3FRR i 58 (state parameter > ) (Been and Jefferies, 1985) ¢&
U it B2 M o RS2 TRGAPR PEM F PRI e BRI
esZ A T y=g—6s’ 4wk 3.3

d 5 E AT 2 o L 2 %%%,?M4%4§ﬁé Fltp o & GE IR SRR
B PR REBEFLRFMZ Pl o M HFEFH - B 5 BhE RS Ba ;|
iRk Sa§ g (2007) ¢ fpt i (7 B4k 0 FlUt AFT Y gt B BRI 1F Slow CPT 3#%
g1 SCPTU i {7 3% M R B H0EBR © B 2885k 018 (7 I BB I Pl 0 R 33
& i (7 SCPTU &2 Slow CPT 25 > ¥ 1| Fl4p » 5k 2 B PEFUE S TR Bk R BT
#H Gel PushP i o8 3 SR MBEFFMENTRIEFF AP T RRE 4 FHFF
B o MR R EE TR L R D R R AR R P EPRR IR R 2R
PN CRR-guAp R M > T 3E € HE 2 s o

32 B fi = phirR K A

T A M Z Bh R R KR LIPEAE S TR Y
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B BPIK K B GUBLERES kAL o

321 =%

B34 508 Z phiEsk ik B3k 7 AW 0 2R E £ 5 7T0mm - F & 140mm ; 3EREE F
%R LR - A EE kP &g - HF 4 A (Bender Element) ¥ i s
&ﬁﬁ@iﬁ’ﬁﬁ*BZG%°3%$%ﬁ%i£”7%%miﬁﬁ3%§1%?%
BE o EDRLA RS T P AR ARERRT Z P 2 A R
MFRRIZPTAT P RED - SRR

ERGEME APz phe 4 o € A (Load Call) 283630 = b b 302 sl
RS TR Fl o RAR BRE 4 Arig X 2 3L o
ZphE ¥ %G - F B4 (Double Bellofram Piston) » 3% % 4 3B <] 3 b2 § &
(bellofram) » o+ T ¥ jb = frdlsd o4 > @b RIFERHLFR Y B BHELRFE
RIS T L

|l

322 F RiFE s i i

FRAIES sk pogr - L3R 2 3 TRE RRE S L TN
/@R 5 2 (Dynaserv DR 1100E) - i3 & £:2 26 kg B <4z 4 5 110 N-m > & = b
wFUR 5 4087 KG o B+ P Fif i 2044Kg o B iE 397 A 5 F 4 614400 % o T o ie
P & RIRJE S [ e B R R 7 DN S 2 AR o
VAR R AR R F R L2 Y R

T AR F R /RS IRE S & B R AR (bal screw) (THK BIF
2005) % f2H# ¢ (THK LBF 25T ) @ B e o a % 5 S iy - HMAMER e
£ RTLheR] 34 30eA 0 R A5 EME L BRI L SRS - X
B e 5 ARG RPOERRE ARG E ) TR hE L 2
R REBEL > T FEF TF RN hidsk o

323 F BiFrd il im

WREERF Ll kd A S BEHER LabView A2tk 5 E+ (NI
PCI-7344) % :% #ici 2 5L 3 termina board (NI UMI-7764) » & #-31 %ﬁ@ﬁ?}i B i pd B
SR B E AL ER N 0 BERPI AT RABZ A BETA G B 3557 0 7 d
BB ERRES 2 2w o
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323 § R&KEE

TR LB E RS ATERA 2 kiR B4 UL 10 kglom® e 1 F e 502 R R
RATE 2 FR ﬁk&mbﬂéwiﬁ*ﬂ@W%@*%$Lﬁ’?”f%ﬁﬁ’%*
RE SN IS RS AT RS FURE F KR ] R 5 02kglem® -

324 &Pk

AFHRERIRA - B2 ER TR R e T L e FﬁFEZ{h M
FObsz gt TOREP RN - e 4 A (bender element) s H P At R
2 34 i A ] o IR 326 & o
fhe e BRI * kN imE R~ (loadedl ) #-H ¥ = dhz BN (4B 34) »ird
AT AN plhe g i BKN s £ A p ;‘beiﬁ“f%?d] HHTS P -RE - FERA
EE* e d ~o IE gRPREP IBEBINFRFEAP AL EZ TN R ot T E AR
FREREARS a2 EARRTREE fhe %2 R * Linear Variable Differential
Transformer (LVDT) > # £ /¢ 50mm 2 %5 ; BB 2 3L KRR E Rl * 7 &1/& 700kPa
kB2 (pressuretransducer ) @ ESkTie ¥ L IE B PR # 2 A dcd 3107w o

3.3
HE i

3.25 MEHE L

RiEgkm e F AR TR A& Fplloadcdl ($he 7€ ) LVDT (dhie 248 ) 2 & B
KB (BRE FORR)Z S B AT &% 27 R 7k B2 2 #r#li 2 NI USB-6215
P+ o] 3.6 KL S B gy T % 0 £ e & Labview 475V iE {7 T pEiE
BT ALH I ALk b o

326 ¥4 AF LR k%

T4 A g MR FES e WP TE R SN E R )
P4 R AR TR I T QB BEFIERRC BRI K2 SRS
g oA g R AT A LT SRS

\\\?{r

1- B3 = &5 (Piezogectric Ceramics)

AT R*2RAE S Tz R ER i BHRVERZFERMIAL 15 &
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b T At Rg k) B AE ok 4 @f"pi‘%?’ P A - J”“*f,%" g2 3 % F o % Bender Element
CZPhEFEWTEEY o AR HARYF I L SR L AR 37’115?"?*’?
ZHhF P THER? R4 E (H3mm) A (S22 EE%W A B 3.8

&35 4 4 B (Function Generator )

AEFRENALE - FH R SEAL FWMATRA L FVSAAREET R
e Ltear 0 BB MBET A o AE%RrR Y 2 A4 BED A E 27 A 0 A5

% HP33120A > Sn#icA 4 B+ ﬂ’.: FA s s S~ = &L~ A2 Random
wave ¥ d A EXEH LT ﬂﬁg i o & Eﬁf%ﬂﬁ%ﬁ&ﬁ%’?ﬁmﬂ
~iﬂﬂﬂ*%uéfﬂ $ S P 5 10w Hz-15MHZ 5 8 412 3R 1 2 FAR B 30 7
E 2 A Sl fody A T Aﬁﬁéﬁﬁwﬁﬁrmw~%9 RIS A
S50mVpp~10Vpp -

3~ MELFE L AL

~

BEEMF - DA QY A BST B T ek 0 & AT N BT
AATIERER ML T AL PR - Bt g (channel) 2 - B REE B 5L
Wi (PnBifEpRRE) Fi# 7 7 BT 56 RS232 & HPIB /1 6 #5u sy 1 &

PG R AL A R Y DR £ ELARIEF & BB~ § (A -
2.8 Rz terminal board) i E M AR T 4 A A2 arEpgd 2 RRAA > T2 4 ik
PRE BT IDE R B 0 B X BETUEUE 5 & 25KHZ e S Bl T i 4o ] 3.9 #r T e

33 $ FHERMLBRH

FROLBAME = WidR m 2L B AT
wéwﬁﬁfﬁﬁo

(2) 48 2 % %

@ﬁ%iﬁﬁ°

(42 &7 e o

OEL ER S

(6)F 4 it £ipl -

(M) 1 = phigsk o
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331 FH2 # 3y

TREFR2Z P T E L 15% AR bl 2 F 4 W 5 <5%~ 15% ~ 30%
$ 50%2 F FR) o Bk AR F R Ao AR M AT R 5 200 5L
(0.074mm) 12+ > fm3Ekt & i i 200 BLE 20 3E AR RE A R E 2 IR 0 BT
R EFHFLITRK AT HEHE 2008 62 £ F > 5% okl s £ 5% 4
TR E %Fﬁii’i'}ilﬁ s S B BR A 1 200 5L 2 REA IJE‘*%&I ERieat
WRH P g HEFanegan A2 F4L o

332 M2 3¢

RS2 FEME TS R %2 (wet tamping) % iz % 2 (Dry deposition) @ f# iR 48 9 T
FEOFE ARG I INRAPN TR P AR LR F IR O RKEFRL S F
LD AR ﬁa?f%ii BEFr 10~20kPa E w4 B iRMiRdFEp = R g R AR
{%ﬁwééfﬁﬁlm@”’ R S FC<5%$r FC=15%p ¥ % #4172 3¢
FC=30%7{r FC=50%%_# * /&% ;2 (T2 :#MA T2 2N > Ry Z2 § R T LRELF
ko RE KRN 8% RS KB E R m’ﬂﬁﬁﬁﬁﬁ*ﬁ¢£ﬁ\7
Bo@FMAL N2 Ao RP RN AR ENE 1 wp) 2 thE B3R
BLTEARY - 07 4 RE LR A A B o Mg 20 e g £ R R
EHFRDET LIRS B ALY B 2 T R LN F P2 R
RS 234 0 BHEFR RIS R T o
1~ﬁ¢$§ﬁﬂ*?%ﬁﬁ*a%$@@@i’iiﬁﬁ¢@ﬁ$,@ﬁﬂm?w&
ﬁéj’ﬁ»@%ﬁa@W%ﬂﬁﬁwo
2 BB Z 2 BARE ARGIR A » PR RS RIEIEE L R HIS kR RER

=1

~

22 EE I IR AETH B EFE R FHAEBRE c AFLEYELE TR
B9 8% AT k3R 2 el ERBGH A kLB RIS AF RS
Fi2 228 I e RS ED 8 R BWALIAHRE -

S FMATREL XX B R phF 2 M AR 0 T LR
Fr et LR FORAN REM ez m A2 ZRphe B¥ > &0 S47%
WE LR Zhg B4 Y o



%iﬁiﬁﬁiﬁﬁ’yﬂ@@]p 10~20kPa > & :ERE A 49 p = 0 ddsd ~ - F g
(COz) 2 B &> M BHBMP N2 2§ > »BRA 5 5 5kPa> il » e iF ¥ 5 30~45 »

§ e plfs o o FE AR ;‘i/\“ﬂ -k (deaired water )» & 7 F o FEgF >
RS I

\’m\- |
;—
m.
ﬁ
—n\:y

3.34 #FH2 & 4r

BF A ARl e R TRAUR A B F RRE TP LR
A Gk AP ATE A2 KRR K G 300kPac 3F A R R {8 2 AR o peE R ]12 RE LA
{7 B-check # i > M 2| ¥ FE 4 fo > BE* 0951 TP EFRG -

335 #HZBR®

IR 2TV R RGHEK TR REAY FMPN 2 KRR THAER K
FRIFIHRRP TR RS RRTRE - SRR A2 2 AR Rk

EFL R TR RRMF o FIRORBRIRG B A AR PI R RS TR
TP RN I FHARC R LTS LR BB KRB P TR
AR ET S TG T AR FF SR ARRBREE LT T BB RS
6 BEFWZT A AE T R %@ﬁ_ﬁ HRE TR KR o

33.6 ¥ 4 jig &P

FRBRAEREET A REER ) - B I AN LG TR AE S A
FOF A ¥ - Er R AL R R FIT KT o KT s
SN (R &

FADE AL B2 AR AE > RpF TRIRG S 10 R3F S L BkHz > 4% ¥
- EEg N IET S g ERERF R 2 AL H - P m o 45 iF 510
o T E R R T a e

2 AL % % 4- @) 3.10 #1012 Kawaguchi et al. (2001) = ;2 2|53 4 L @i o

3.3.7 # iy = bhipZk
BE g2 phe e P2 ZRGMERET > SHI PR EHHFRF R @ F5 5
ALY > RS2 e B4 BT PIRE o AiikiERY Fihe FE l § 2kPa

2P0 S AERIRE Al 2 & Fab Pk e il TR P REEFE R
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B4 Z phidBk 0 F B4 Z @hip %R F 95 01Hz -
CRR z_ &z 3 Z B4 (moment magnitude) M,=7.5> & »c & % j= £ = #ic ( Number of

equivalent uniform stress cycles) N = 20 (Liu et a., 2001) » “r¥t 2 * R+
04/20¢ o o ji = it CRR2 A% U N=20=% F R £ @ & § R dho k% E 5%

2 Oy /20] o B R = dhidsh R A PF o BOREMIR SR BRSO 0 X3 E BB

REIVH el AP BREE A TR g o
34%i??1@&@&ﬁ

- TR R REFRNUENGAMRE > FlRY £ SRR BN A
%};a ER e r ARV Rt g e o d e R TR A F IR T TR
,mgg$nka$%$% 1995 Hoeg et a. (2000) z #7% » & fi¢ * 2L3fdo 28 a4l
AR EET ek 2 BEFE TR RIS 2 R E TR RS
Ewafpéﬁ“1~n* e
BAEEPHRER >V RPFETIZIEET ~ F RS S ARy AR
e d R o REEPHES PRI KT HG gﬂé”"fﬁéiﬁm@" EE RN
P i 4 o Laval Sampler 2 7 7 Bk G H BB ARR * R V] 2 R B R
AP R R SBTEFTT RSP A AH I BRI € AL(KISO-JBAN) & B 2
Gel Push P~ % ; Gel Push /E 2 o Boc L BALiE R Bab g P R ¥ B R 7 » o7
EPE MRS 2 TR 2 R (38 % 4 ,2006)0 12T 4 4 5 Gel Push E Bk B
BB AR o

34.1Gel Push & 2 B #

'mwadda%64m®%$%?’ﬁ%*%$4ﬂ@m%%§&ﬁ Bk gy
Japanese piston sampler (JPS)#7 ¥ 2 ;#48 & & & Laval sampler #g iz - JPS:}%’* Osterberg
PHRELRL R B2 KR KT 2P dkE o Gel Push F R Pk BAd FY @k
4 JPSa ko

Gel Push®# ¢ 2 & ImZ2 /2 75mm > &2 PSE ~ 7 P BLL 5 ~ PP 12 A i e 0 ¢
L PE AP e E SRl NP ?'a‘;%;f: oo PP R TR R B R A ~ AT §
d BT R E A IR R BRI 1) FEBRET CFFUFAL R M F T
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A BT o 2 M P AoB 3A0(0) 0 2 AT o AR B2 BB -
So o B RIT R U R N RRE D R B A ) RS HRL R AL - e M BT
s F)‘? REET R 2 B KJ\.F)\r]EF_LFFgEo_:\4“;}‘)\;{%\319}%{%&"#‘1{%3@
R P EE LT e T RIERE e S 3 R
ﬁ%&%%%T%ﬁﬁiéﬁﬁﬁﬁﬁﬁTg°

3.4.2 Gel Push 7 & B #2 5

ﬁ*de$%£%ﬁ$%ﬁ%’i%“%?%#%ﬁzﬁa,%zgmi%%m,a

BEET R B H 312@) AREEA R FET A F AR F A HE R
~@@%~”?*”i%ﬂ%%3ﬂw é*?»gwﬁﬁrﬁﬁiﬁivaa,@
ERRARYCHF M BRI LA TR e R L B R RET T URR
o R BRI ERT I MP o BREPRRINF A F P o P I RT
bW 312(0) #7775 B s MR 2 B HRT 4o ] 3.12(d) 0 14 AL RLAE B0 SR AE

35 MIEd = phiFi2 B i

Gel Push B~ {7 2 b R 2 E WA M2 H AW ARHER - FHERLFHEF 292
4%£ﬂ’ﬂ%m%§ BE LR RERS TR ﬂ&#%#ﬁzmbéﬁfﬁ
B HZ BRIy A A BG LR 33

351 #FM2Z ¥ 5y
d P2 EE B S 75mmo e = f;;#%*"‘s‘ JE 1 70mm > £ 150mm o F P JE $ Pk
1t ERMEFB T ford] o FAREFEX T FRBRATLEY > oH 3130 #* BT
% 70mm > 4e@] 3.4 A7 20 F 454k Fl A 2| TR EE R E 4;.12 3L 70mme ZEX R A (S
>R EEER S RS 0 B IETE S > R EMMEE A A4 F5 7 B[R 5 E S 70mm
% & 140mm 2. Fl4:#48 0 4o B 3.15 971 o

WP RIS S L RERS 21 0 TP AT 44 Dhama& Sanin (2006) % i - i
& AT LR 2 FA 2 sampler holder » % 2 3R RE 4B B4k B 18 KA 4 - sample holder
2RI R A BEPN e 0 - KA 4o 3165 RHl e ~ sampler hloder 3 2
TR AR S5 R 2 sampler holder: 4] 3.17- § 3# 48 i& » sampler holder
o E 2B I BT IR G- A e Bl 4 RGESAAE 0 4o B 318 12
BOFHABBERFEEANEBE 2T P FIRF oA S a3 S F %R o TR
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352 #FHLFX

BB R TR AR E2 s TR FRRAT - i bender dement & i T
ENZfhRBT AR S KE S ’ﬁiﬁﬂ%ii:)%’r%%ﬁiéﬁfﬁiﬁgiiﬁ%?iﬁbfiﬁ'f&i ’

SEL SRR A TR F R S AL s
k& a ri%ﬂvlzﬁﬂ@i{?lﬁ’ FHATE RS TH o Bl R KL
#-sampleholder B~ o #-3 % %2 ¥ Mz & ’i'#ufiﬁu" SRR R St

"}fﬂﬁfﬂ@iﬁ-i&’ib *b:%ﬂ'iagﬂr' = °

353 #FizZ #§F

Wz phg m R ¢W,»ﬂ®@aﬂ1mmwhwmé R
'k (desired water) » i@ Z f o SEAEE % 3t o B DSEREP FRRETE A RS A e
F?L’Eﬁéf‘f‘-" AR T4 kg B8 Ee R = %Fé%-}b'% K@i 33 & o
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SSL (FC = 0%)
08—
SSL (FC = 15%) A A
A A
2 A
o’ - AA
e}
SSL (FC = 30%)
06—
Chamber specimen  Preparation
B FC,% method
e} 0 DD
A 15 DD
O 30 MT
O 50 MT
04 1 1 1 1 1 1 1 1 | 1 1 1 1
10 100

(o', +25')/3, kPa

Bl 3.2CPT :#% 3 >R &R % (53t [ B (2B
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Void Ratio , e

[¢]
14

Typical State Point

SSL

Log o p'

B 3.3 % ik 2 #cE & (Beenand Jefferies, 1985)
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2 N
BN :
Nz N ——drive shaft
N 7 H N
Z i ——motor
AV -
7 N
W i R [a———motor chamber
NN
AN

L kLVDT
s attachment

=-— piston head

piston pressure ——

N piston clamp
cell pressure — - bellofram
NN load cell
I3 oy
i J: o bender element
11K ~—soil specimen

|

140 mm

. ——internal strut
———acrylic tube

specimen pedestal

back pressure
——— base plate

B34 = st & 0307 LW
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L]

Power Code

O

NI
PCIl-7344

Compumotor
DYNASERV

| & ]

| |

O]

o]

. 4 [
UMI-7764

|

Driver

encoder signal |

N
N N

motor

Bl 3.5 B s yrd] koo & B (4R 1, 2003)
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| FREQUENY | LINE | AUERAGE | INPUT || FORMAT | TRACE | EXPAND | HARKERS | nATH |

48 .390n

FProcessing Data

alt + Cirl:
HMEASLIRE ETART

B 3.9 T 4 i < 2R
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— | |
| | At=0.929ms
o4l
0 0001 0002 0003 0004 0005
Time, s

B 3.10 & ) i 4 iR —E_P'J%‘%
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i8] 3.16 sample holder *F @
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] 3.17 #4482 » sampler holder
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Fry $ROPLZMPERES

FRIFEZDhiES% I B P A Rt gt BT FE Hredut CRRo 7)Y 2 %10 1
P %f%iu@ SYRN AT R i 7] 095 5 dpdh o % T F Rfe 4 = phipsk o

THRA WP PL LY oy ~ e AU E IV HOKRZ F B AT R - R L A s
dod 41 B AL A6 BRI RS o, FE e RES TSI KR
Bl 42 % p'=(c' 420", )3 dhi i+ L b B LI BB 43 5T 4 L BE @

41 F B¥ fi = phidR B %

AP IT- kFl2 F R4 Z phidsk 0 B RS R 4cR 4.2 7t FC<5%% FC=15%
® % gz % 2 ~ FC=30%2 FC=50%i¢ * ;&% /% > Bl 4.4~ B 4.5 #3825 #7189 2_ B LI »
M RRBCTS(N=20) k2 xH itk CRR> ¢ 352 3 »xFI/R A %] 5 100kPa
% 200kPa- M) 4.6 £.¢ %7 i = fhidsk e R 2R %I o & p'= (o', 420", )/3 M %
Bl 7 ol # fi = dhidsk i ot & p'= (0, 420", )/3 W B kR ;éﬁﬁ%[?ﬂp\ d B R
Z#hiF Pl CRRE R * &3¢ (2-23) #7173 guniE = ) CRRQun 2 B TR & 5 & o

42 % %% CRR ~ qun &5 & 582 B &

F1* FEPE (2002) #riF2 % b imkopl 2 B2 TR ESR> 4oB 218> 7 8 0 CRR #
;{*%%3 (Stateparameter \v) AT LR i b e g3 T RIF Rkl s £
B sn R B R SRR VR CRRA 3 o 'P_"JF]: 3 CRR & &
fi - FMI;L @fwra@m; ;\(4— ) HAn b el R 5 0.7450 % # CRR 4 * 2 3%(2-4)

B4 31 A K=05 T » 2 CRR¥K G S 8cic B 4.8 HRPM 4o 8 (4-2)
# K=1-015=¥<0.2

CRR = -0.5009 * f + 0.2208 ......ovvooeeeeeereeeeeeoseeseeersseessesssesseessees (4-1)
¥ K=05-0.15=¥=<0.2
CRR = -0.3456 * \f + 0.1586 ......ovveoreeeeereeeeeeeseeesseressessesssesseesssees (4-2)

d ¥ 5§ R) B FC=300%p% CPT = 8 ix -k » 2 -k 2 L ifm + £ 10 Fpt &
B2 EFR QunE R Sl MR F AN kT 5 (FC<5% » FC=15%) Tlﬁ’—?

PREKITET QunE R S B B AT TRRITET Qun Bk Sl B
FI* (2-23) w3t Ep g (2002) 4 W 2 K=1-~K=0.5 2 gun ¥ i S8z B ©%
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4Bl 49 L B 410 J B] 4.9 % Qun &R Sz MR T 7 4o CRR &R fi i BE 12K
chg  HApB 1 RO 05742 h Fr q @ {5 B2 B 47 5 § B ¥ K=1-K=05
PF Oun &R £ B2 f’&g o wlde b (4-3) & o5t (4-4)5

3 K=1-0.12=<¥=<0.14

Oun= -69.6642 * \ + 72,7765 .....occvviiiiiiiceeeee (4-3)
% K=05-012=¥=0.14
Oun= -69.6642 * \ + 72,7765 .....occvviiiiiiiceeeee (4-4)

43 $ F# CRR & qunp b 22 22 =

d 3¢t iz ik CRREF AK=1FRTE 2 2HGIAE I # L
TEEBREF ORGSRV 24A4HCRREGRE? B R JLL(K)E ER "FAVK
T 5 K=05 7 & Castro (1975)#7# 112 % %2712 I CRRfjgg¥? CRRy 2. FFenig it

#ci 0690 d 5% (2-23) Pigd It kA E I3 Rl MR T ~ LRE
Oun ¥ CRR #7141k 2. B 7%+t i Stark and Olson (1995) ¢ Robertson and Wride (1998) +
kw8 D4R 4.11 &2 B 4.12 -

%ﬁi“')‘%’fi’ﬁﬁv'g’é_.fémﬁii/g‘;iiJ»’“lS%Bf(#E}»ﬁi'“) HCRRZ Q. 2 M a8~ %‘ng‘é_

Stark and Olson (1995) #1i& 3k FC =152 35% % sz B> ¥ 2 5g FC 2 ez m 5 P 4
; )I*u Robertson and Wride (1998) 2 = 7 #em 5 » 304 $ 5 &) Mimifd 2 iﬁp'& Z

Cc

CRR £ q B 7% 27 Tl EF 218242 F )R ER 225577 FCE I B %

-2 4 Robertson and Wride (1998) 3k 2 B (28 - Reho Flpt > Ml 7 £ ¢ F o H
.gmr}\—' i 2 & Mg 7 4o Stark and Olson (1995) =4 Robertson and Wride (1998) iz st =
ERLSE
d 3¢ FHE mpliz 022 & % 40 Stark and Olson (1995) # Robertson and Wride
(1998) » Ft ATy d 258 (4-1) &2 (4-3)~(4-2) &2 (4-4) F1* R fe Sdenr w)d
K=05% K=12 $-kF 5 FRitfhii o 4rE 413

44 ¢T3 AEERESE

FRET S AR RLR 414 SR> AR S BT T BRI R A
A 4 R AEFHT 4 i RV H BB FC<5%3sr FC=30%1.} »<F/& 100kPa
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25 200kPa g H 5 4 41 ﬁ‘?’ﬁr:%ﬁ{ IRE LT H ‘”’ﬁ FC= 15%5"’5,&&‘?*5]"‘ A F
TR ZEFPEIR

441 3BT 4 REHES B2

d 0 FHRFAAERZT A AFEF I AENRE (K1) T adplE s FIrt g
BB RS K05 FinT 214 i pF o S HBEERTEZT A L gt v (K)
R AT LB e EE ot EoRT A FET RRIT A A T R
Paply BT R4 Edia s P4 i gt 2435 AA A R ERTEHA
i Bpl2 2% B 4152 B 4.16 A~ u] 5 FC=15%% FC=30%7 + i {1t &7 F
Bt EET MG d BlA5 2 A1 HM AT F Y EERT T4 L v FRL gk
T 74 FC=15% %7 8 4 T H K=05% K=12 1 4 it & 4+ 0.915~0.938 »
¥ FC=30%p* K=0.52 K=17 4 j:# ' &% 0.905~0.94 F - # T 3ot (g 4 % 0.925; Stokoe
and Santamarina (2000) if4cd 4 i @2 p B FEER S w2 H 3 B4 5 o 50
BV &

(45) 2 B %
' na . nb
G 45
ATES S 9
F(e) : v Mt i

o'y P A LB w2 g
oyt IR R 2 o
P:l1x7#R &0, ~o FE
na=nb=0.125
Flut F#- Co F(E)3k » *E » ¥4 jLilif= % - 2§ %k o', =100kPa~ 1 2 4 47
F RS 2 4 24 o', =50 kpa (=0.5xc',) » ¥ 8 K=05 % K=1 2 jg+ 3 ks
0917 &2 A FT 7 d R E ST+ B 1 28 0.9254p % #1iT -

PAFET APk KSl st TG me B F RS K=05 iR T 2 3 4 jLid pRasak
g0 #0925 72N o

Vs =Cq F(e)(

442@4%@ﬁﬁﬁﬂ%%$i%§

A3 @ * Kawaguchi et d. (2001) z 7= 3 =&+ * B 29 ¢ C®iai ¥4 4ol
Fek BA417 254 A ERI2Z% T4 :ﬁ»@ LRF R 2 ETE T 4 LR G

M\-

2

=
H

énhn
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bRp TS REE A B 417 2 ABLL T AT ERERRE Bt R CBERG T
ADEREF TR DT P 7%12% -

443 % F¥7) CRR 2 Vg M 1%

$ %% CRREV M &G »H vV, plf 54 »ch 2 R+ (100kPa)<is o (Robertsonetal.,

1992) #+i8 » 4o 3% (4-6)

BeAF T bl EP B I T CRRV 2 3aE (2004) S5 o 4oFl 418 # R4t

>z [f] /B 100kPa pF » FC<5%¢%2 FC=15%3z % 2 7 £ 5852 (2004) - 3*4%%. > = FC=30%
2 FC=5000;% % /= % % & 3tarE (2004) F A &p aﬁ.{ ) Mﬂ TATRERIZ T A Lk R o

A BB 200kPa pF > 4@ 4.19 0 4 31 CRR.%E?Vsl*FKﬂg 7 AgRErE (2004) Rk R 4
hdot ad FIR$ RA T € 4817 Andrusand Stokoe (2000) #73% 1k 1 f o EE_E
J& 7 »<F/& 100kPa ¥ FC<5%% FC=15%F* - 4= 4.20 > % . CRR 22V tff 7% BLie

¢ % & Andrus and Stokoe (2000) #riEzk e Mz > & 7 FEMA WS 2T CRRE

Va2 4% 4% - & > ® %% 4 Andrus and Stokoe (2000)#7it 4 sl 7 &3 4 pF > CRR
BAVGHRE ol z Em e 2B F o
BIp 4 i o 18 2. CRRE V¥R #2 Andrus and Stokoe (2000) 2. #7 3 J& % » 4o

A21 %557 o X HpPF F B2 RE FFR 2V B MR 2 FER TN HE CRREV R
%mEEA € % & Andrus and Stokoe (2000) #riE kW Mz i o AFT Y G R FIR

200kPa p fwl 2 & 2. 12 & 7 4r Andrus and Stokoe (2000)7:2 3% » 2 CRR 22V 2 B i 1
EPAEDLE @ CRREV 2 ABS . EHE - Ko
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- HAFET A AR R HET2 B R 422 2§ 4.23 » 5 5 @ * Kawaguchi et al.

(2001) %55 4 g 3| pFR C gtz A Bhomid = CRREV 2 B o d 30285 4 L 3)iE

PRz 2R 3394 p@ BP9 10% @ & 37V, £R% %5 125m/s~165m/s» F]

BT R TR R R ST IR 2 S A LB
Lee and Santamarina (2005) | %ro— i 4 £ 3 4 L p|iE chpr 2238 sk 2 e B * B
B BTG M 2 42 bender dlement i 7 BT 4 ki F Rl XL - B2

&

=

7

HRER] o Flp iR T4 B A MER] > § R B .
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%A1 B i = phEsh A R e b4

Ratio of compression
amplitude to extension
amplitude, Pc/P:

Axid strain
%

Deviator Stress|Number of Cycles

Specimen No. 54 kPa N,

Back Pressure

< 10
us, kPa 300 |[DA= 1% 0.99 82

Preconsolidation stress

, 200 |DA= 1% 0.99 82
o', kPa

Effective Confining Pressure

, 200 DA= 2% 0.99 82
O o, kPa

Wave Form sinusoidal| DA= 5% 0.99

Wave Frequency

=100
f. Hz 0.11 | DA=10%

Cyclic Resistance Ratio Number of Cycle when
o420y Au/c'y reach 95%, N g5

100
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Specimen No.

Perparation
method

0416

DD

0417

DD

0418

DD

0408

DD

0426

DD

0430

DD

0402

DD

0403

DD

0406

DD

0407

DD

0427

DD

12-4*

DD

12-5*

DD

12-8*

DD

12-1*

DD

12-2*

DD

12-3*

DD
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103

Specimen No.

%42 $FRF

Perparation
method

B s = dhepk it S 2% ()

0702

WT

0702-1

WT

0703

WT

0629

WT

0630

WT

0701

WT

10-11*

WT

10-22*

WT

10-24*

WT

0616

WT

061/

WT

0623

WT

0717

WT

0718

WT

0719

WT

0712

DD
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105

Specimen No.

%42 $FRF

Perparation
method

B s = dhepk it S 2% ()

0715-1

DD

0502-1

DD

0503-1

DD

0504

DD

0501

DD

0501-1

DD

0502

DD

0508

DD

0508-1

DD

0511

DD

0514

DD

0522

DD

0522-1

DD

0523

DD

0523-1

DD

051/-1

DD
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,.L«L

,§|3Js
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Specimen No.

%42 ¥ RpF

Perparation
method

Bz whdseidl FEe g% (5)

0515-1

DD

0516

DD

0524

WT

0525

WT

0528

WT

0704

WT

0705

WT

0708

WT

0603

WT

0604

WT

0605

WT

0529

WT

0530

WT

0531

WT

0601
- (2004) #:3k

WT
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No.

3243 $FH AR/ EET A A E RS

060511

060512

060513

060514

060611

060612

060613

060614

060621

060622

060623

060624

060631

060632

060633

060634

060711

060712

060713

060714

060721

060722

060723

060724

070801

070802

070803

070804

051701

051702

051703

051704

052901




052902
052903
052904
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110

No.

243 $FFF RS ERT S LEEE (F)

053001

053002

053003

053004

053101

053102

053103

053104

060101

060102

060103

060104

060301

060302

060303

060304




SpecimenNo. FC,% o', kPa  CRR NCpps €

0523 15 200 0.205 19 0.654
100

Deviator, kPa
(o]

o o

[

o
o
|

-100 | | | | |

Axial Strain, %
© oA NON A
O O O O O o o

Pore Pressure Ratio, r,,
© O o o o ¥
O N M OO 00 O

T | T | T | T | T

250

Time, sec

R AL PRI ~ fhe B% ~ AZFI HORERY B R

111



112

o4 KPa

o4 kPa

SpecimenNo. FC,% o', kPa  CRR NcCyax,
0523 15 200 0.205 19

100

eC
0.654

50

Y%,
0 RS

-50

ol 1

\

100

200

50 —

0_

50 —

-100 ] | ] | ] | ] | ] | ]

R 42 pehik? ~ e BREGLES B



Amplitude, V

113

Specimen| o', At Specimen | Bender Element Vs
No. | kN/m?* | ms | height,mm | length,mm m/'s
0523 200 |0.677 138.42 6.33 195.11

0.0003

0.0002

0.0001

0 | MWW
| |
| |
| |
| | At=0.677ms
ool by
0 0.001 0.002 0.003 0.004
Time, s

W 4.3 14t @iiprEF E

0.005



05 e FC,% CRR,
0 0.329
i 0 0.261
0 0.231
15 0.290
15 0.202
0.41= 15 0.192
30 0.230
30 0.191
i 30 0.167
30 0.146
o 0l 50 0.159
> 50 0.111
02
— v
01 | | | 1 1 111 I | -O; | 1 1 111 I | | | 1 1 111
1 10 100 1000
NC

114



0.5
e, FC,%  CRRy,
I & 078 0 0.270
O 08 0 0.213
% 087 O 0.181
¢ o065 15 0.202
0.41= 4 o071 15 0.202
O o078 15 0.195
% 063 30 0.162
- E + 066 30 0.150
X 070 30 0.139
¢ sl + 074 30 0.135
&
G
. Q
02 >
\*\ﬂ\*;
Jr
0.1 | | ||||||I | | ||||||I | | L1 1 111
1 10 100 1000

Bl 45 # i = sk % (o, =200kPa)
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SSL (FC = 0%)
08—
8
SSL (FC = 15%) o
g2 o
0 * oo O
¢ A 8
SSL (FC = 30%)
06—
5
Traxial specimen Chamber specimen  Preparation "
B FC, % FC,% method
A <5 A <5 DD
° 15 0 15 DD
* 30 * 30 WT
[ | 50 O 50 WT
04 1 1 1 1 1 1 1 1 | 1 1 1 1
10 100

(o', +25')/3, kPa

B] 4.6 5 jt = $hiRsh 1R T A IE 2 B TR B

116



c4/26",

117

04

o, = 100kPa
FC,% Sample
Preparation
B A <5 DD
A O 15 DD
* 30 WT
- [ 50 WT
03 O o, = 200kPa
A <5 DD
® 15 DD
_ * 30 WT
0.2
B Yo
CRR =-0.5009 * y + 0.2298
R-squared = 0.745
O
01 | I | I | I | I |
-0.2 -0.1 0 0.1 0.2 0.3

state parameter, y

Bl 47 # %7 CRR & ki 82 B % (K=1)



c4/26",

118

04

03

01—

c. = 100kPa
FC, % Sample
Preparation

A <5 DD
O 15 DD
¥ 30 WT
[] 50 WT
o, = 200kPa
A <5 DD
o ® 15 DD
O * 30 WT

CRR =-0.3456 * y + 0.1586
R-squared = 0.745

-0.2

-0.1 0 0.1 0.2 0.3
state parameter, y

B 4.8 ¢ %7 CRR K it 28z M 2 (K=05)



100

c. = 100kPa
B FC,% Sample
Preparation
A <5 DD
0= O 15 DD
Q= -69.6642 * v + 72.7765 c. = 200kPa
R-squared = 0.574 o A <O DD
® 15 DD
= 80
70 —
60 | | | | g | o,
-0.2 -0.1 0 0.1 0.2

state parameter, v

B 49 KT ET ERE Qun B ARG S8 B (K=1)

119



100

o D

80 — Q= -53.7098 * v + 54.2154
R-squared = 0.609

A
®

qth

60 —

40 1 | 1 | 1

c. = 100kPa
FC,% Sample
Preparation
<5 DD
15 DD
c. = 200kPa
<5 DD
15 DD

-0.2 -0.1 0
state parameter,

B 410 k75T & FF qun &R B 82 B % (K=05)

120

0.2



Cyclic Stress or Resistance Ratio, CSR or CRR

121

0.6

0.5

0.4

0.3

0.2

0.1

qth

B 411 % %% CRR-guy ¥ Stark and Olson j# 2_ vt iz

o, = 100kPa
i FC,% K
L J 0 0.5
FC>35% =15% <5% P 15 05
— * 30 0.5
@) 0 1
N O 15 1
* 30 1
| qr 50 1
N o, = 200kPa
FC,% K
B A 0 0.5
] 15 0.5
v 30 0.5
N A 0 1
w O 15 1
B v
N 30 1
A4
L E&V
* Stark and Olsen, 1995
| v
| I | I |
0 100 200 300



0.6

o, = 100kPa
B FC,% K
1.=2.6 21 164 ® 0 05
¢ 15 05
o 0> * 30 05
@) O 0 1
o B o 15 1
o * 30 1
8 04 & 50 1
)
E N
) o, = 200kPa
2 FC,% K
§§ 031~ A 0 05
k4 ] 15 05
a4 B v 30 05
o) * A 0O 1
0.2 o 15 1
g * v 30 1
© | &Y
rs) *
L>f 01 R 4 Robertson and Wride, 1998
0 | I | I |
0 100 200 300

qth

Bl 4.12 % % ) CRR-gun & Robertson and Wride ;2 2. +* #&

122



0.6

c. = 100kPa
i FC,% K
® O 0.5
FC>35% =15% <6% e 15 05
@ * 30 05
Ei) @) 0 1
= o 15 1
> % 30 1
8 & 50 1
i<}
E o, = 200kPa
© FC,% K
% A 0 0.5
3 B 15 05
x A 0 1
e} o 15 1
Q \% 30 1
4]
©
S
>
© Stark and Olsen, 1995
0 | I | I |
0 100 200 300

qth

Bl413 ¢ FrE-kELZTRIEEAR

123



270

c. = 100kPa c. = 200kPa
FC,% Sample FC,% Sample
- Preparation Preparation
A <5 DD A <5 DD
240 |— O 15 DD @ 15 DD
* 30 WT * 30 WT
O 50 WT
A
210 -
2
S _
>U)
180 —
150 —
120 | | ' '
0.6 0.7 0.8 0.9

Bl414 ¢ 575+ g ERES
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180

% FC=15%
B \0 o', kPa K
170 — O 100 05
o 100 1
i A A 200 05
160 — \A e 200 1
v B
E 150 —
>
B &
O
140 |—
&
130 |- K@
120 A |
0.68 0.72 0.76 0.8 0.84

S

C

Bl 415 FC=15%7% + R# 223 4\ A3 F R4 122 M %
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220

FC=30%
B o, kPa K
100 0.5
200 — 100 1
200 05
i 200 1
180
w
S N
>U)
160
140
120 | | | | |
0.6 0.7 0.8

Bl 4.16 FC=30%07" #4 i B3t [t 7 b 4 152 2 B 0%

126

0.9



0.0008
No. 0523-1
0.0004 —
I |
>
0}
E
= 0 C
o
= | I\
E I \ V\/\'\/\/\/\/"\/\/\/\M
| I
B | I
| I
| I
00004 | X
| I
| I u
i | . O-A At=0.567ms
| I O-C At=0.665ms
| I
| I
-0.0008 || 111 | ] | ]
0 0.001 0.002 0.003

Time, S

Bl 4.17 5 4 L 3| pF R 2] %7 R
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0.6

s, = 100kPa
FC,%  Preparation
i method FC, % >35 20 <5
A <5 DD
*
x o 15 DD l / I
*

O %* 30
S O 50 WT ] ] /
8 04— X %
= 5. = 100kPa (* Kuo, 2004)
B < <5 WS I f l
x e 15 WS X A
Q
5 L » 30 WS EN
x X 15 WT . A
E * 30 WT ¢
g o021 * O DD
7 e 15 DD ,%‘ *
= « 30 DD 5&& m
5 ‘) N

i Andrus and Stokoe (2000)

O | I | I
0 100 200

Vg, m/is

*Kuo, 2004 % 3t&: 2, 2004

B 418CRR & Vg M 2 Bl225tar 2 (2004) 2+t fi (100kPa)

128
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0.6

o, = 200kPa
FC,%  Preparation
method

= dh <5 DD FC, % >35 20 <5
» n 15 DD * ’ / I
o) o 30 wWT *
5 o, = 100kPa (* K uo, 2004) I ’ I
B o4 4 < ws X *
S * 15 WS
B > 30 WS I f l
P x <5 WT X
§ L x 15 WT X 4
¥ * 30 WT o
@ A <5 DD .
E e 15 DD <
n
0
©
9

i Andrus and Stokoe (2000)

O | I | I |
0 100 200 300

Vg, m/is
*Kuo, 2004 % 3%k E , 2004

Bl 419CRR & Vg M Bl 5iar 2 (2004) 2+t fi (200kPa)
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Cyclic Stress or Resistance Ratio, CSR or CRR

130

0.6

04

0.2

c. = 100kPa
FC,%  Preparation
method FC, % >35 20 <5

A <5 DD %
O 15 DD % l / ,

o, = 100kPa (*Kuo, 2004)
< <5 WS X % I ’ I
* 15 WS
* <5 WT I / l
X 15 WT X A
A <5
L ] 15

Vg, m/is

B 420 # %7 CRR & Vg & 2B (FC<5% -~ FC=15%)

300



0.6

5. = 100kPa
FC.% K
| A 05 FC, % >35 20 <5
° 15 05
& x 30 05 l / ,
(é m 50 05
N I ]
aov o 15 1
] * 30 1
R 0 50 1
g 5. = 200kPa
% B + <5 0.5
z « 15 05
05‘ e 30 05
g GE] <5 1
% 02— o« 15 1
o o 30 1
o
o)
O | I | I |
0 100 200 300

Vg, m/is

B 421 & % r2 CRR¥V i %8
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Cyclic Stress or Resistance Ratio, CSR or CRR

132

0.6

04

0.2

H * 0 )

* +

c. = 100kPa
FC,%  Preparation
method

<5 DD
15 DD
30 WT
50 WT
o. = 200kPa
<5 DD
15 DD
30 WT

FC, % >35 20 <5

1]
i
1]

Vg, m/is

B 4.22 Kawaguchi et al. (2001) C 8.-CRR £&2V_2_ i 4

300



0.6

o, = 100kPa
FC,%  Preparation
i method FC, % >35 20 <5
A <5 DD

e o 15 DD l / I
Li * 30 WT
o
2 ol 0 50 wT H /
o - o, = 200kPa
: c T ]
o w15 DD
()
% i O 30 WT
)
3
Y
o}
(%))
S 02
n
©
S
6)

i ndrus and Stokoe (2000)

O | I | I |
0 100 200 300

Vg, m/is

@B 4.23 Kawaguchi et al. (2001) A 2--CRR 22V _2_ R %
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¥I® R¥FZHRE

% % 7) FC>30%pP% itk 24 CPT sk e SR RIT5 o~ " MBERRFE T2
GRFEZF - AFTd - kAP REERTHNEFHRELFLITRICGERA LS
AT BN BRI R GEAERE R Y Tk oo T AR el 7 2T e > 3 p
@R MR FL gt R Tgt o RT BRI B RRFE - FM AT
TR Wi kA REHRPES R g R ek B TiERRFLT CPT
Rk REZT PR TERTRDLPEREFTEORCRER

AT AR A ILE RRE MPEH R EWERES - %ii?ﬁﬁﬁ%ﬁﬁﬁ%%ﬁ@
FAS  IFHEERRI LI AP TERLERAE  BF RP BRI RS MR
i fE D CRR & Qun 2 PR M o 7085 5 yr _q. AP E SRR EFVY o RS KR D - 1}§
ErEo etk iR ithiR ik Er o

51 R =&

ﬁﬁﬂ%%%ﬁmm?%medd(mm)ﬁiﬁﬁ(mm)ﬁﬁmiﬁg’i$i

Byt A Hp L R A ABTLAT B 0 BRARE L R ARPF . (T A
'mﬁﬁﬁfbﬁ%@,

BRSSP AR A e L 2 A X g 28 0 - AL M B E) D

%ﬁpi°ﬁ%'_%%u B F AP IERCI G T R - P kK

B VR AT R R e - B R TR L 26mo B A 2008 pozd K4

5 20 3 wmE)(SM) > 2L B (ML) & R B (CL-ML)E 4 1 2 M B R 3 (SC)

511 f &) A LT

A7 (YLS) = & Laval ## % Rw=if 7 £ (fines content, FC) 4 %] 5 18% - 43%%
8% A M F4rk 51 Hp oo ® 0 RE$ F 2 v e B 5.1 417 0 i i 200 BLE
St 2o % dg g (plasticity index, PI) 382 1527 » B p#j2 2 2z -k £39F 50 2 iR
R (liquid limit, LL) » # e 3gfr) 2 T o5 2 Dy, =0.246 mm » fmiespl T dafe o
d.,=0.034 mm > e fm 2 EEEH 2 kTt 5 7.24 - B +R#) FC=18% ~ 43%2 89%:2_ ' & 4
¥ 2.71~2.75 > 323 %% (coefficient of uniformity) == 3t 4 & & 2 #c (coefficient of
curvature) ~ R4t 13 32 B o s e 247 (well graded) 2ot 935 2 -
BEET ﬁ%—ﬁﬂfﬂ///’a 7% SM-SC & CL -

RARE) 3 ok 3 "ﬂ PR BRMRHIFF TR EORLE- L M"p’fw\“%”i"
T0%:1 1 3 SdT i ARG 2R RS G Rz A2 - 24 AT E AT
Wﬁ*%%UF’ﬁZFm#%#“ﬂ%aSb

Bl 5.2 5 A Hemfe ik 2 § 3 8 (SEM) R Y - 3pf i RE S Fridpi > 5 5
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=T

= & ~ j& %25 (sub-angular and flaky )

512 B +#) Laval #® & L% A
AT LI CRRE Quuz M %o Fpt 3 g ¢ * Laval 244 # Bk 2 33 1 18 &

Bz i S % o A R Bl 2 RS S S 4ok 5.3 27 B 5.3 B 5.4 2§ 55
i) L FC=43%2r FC=89%#- fi, = fhiksk 48 -

5.2 B 2P HI

BB FAFFE OL I I PN FRREEF OL BN FRT IRBIR A
f‘“}iiﬁ’fffi Bodi- B2 B0 4eB] 5.6 97 o 135 % WD 7 TOL 2 shad s FrgblE 1 iR

2 BT RNEFEF 4T

FokrwEE THEAGHE AT O0ML3M A& ZEFHGZHE T REL RS 2
WE B o

ok BRI TR AR TR K THA AR AT 13Mm-4m A o AR SR
Fiapimd o RIS R B S B SPT-N B9 16 B EEHE Be
Fape

Fok k2 ?ﬁi@'lﬁ@ﬁ%%%f4gmmﬂniﬁ’i£é%,?%4’¢
# 2 FRje B A SPT-N £ 1~5> Biefiss kbt o B3P R KT 0,943

22~35% L 324 G 28% % 1 R (LL) 8 A % 24~42%> % {4q 8 (Pl) 5 /1 »F 6~21% -
g 2L ME AL FHWCLAML 2 CL-ML > # K T355 & 5 53m> Ol &
s R T L - BT SR R D 4 2m e

Sk b Tk TEAGHNE T 102m~229m 2 o A & 3 TR SPT-N &
319 BEEHCIY ERFTOFTIA B G R TOL & 348 oy FHpF L (T47
24, aufb&p’%ﬁ ARy L ‘Fv/w\i:'«é] s WAt AT 15m~16m 2 b A & ﬂ‘ni
Fhed op) i@ r 2 0 2 A mH TR S B impy ok 2 ’F?';t’f’}’}“}";_*

¥3 /@1 1&&4 T2 5 T3k mte 27 229m~30.3m 2 /F » ; g ’Fﬁ‘}ni .
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4 51 B +## Lava #2432 (5 Mg, 2007)

Origin

Borehole| Depth, m

3.32-3.80

5.90-6.41

29.11*

A 105 10.98-11.40
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# 52 FHFFHir =+ 4 F £ & (5 H#E, 2007)

FC=18% FC =43% FC =89%

Coarse, % Fine, % Coarse, % Fine, % Coarse, % Fine, %

Quartz

Muscovite

Clinochlore
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Specimen No.

# 53 k78

sa
[o=

Neq=20,CRRM7_5

Vs
(m/s)

Va

e

iR % (grep £ My, 2007)

water
content, %

absorption
C.C.

Laval Frozen, FC=18%

L SO3-FR-60

L SO3-FR-50

159.27

L SO03-FR-40

161.85

0.286

L SO3-FR-30

159.27

162.24

0.934

34.45

0.925

34.14

160.66

N.A.

N.A.

0.917

33.84

18.30

Laval Non-Frozen, FC=43%

LSO1-NF-58

LSO01-NF-54

153.68

0.256

LSO01-NF-50

154.18

LS01-NF-40

155.65

156.00

0.922

33.76

154.88

0.962

35.23

0.934

34.22

0.927

33.94

Laval Non-Fro

Zen,

FC=89%

L SO3-NF-48

L SO3-NF-45

141.05

L SO3-NF-40

0.248

N.A.

L SO03-NF-35

144.20

139.17

N.A.

N.A.

141.47

0.937

34.08

0.989

35.95

0.940

34.17




# 54 3 pPi TR
Sampling
length(CM) Actual depth (M)
55 10.00-10.55
77 10.70-11.47
52 11.70-12.22
86 12.70-13.56 75 SR 2P 3B/ EP AT
76 13.70-14.46
44 14.70-15.14
84 15.70-16.54 R 2BEGFMEED AR R

56 16.70-17.26

83 17.70-18.53
87 18.70-19.57 o SEREMER R AR %
89 19.70-20.59
89 20.70-21.59 PR LR

88 21.70-22.58 R 2B AR RER A&
89 22.70-23.59
88 23.70-24.58
45 24.70-25.15




200619 117 | 100D | 8 | 25702651 |

% 55 Biem A A In i gr

Depth Sail
(m) classification

10.00~10.50 SP-SM
12.70~13.50 SM
15.70~16.50 SP-SM
17.70~18.50 SM
18.70-19.50 ML
19.70~20.50 SM
21.70~22.50 SP-SM
23.70~24.50 SM
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Depth
(m)

Soil classification

% 56 § @k ir e

Silt

Clay

0.005-

(%0)

less than

0.075mm [ 0.075mm

(%0)

10.00~10.50

4.87

12.70~13.50

7.59

15.70~16.50

8.11

17.70~18.50

19.18

1.13

18.70~19.50

54.8

5.7

19.70~20.50

19.29

0.53

21.70~22.50

6.68

23.70~24.50

*p kRS R O B
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%57 Bl e @y as R

HPEET A%
PE | GEE | S HEPE
278 | 0.69 0.00
0.61 | 0.00 0.00

21.65 0.00 0.00
27.10 0.65 0.00
18.49 2.05 0.68
5.67 0.00 0.00
% 58 Fap mife s 5B
BEFEEF A%
Erkz |Ee | BE
29.62 22.36 | 32.25
37.09 26.19 | 25.15
64.98 25.17 | 5.74
65.72 24.13 | 5.23
60.64 25.29 | 8.40
47.62 24.64 | 18.23
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# 59 & fi = phip P ZH TS %

Sampling
Depth, m

12.70~13.50

18.70~19.50

19.70~20.50

23.70~24.50

*P AR THE D B
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Sampling
Depth, m

12.70~13.50

18.70~19.50

19.70~20.50

PR R AT D B

150

23.70~24.50




% 511 B +hEu & ER ty

*Laval ;248 #71¥ 2 FC
HepRR FCd SPT B¢ P~ id g o1 i¥
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4 512 B z2H-H LIER ts

FC d Gel Push 2~ 248 #7 17
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100 =

\ Borehole No. (depth) FC
0 \ ® LS1-1(3.32-3.80m) 43%
\ A LS3-2(5.90-6.41m) 89%
80 \ ¢ [ S3-3(10.98-11.40m) 18%
\\ - --MLS
70+ \
\
o \
S 60 \
= 50| \
C |
8 |
& 40F \
\
\
30 - \
\
\
20
10 F .
OIIIIII | | it I\\l"~~| I I T |
1.0000 0.1000 0.0100 0.0010 0.0001

Sieve opening size, mm

B 5.1 B k7 LSEM 2 ks~ # & & (§ g, 2007 )
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b71201 20KY %i50° """ idbum

Ao spfe e+ 150 & (R >0.074mm)

dmdf i+ 3500 & (44T <0.074mm)

B 52 fHp T+ B (SEM) R+ (53, 2007)



0.40

Sample FC,% e
B ® LS 18% 0.92-0.93
A LS  43% 0.92-0.96
0 m LS 8% 0.94-0.99
© 030 °
9O
©
a4
3
& B ®
12
&
@
= 020 ®
>
O
B e
010 | IIIIIII| | IIIIIII| | 1 L L 111l
1 10 100 1000

Number of Cycles, N¢

B153 f e 248 5 a0 6

=

155

Lz fhiRsk R % (igrp F AR, 2007)



B 5.4 A+ Laval :#%48 FC=43%
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B 55 F +k Lava ;#%% FC=89% (& #:g, 2007 )
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—n_|
l—

=

N AltAwT

=

Bl57 B4k =% = 3 B




M58 Pyt ik EIRY
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Percent passing, %

&4 200*
100 »
80
L No. e, FC, % Dy, mm
+ 1-4-5 0.847 7.56 0.288
O 1-11-1 0848 186 0.123
60 o 1-11-2  0.847 2031 0.115
[ 1-11-3 0858 2554 0.107
L A 1-15-2 0675 6.04 0.479
> 1-15-4 0766  4.26 0.299
X 1-15-5 0762 4.28 0.305
40
20
O 111 1 1 1
10 1 0.01
Diameter, mm
COARSE
GRAVEL| sanD | MEDIUM SAND | FINE SAND SILT | CLAY
SIEVE ANALYSIS HYDROMETER ANALYSIS
- 27 L £, &% — =1 by i O\ 2= o2
B 5.9 B2erd iy = i S A o AR
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5.0kV 12.5mm x100 SE(U)

Ao dpd e+ 100 & (4% >0.074mm)

- S e
10.0um

5.0kV 13.4mm x4.00k SE(U)
w3pk e+ 4000 # (i <0.074mm)
B15.10 & %)% 5 ki (SEM) B %
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o420,

0.5

I No. oc(kPd) FC% &  CRRy.p
045 o 14 1275 2072 0846 0.277
i 4 110 1765 6050 0.884 0.300
+ 11 1760 2148 0851 0.278
0.4 — o 115 2200 489 0734 0254
0.35 —
| <
03
0.25 —
02 > 0
0.15
01 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 L1 111l
0.1 1 10 100
NC
B 5.11 & i = dhipsh 2 %

1000



Vs, m/s

100 150 200 250 300 350
11 | | | | | | | | |

i ‘ — SCPTU
12 O  Bender Element

13— X

14— O

15—

16 [~

17 —

Depth, m
[
o]
[

19

20— @)

21 —

22—

23—

24 —

25

Bl 512 R SCPTU £ & ft = did i 37 4 L v )
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FC, %

0 50 100 O
I | |

0, MPa
5 10 15 20 -250 0

U,, kPa

250 500 750
I

2.6m-Y

Dept

12 —wv o

|
15

B 5.13 A +:Fu CPT % % *
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FC, % 0, MPa

0 5 10 -250 0 250 500 750

Depth, m

B 5.14 % z23u CPT % % *
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0, MPa

19

20

21

22

0 50 100 O 50 100

FC, %

200

600

MLS
—e— FC=30%
—eo— FC=50%

Bl 515 Ry %Y F PR TLR%R R



3.5m

4.5m

5.5m

_
o O
)Y

BdX ‘8Inssald aliod

Lo |
o Q
D

[
o o o o
< N ~

BdX ‘8inssald aiod

o
Y

_
Q O
n <

ed¥ 9Inssald alod

[ 4 |
Qo O
™M A

10

6.5m

7.5m

1000

100

10

Time, sec

% (3.5m~7.5m)

5 i

%7

B 5.16 F +k3Fut CPT 3t 4K R

167



280
240
200
160
120

80

40

8.5m

Pore Pressure, kPa

400

300

200
9.5m

100

Pore Pressure, kPa

10.5m

Pore Presaure, kPa

120

11.5m

Pore Pressure, kPa
D
o o
I|I|I|I|I

300

200

100 12.5m

Pore Pressure, kPa

_100 | IIIIIII| | IIIIIII| | IIIIIII| 1 1 11111l

10 100 1000 10000
Time, sec

B 5.17 B +r¥u CPT 3¢ M-k R iE% % % (85m~12.5m)

=
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9.5m

Pore Pressure, kPa

11.9m

Pore Pressure, kPa
H
S

140

120 —

100 = 14m

80 —

Pore Presaure, kPa

60

140
120
100
80
60

14.2m

Pore Pressure, kPa

20

140

120 —

15m
100 —

Pore Pressure, kPa
T

80 | IIIIIII| | IIIIIII| | 1 1 11111

1 10 100 1000
Time, sec

B 518 % zeH-n CPT 3¢ M-k R 4E% % % (9.5m~15m)
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150

140

130
16m
120

Pore Pressure, kPa

110

160
140
120
100
80
60

17m

Pore Pressure, kPa

IIIIIIIII

200
160
120
80
40

18.5m

Pore Pressure, kPa

200

160 [—
120 19.5m

80 =

Pore Pressure, kPa

40

200

160 [—

120 — 20.5m
80 |=

Pore Pressure, kPa

40 1 1 lllllll 1 1 lllllll 1 1 L1 1111
1 10 100 1000
Time, sec

B 519 % ze3-u CPT 3* KR 4#% % % (16m~20.5m)
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N
B
o

160

120
21.5m

5
o O

Pore Presaure, kPa

(@]

240
200
160
120
80
40

22.5m

Pore Pressure, kPa

250
200
150
100

23.5m

a1
(@]

Pore Pressure, kPa

o

300
200

100 24.5m

Pore Pressure, kPa

-100

300

200 —

100 |~ 25.5m

Pore Pressure, kPa

-100 T Lol L1
1 10 100 1000

Time, sec

B 5.20 % z23-u CPT 3* -k R 4#% % % (21.5m~25.5m)
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A
N B KHS
O YLS
3 A MLS
=
£ 2
B
A
@)
1
O
| H A 0
ofel § O
A O
0 ﬁl A % EEl | ! B ! | @
0 20 40 60 80 100
FC, %
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Depth, m

12

Soil

15

_ FC, % g, MPa u,, kPa
profile 0 50 100 0 5 10 15 20 -250 O 250 500 750 1000
0 I I _L L l I I I l I l I l I
Cone area=10 cm?
N o Vv Penetration rate
mm/sec
— ML, CL oV H 1
& SC _ 20
- v d Cone area=15 cm?
-—- 20
[ a
\V4 [
_ -
vV O
SM, SC,
ML & CL o o
O

W 522 B +h3FnWiE CPT @5k 58 CPT #5% & %



10

Depth, m

15

20

25

174

Soil FC, % g, MPa u,, kPa
profile 9 25 50 75 0 5 10 -250 0 250 500 750 1000
T I T I T T I T T | T I T I T I T
M, 08ME" Gone area =10 cn?
cL Penetration rate

CL

SM,

CL

v

B 5.23 B 234 W iE CPT :psh £ 38 CPT Rk 2 %
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Soil behaviour type index, |

Zone 2: organic soi Is—peats

~Recommended

Zone 3: clay to S| Lty cI ay
/

@eneral correlation

3L
Zone 4: chayey s % O
_lty ¢ % f
B /
A g 8 A O o OZone5 s@/ sar%to sandyalt
5 Ay A/\— 8 0
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Assessment of liquefaction potential for a silty sand

1n central western Taiwan

AB. Huang, Y.T. Huang & F.J. Ho
Department of Civil Engineering, National Chiae Tung University, Hsin Chu, TAITWAN

ABSTRACT: The Clu Chi earthquake of September 21, 1999 triggered extensive soil liquefaction in silty sand deposits in Central
Western Taiwan. The post Chi Chi earthquake studies indicated that the fines content adjustments according to the simplified proce-
dure could cause rather inconsistent results amongst various assessment methods. The authors performed a series of cone penetration
chamber calibration tests and cyclic triaxial tests on remolded Mai Liao Sand (MLS) specimens, with various fines contents and den-
sities. The triaxial cell was equipped with bender elements and shear wave velocity (1) was measured prior to the cyclic shearing
test. With these data, the authors were able to calibrate the correlations among CRE, cone tip resistance (g, and I; for MLS. A test
site was developed in Yuan Lin County where standard penetration test (SPT), seismic piezocone and field I, measurements were
performed and low disturbance silty sand samples vsing a Laval sampler were taken. A series of cyclic triaxial tests were conducted
on the Laval samples with I'; measurements using bender elements. These field and laboratory test results were vsed to validate the
correlations among CRR, g, and I, from calibration tests and the simplified procedure typically used in liquefaction potential assess-
ment. This paper describes the laboratory calibration tests on MLS, results from Yuan Lin test site studies and discusses their impli-
cations in the assessment of liquefaction potential for the silty sand in this region.

RESUME: Le tremblement de terre de Chi Clu du 21 Septembre, 1999 a déclenché considérablement la iquéfaction du sable a I ouest
centrale de Tafwan. L'étude de la poste de tremblement de terre de Chi Chi a indiquée que avec les ajustements de contenu fin
d’apres la procédure existée peuvent causer plutdt les résultats inconsistants parmu les méthodes de 1'évaluation variée. Les études ex-
istées n’onf pas conduit 3 consensus comume s les fins peuvent augmenter ou dinunuer la résistance cyclique de sable. Les auteurs
executent une série d'essai de CPT et les essais triaxiales sur 1"échantillon de sable de Mai Liao (MLS), avec les densités et contenus
fins vanés. L cellule naxiale a équipée avec les éléments centreuses et [, 2 mesurée pour tous les échantillons MLS antérieur a 'essal
de cisaillement cyclique. Avec les données, les auteurs ont €té capable de calibrer les corrétions parmi CRE. g, et I} pour MLS. Une
entroit d'essal a dévéloppée a la région de Yuan Lin ou SPT, la piezocone seismique et la mesure de terrain I, ont ét€ exécutés et
I"échantillon de sable pen perturbé utilisant une échantillon de Laval sont fzites. Une série des essais triaxiales cycliques ont €té con-
duit a I'échantillon de Laval avec les mesures [ utilisant les éléments centreuses. Les résultats des essais de laboratoire et de terrain
ont eté ufilisés a valider les corrétions parmu CRE. g, et I} par les essais calibres. Cette article déscnit les essais calibres de la labora-
totre sur le MLS, les résultats des émdes de terrin de Yuan Lin et discut les impications sur I'évalvation de la liquéfaction potentielle
pour le sable dans cefte région.

1 INTRODUCTION

Field test results such as the N value from standard penetration
test (SPT), cone tip resistance (g.) from cone penetration test
{(CPT) or shear wave velocity (I'5) have been used to assess the
liquefaction potential for sand under the framework of simpli-
fied procedure (Youd et al., 2001). The simplified procedure
uses an empirical correlation between the cyclic resistance ratio
(CRR) and the field test results according to field observations.
These CRR correlations basically provide a clean sand base
curve and a suggested procedure to account for fines content for
sands with fines. The effects of plastic or non-plastic fines on
the behavior of sand have been a subject of geotechnical re-
search for many decades. These research activities however,
have mostly been limited to cyclic shearing tests on soil sam-
ples in laboratory. The laboratory studies have not lead to a
consensus as to whether fines can increase or decrease the
undrained strength or cyclic resistance of sand as described by
Polito (19907, On the other hand, systematic smdies on the ef-
fects of fines on N, g, or I's have rarely been reported. With
these drawbacks, Youd et al. (2001) emphasized that the CRR
corrections based on fines contents should be used with engi-
neering judgment and cavfion.

The Chi Chu earthquake (My = 7.6) triggered extensive soil
liquefaction in Central Western Tarwan. The sand deposit i
this region often had significant amounts of fines. When per-

forming back analysis of sand liquefaction potential in this re-
gion, the selection of field test method, its CRR. correlation and
the associated fines content corrections could lead to signifi-
cantly different results (Huang et al., 2003). It would thus seem
desirable to study as to how the fines affect the correlations be-
tween the field test results and CRR at least in this region. Mai
Liao Sand (MLS) and Yuan Lin Sand (YLS) are typical silty
fine sand found in Central Western Tatwan. These sands were
used as the subject of the field and laboratory experiments.

2 GEOLOGICAL ORIGIN AND PHYSICAL PROPERTIES
OF MLS AND YLS

The origin of both MLS and YLS was the central mountain
range that lied on the east side of Tarwan. Weathered sedimen-
tary and metamorphic rocks on steep slopes were eroded by
rainfall and transported by rapidly flowing streams before depo-
sitton on the west plain, fo a thickness of several hundred me-
ters. The process of transportation ground the fractured rock
mnto sand and silt particles. Fig. 1 shows gram size distnbution
curves of MLS and YLS samples taken from the field MLS
and YLS both had significant amounts of muscovite and chlo-
rite, in addition to quartz. The muninmm void 1ati0s (@) and
maximum void ratos (&) with the fines contents (FC) to be
described in this paper, specific gravity (G.), liquid and plastic



limits (L.L. and P L) of particles passing No. 200 sieve of MLS
and YLS are sumnmarized in Table 1.
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Figure 1. Gramn size distribution curves of MLS and YLS.

Table 1. Physical properties of MLS and YLS.

Sand MLS YLS

FC, % 0 15 30 a 18 43 29
Erie 065 0359 039 036 0.85 0.86 1.01
Erne 113 1.0 131 3 129 27 1.69
G, 2.69-2.71 272 2.73 2.75
LL. % 32 21-40

PL. % 24 8-28

3 LABOFATORY CPT CALIBRATION IN MLS3

A series of 94 CPT calibration fests were performed m MLS.
Four levels of fines contents, FC (0%. 13%, 30% and 50%),
three initial relative densities, D, (30%, 70% and 85%). three
levels of effective vertical stress, o, (100, 200 and 300 kPa),
and three tvpes of effective horizontal stress, o', to o7, ratios, K
(=05, 1 and 2) were applied with a few exceptions. The D,
was limited to 50% for CPT i specimens with FC=30%._ Most
of the K values were 1 for CPT in specimens with FC=50%,
while Dy, varied from 50% to 70%. The chamber specimen
prepared by dry deposition (DD) method had a diameter of 525
mm diameter and a height of 760-815 mm. The chamber was
designed to provide constant stress lateral boundary conditions
only. Details of the chamber design and its capabilities are re-
ferred to Huang et al. (1999).

A comparison of cone tip resistance {g.) from CPT per-

formed in dry and saturated specimens with fines contents of 15,

30 and 50% are presented in Fig. 2. When FC = 15%, the g. in
dry and saturated specimens agreed within 3%, affer reaching a
penetration depth of 300mm  We can conclude that CPT per-
formed in MLS with fines contents less than 15% may be con-
sidered a drained test. Thus, all tests with FC=0% were con-
ducted in dry specimens. When FC = 30%, g, in a dry
specimen could be more than twice the value as i a saturated
specimen. When FC = 50%, the g, in a dry specimen was over
three tumes that in a saturated specimen. It is apparent that as
fines content exceeded 30%, the CPT could no longer be con-
sidered a drained test. The equation proposed by Floravante et
al. (1991) was used as a framework to establish an empirical
equation for the interpretation of CPT i MLS as

e
o, o,

g _ Cox| == = =2 xexp[C, xe] O

P, LR. LR

where

P, = one atmosphere in the same units as G,

P = one atmosphere in the same units as g,

e = void ratio after specimen consolidation

Cy, Cy, €y, and C; are coefficients to be determined by matching
Eq (1) to the CPT data through a regression analysis. Table 2
summarizes the coefficients derived from the regression analy-
sis. A separate set of coefficients was computed for the CPT in
specimens with different fines contents. The minimum coeffi-
cient of correlation (@) between the test values and those com-
puted by Eq (1) 15 0.93 as shown 1n Table 2.
Rearranging Eq (1) so that,

C, x[K[* xexp[C, xe | = {%][‘E ] ol G )

al a,

where gy 1s the g. normalized to &, of 100 kPa. C; is much
larger than C,. suggesting that o’ 15 a more significant contrb-
uting factor to g, than &', Table 2 shows that the stress expo-
nent (i) or (C;+ C;) increased from 045 to 0.80 as the fines
contents changed from 0 to 50%. This trend 15 consistent with
that reported by Olsen and Malone (1988). The absolute values
of Cy and C; decrease with the fines content. This phenomenon
is consistent with the fact that as the fines content increases, the
sand becomes less dilatant (or more compressible), and thus of-
fers less resistance to cone penetration. In the case when fines
content reached 30%, the cone penetration became partially
drained and the cone penetration induced pore pressure was sig-
nmificant encugh to result in much reduced tip resistance.
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Figure 2. CPT in MLS with different fines contents.
Table 2. Coefficients of Eq (1).
FC, % Co 1 Ca Cs p
0 383 0.03 042 -2.02 0.94
13 236 023 044 -1.63 0.96
30 26 0.02 0.77 -1.04 0.95
50 ils 0.69 011 -6.05 093

4 LAVAL SAMPLING AND FIELD TESTS IN YLS

Konrad et al. (1995) reported their success i obtaining undis-
turbed silty sand samples form below the ground water table
without freezing A 200mm diameter and 500 high sample
could be obtained with the Laval Sampler. In order to prevent
soil structure damage during transportation for sand with low
fines content, Konrad et al. (1995) developed a method to freeze
the Laval sample (LS) above ground. The soil, while remained
in the sampling tube, was gradually frozen from top of the sam-
ple using dry ice, 1n approximately 24 hours. Bottom drainage
was provided to release pore water due to volume expansion
during freezing.

The LS along with a sertes of in situ tests that included SPT.
seismic piezocone, and P-5S logging were performed at a test site
in Yuan Lin Township of Chang Hua County. The boreholes
and test locations were distributed within a diameter of 10m.
Fig. 3 describes the soil profiles obtamned from these sertes of



sammplingdn situ fests.
shown i Table 3.

Properties of the Laval samples are
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Table 3. Sumunary of Laval samples.
Bor= 151 £s2 [
linl=
Dep: 33 6% 108 33 &0 108 36 39 11D
m = = = = = = = =
i3 &6 M3 41 93 11u 41 64 114
E

FC. 13 01 a0 75 18

LL 40 25 M 26 il 2 3 23

P14 283 W A 8 14 12 14

5 LABORATORY MEASUREMENTS OF CER AND Vs

The CRE were measured using siress controlled cyclic triaxial
tests where the soil specimen was consobidated under an jso-
tropic effective confining stress o, and then subjected 10 a cv-
che desiater strezs, oy 1n axal direction.  Specumens used m-
cluded undisturbed Laval samples from Yuan Lm and MLS
samples reconstituted by mosst tamping (MT), The CRR meas-
wrements were conducted with o, = 100 and 200 kPa, where
we have the most mterest in soil liguefaction potential assess-
ment. CER is defined as the gz 20’ that producss an axial
steain of 5% an donble amplitude in 135 cveles &V2) of unifarm
load application. A back pressurs of 300 kPa was used w all
the cyclic wiaxial tests. The top cap and pedestal of the tnaxial
cells were equipped with bender elements. The zhear wave ve-
locity, I was measured vamg the bender elements, poor to the
cyclic tmaxtal test  Because of the mgh compressibility of MLS
and YLS, the & value afier seul consolidanon was used m-ana-
lyzme the test data.

Upon cvehe traxaal test on undisturbed LS, the sample was
dismantied 1o make reconstituted specimens. For the YLS, re-
constitiied specimens were made following the MT and water
sedimentation (W5} methods, Fie 4 df.'pltts the cvelic friaxial
fesl results on YLS. The increase of fines content had a ten-
dency to lower the CRE. Awvailable dam indicated that undis-
tarbed LS hiad higher CRR than these of reconstmured speci-
mens; Specimens prepared by MT had lugher CER than those
prepared by WS

The MLS was first szeved through a =200 sieve (o separate
the fines. The coarse and fine pam:les were then blended o
obtain the desired fines conrent  The test specimens were cre-
ated following the MT method. FC of 0, 15 and 30%: were used
in the ciyclic iriaxial rests on MLS. The shear velocily was
measured nsing the bender elements in this series of cvclic -
axial tess Figs 5and 6 depict the cyolic triaxial test resulis on
reconstinued MLS  For a given ¢ the CRR decreased with

fines contents a5 in the case of YLS. Additional tests on MLS
teported by Hoang ef al (2004) showed that specimens prepared
1% MT had higher CRR than those in twrn by WS and DD. The
avatlable tests on MLS indicated that for 3 given e, the CRR
was significantly lower as ¢ meressed from 100 to 200 1P:.
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6 RELATIONSHIPS AMONG CRR. g_AND V;

The laboratory measured g, andior 17 values obimned m MLS
and YLS were smaller in comparison with those i reconstmted
clean, quartz dry sand samples under the:same states (Huang et
al, 1890: and Huang et al | 2004) Thes= lower values are:most
Likely related to the relatively soft and crushable namre of Y15
and WIS, and the =feets of fines. For the combinatians of FC,

eand o), = o, = 100 and 200 KPa. the comesponding §.. 11
MLS was computerd accordme to Eq (2). The CRR vzlues from
Figs 3 and 6 and additional data of cyclic maxial tests on re-
constituied MLS prepared by WS and DD methods reported in
Huang et al. (2004) were us=d to establish the CRR-g.v and
CRE-T7; as shown in Figs. 7 and 8 The mavial and CPT cali-
branen tests both indicated that under 2 grven density and siress
condimion. the CRR and g, were lower; as FC mereased fom O
to13% The decrease of CEX from max:al tess was however,
more sigmficant than gy as FC moreased from 0o 15% Asa
result. the g, was only shahtly smaltler for 3 grven CER as £C
mcreased from 0 1o 15326, this difference 15 much less significant
than that reported by Stark and Olson (1003). Alse, for 3 piven
CRE the comespondg g.;y appears o be lowes than sgzested
by Stark and Ofson (1995). As FC increased to 30%, g, be-
came much smaller. For the limited CRR values fom tests on
undistnbed YLS Laval samples, the comresponding g,y were
chosen from the field messurements a3 shown in Fig. 3. at com-



parable depths where the LS were raken.  The results from tests
1 MLS a2nd YLS both indicated a maihés sinular CRR- g, cor-
relation untl fines content excesded 30%,,

The establishment of the relatonslup between CRR and I7
was straight forward as they both were mezsured i the same
specumen. Fig. 8 shows a plot of CRR versus 17 (P nonmal-
1zed to &, of 100 kPa ) and thew companson with the correla-
tions proposed by Andrus and Stokee (2000). Fora given CRE.
the 7% value from laboratory fests on MLS and YLS specimens
were: generally smaller than these spggested by Andmis and
Srokoe (20003, Unlike CPT however, there was no significant
difﬁuutureamm: CRR-T; comelation s FC increased from 0
10 30%
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7 CONCLUDING REMARKS

The awvailable data shewed that the CRR- g, ;v and CRR-17; cor-
relanions developed from the laboratory fleld tests os MLS and
YLS consistemtly fell to the left of those proposed by Stark and
Olson (1905} and Andms and Stokos (2000), respectvely. This
discrepancy may be due to differences m soil grain charactens-
tics and conservatism nghtfully applied m those correlations by
Starkand Olsen (1005) and Andros and Stokoe (2000).

Neither CPT nor fisld shear wave velocity measnrement in-
volve soil sampling  TUhnless soil samples were taken, the

amount of fines content would have to be estimated or inferred:

frome empirical soil classificanion methods m the case of CPT
The amount of adjustment m g5y of 1% can 'be very sensitive to

fines content accorcding to the commenly used simplified proce-

dures. The high sensitivity coupled with uncertamities m the es-

timation of fines contents may well be the reasons for inconsis-
tent resulfs in assessing the hoguefaction potental m Central
Western Taiwan when applying drfferent assessment methods.
The data presented in fius paper do not suppon the idea of fines
contenit adjustment m its conventional sense. The fines conteat
anid its g-py adjustment becomes important only when the fines
siart affecting the dramage conditton in CPT The test data also
indicate that there seems to be go ased to disungush the CRE-
I72; correlanons according fo fines conient. at least for MIS-and
TLS:
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Correlations among ¢, 7, and Cyclic Resistance of a Silty Sand
According to Laboratory and Field Measurements

An-Bin Huangl, Yuan-Yu Tai’

! Professor. > Graduate Research Assistant, Department of Civil Engineering,
National Chao Tung University, Hsin Chu, Taiwan 30050
ABSTRACT

To ascertain the effects of low to medium plastic fines on liquefaction potential assessment,
under the framework of simplified procedure, the authors performed a series of laboratory and
field calibration tests in silty sand from Central Western Taiwan. The laboratory tests included
cone penetration tests (CPT) in a calibration chamber and cyclic triaxial tests on reconstituted
Mai Liao Sand specimens. Seismic CPT and low disturbance soil samples were taken using
Laval sampler at a test site in Yuan Lin. Cyclic triaxial tests were conducted on the low
disturbance soil samples. The triaxial cell was equpped with bender elements to measure
shear wave velocity (V,) of the soil specimens. With these data, the correlations among cyelic
resistance ratio, cone tip resistance, V and fines contents for the tested silty sand can be readily
evaluated. This paper describes the results of these laboratory and field calibration tests and
discusses their implications in the assessment of liquefaction potential for the silty sand in this
region.

Key Words: liquefaction, sand, cone penetration test, shear wave velocity, fines content.

1. INTRODUCTION

The Chi Chi earthquake of September 21, 1999 triggered extensive soil liquefaction in Central
Western Taiwan. The assessment of soil liquefaction potential in this region, when applying
the simplified procedure, often involved significant amounts of fines content adjustments. The
post Chi Chi earthquake studies showed that the fines content adjustment could cause rather
inconsistent results amongst various assessment methods (Huang et al., 2003). The simplified
liquefaction potential assessment involves the use of a correlation between cyclic resistance
ratio (CRR) and field test results such as N value from standard penetration test (SPT), cone tip
resistance (¢g,.) from cone penetration test (CPT) or shear wave velocity (7;). Essentially all of
the available correlations have been derived empirically based on field observations (Youd et al.,
2001). These correlations provide a clean sand base curve and a suggested procedure to
account for fines content (FC) for sands that contain various amounts of fines (particles passing
#200 sieve). There appears to be a general consensus that, for a given field test value, the
corresponding CRR increases with fines content, regardless of what field test method is chosen.
On the other hand, systematic studies on the effects of fines on SPT, CPT or V; have rarely been

reported. Little is known as to why there is a need for the field test value adjustment due to



fines content. The authors performed a series of cone penetration chamber calibration tests and
cyclic triaxial tests on reconstituted Mai Liao Sand (MLS) specimens. with various fines
contents and densities. Mail Liao is located on the western shore of Taiwan. The triaxial cell
was equipped with bender elements and shear wave velocity (V) was measured prior to the
cyclic shearing test. A test site was developed in Yuan Lin County where standard penetration
test (SPT), seismic piezocone and field V; measurements were performed and low disturbance
silty sand samples taken using a Laval sampler. Yuan Lin is situated at approximately 20km
northwest of Mai Liao. A series of cyclic triaxial tests were conducted on the natural Yuan Lin
Sand (YLS) specimens with ¥, measurements using bender elements. The laboratory tests
allow the correlations among CRR, ¢, V; and fines contents and how sample disturbance plays a

role in these correlations be evaluated.

2. GEOLOGICAL ORIGIN AND PHYSICAL PROPERTIES OF MLS and
YLS

The origin of both MLS and YLS was the central mountain range that lied on the east side of
Taiwan. Weathered sedimentary and metamorphic rocks on steep slopes were eroded by
rainfall and transported by rapidly flowing streams before deposition on the west plain, to a
thickness of several hundred meters. The process of transportation ground the fractured rock
into sand and silt particles. Figure 1 shows grain size distribution curves of MLS and YLS
samples taken from the field. MLS and YLS both had significant amounts of relatively soft
muscovite and chlorite, in addition to quartz. The muscovite contents are much more
significant in fines than the coarse material. More details on the geological background of
MLS and YLS, their grain characteristics and mineral contents can be found in Huang et al.

(2004) and Huang and Huang (2007).

3. LABORATORY CPT CALIBRATION IN MLS

A series of 94 CPT calibration tests were performed i MLS. The sand was sieved through a
#200 sieve to separate the sand from silt sized particles. The coarse and fine materials were
then blended together to form specimens with the desired fines content. Four levels of fines
contents, FC (0%, 15%, 30% and 50%), three initial relative densities, D,, (50%, 70% and 85%),
three levels of effective vertical stress, &’, (100, 200 and 300 kPa), and three types of effective
horizontal stress, ¢’; to &’ ratios, K (= 0.5, 1 and 2) were applied with a few exceptions. The

D,, was limited to 50% for CPT in specimens with FC=30%. Most of the K values were 1 for



CPT i specimens with FC=50%, while D, varied from 50% to 70%. The basic properties of
the MLS. along with the minimum void ratio (e,,;) and maximum void ratio (e,,,) for MLS with

various fines contents are shown in Table 1.

The medium sized chamber, as schematically shown in Figure 2 was designed to provide
constant stress lateral boundary conditions only. The chamber system allows the specimen be
saturated under a back pressure and perform CPT calibration tests. All specimens had a
diameter of 525 mm diameter and a height of 760-815 mm. Details of the chamber design and
its capabilities are referred to Huang et al. (1999). The chamber specimens were prepared by

dry deposition (DD) method.
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Figure 1. Grain size distribution curves of MLS and YLS.
Table 1. Physical properties of MLS.
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A comparison of ¢, from CPT performed in dry and saturated specimens with fines contents of
15, 30 and 50% are presented in Figure 3. When FC = 15%. the ¢. in dry and saturated
specimens agreed within 5%, after reaching a penetration depth of 300mm. We can conclude
that CPT performed in MLS with fines contents less than 15% may be considered a drained test.
Thus, all tests with FC=0% were conducted in dry specimens. When FC = 30%, ¢, in a dry
specimen could be more than twice the value as in a saturated specimen. When FC = 50%, the
¢. In a dry specimen was over three times that in a saturated specimen. If is apparent that as
fines content exceeded 30%, the CPT could no longer be considered a drained test. The

equation proposed by Fioravante et al. (1991) was used as a framework to establish an empirical
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equation for the interpretation of CPT in MLS as

q O_! Cl O_r C:
C=Cyx| 2| x| L] xexp[C, xe] (1)
P

a? a a
where
P, = omne atmosphere in the same units as ¢°,
P, = one atmosphere 1n the same units as q.
e = void ratio after specimen consolidation

Cy, C1, Cy, and C3 are coefficients to be determined by matching Eq (1) to the CPT data
through a regression analysis. Table 2 summarizes the coefticients derived from the regression
analysis. A separate set of coefficients was computed for the CPT in specimens with different
fines contents. The minimum coefficient of correlation (p) between the test values and those
computed by Eq (1) 1s 0.93 as shown in Table 2. Rearranging Eq (1) so that,

—I C =Gy
Cy [K]Cf X exp[C‘3 X e ]: {q—‘ {i‘f} =g,y (2)
Pazj o

where ¢.;y 1s the g, normalized to ¢’, of 100 kPa. Cp is much larger than C,;, suggesting that
o’y 1s a more significant contributing factor to ¢. than &’,. Table 2 shows that the stress
exponent (17) or (C;+ C,) increased from 0.45 to 0.80 as the fines contents changed from 0 to
50%. This trend is consistent with that reported by Olsen and Malone (1988). The absolute
values of Cq and C; decrease with the fines content. This phenomenon is consistent with the
fact that as the fines content increases, the sand becomes less dilatant (or more compressible),
and thus offers less resistance to cone penetration. In the case when fines content reached 30%,
the cone penetration became partially drained and the cone penetration induced pore pressure

was significant enough to result in much reduced tip resistance.
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Figure 3. CPT in MLS with different fines contents.

Table 2. Coefficients of Eq (1).

FC, % T, (e c, C, p
0 383 0.03 0.42 -2.02 0.94
15 236 0.23 0.44 -1.63 0.96
30 26 0.02 0.77 -1.04 0.95
50 316 0.69 0.11 -6.05 0.93

4. LAVAL SAMPLING AND FIELD TESTS IN YLS

Konrad et al. (1995) reported their success in obtaining undisturbed sand samples from below
the ground water table under its ambient temperature. A 200mm diameter and 500 high sample
could be obtained with the Laval Sampler. In order to prevent soil structure damage during
transportation for sand with low fines content, Konrad et al. (1995) developed a method to
freeze the Laval sample (LS) above ground. The soil, while remained in the sampling tube,
was gradually frozen from top of the sample using dry ice, in approximately 24 hours. Bottom

drainage was provided to release pore water due to volume expansion during freezing.

The LS along with a series of in situ tests that included SPT, seismic piezocone (SCPTU),
spectrum analysis of surface waves (SASW) and P-S logging were performed at a test site in
Yuan Lin. The boreholes and test locations were distributed within a diameter of 10m.

Figure 4 describes the soil profiles obtained from these series of sampling/in situ tests. The



big cone CPT) at a regular penetration rate of 20 mm/sec. The results are also included in
Figure 4. The aim of big cone was to create a less drained CPT so that the effects of drainage
could be enlarged by comparing results between slow and big cone CPT. The available u,
from the slow CPT matched u, well in most part of the slow CPT and the corresponding g,
values from all three types of CPT did not reveal significant differences. The evidence seemed
to indicate that all three types of CPT in these depth levels were close to a drained condition and
thus had similar g.. An important exception in u, profile was at depths close to 6m where u,
from the slow CPT was still much higher than u, at the same depth and the higher u, coupled
with a sharp drop in ¢g.. It is thus expected that all three types of CPT were partially drained at
this depth level. The change in cone size and or penetration rate was not sufficient enough to
cause significant effects on ¢.. A review of Table 3 would show that the fines contents close to
6m depth ranged from 89 to 91%.

S  LABORATORY MEASUREMENTS OF CRRAND V|

Cyclic triaxial tests were performed on reconstituted MLS and YLS specimens and undisturbed
Laval samples (LS) from Yuan Lin. The MLS was first sieved through a #200 sieve to separate
the fines from the coarse material. The coarse and fine particles were then blended together to
obtain the desired fines content. FC of 0, 15 and 30% were used in the cyclic triaxial tests on
MLS. Methods used to create reconstituted MLS specimens included moist tamping (MT), dry
deposition (DD) and water sedimentation (WS). The procedure of these specimen preparation
methods are described in Huang et al. (2004). Details on the procedure in preparing frozen LS
specimens for cyclic triaxial tests are referred to Huang and Huang (2007).  After triaxial tests,
the LS specimens were dismantled and remixed into reconstituted specimens by MT and WS
methods, for additional tests. The CRR were measured using stress controlled cyclic triaxial
tests where the soil specimen was consolidated under an isotropic effective confining stress c’.

and then subjected to a cyclic deviator stress, o, in axial direction. CRR is defined as the oy

/20’ that produces an axial strain of 5% in double amplitude in 20 cycles (N) of uniform load

application. A back pressure of 300 kPa was used in all the cyclic triaxial tests. Because of
the high compressibility of MLS and YLS, the e value after soil consolidation was used in
analyzing the test data. All CRR measurements were conducted with o’. of 100 and 200kPa
where we have the most interest in liquefaction potential assessment. The top cap and pedestal
of the triaxial cells were equipped with bender elements to measure the shear wave velocity, V;
of the specimen prior to the cyclic triaxial test. For comparison and correlation with CRR, V;

is normalized to &’, of 100 kPa as described by Andrus and Stokoe (2000) so that,
;025

‘-"—fJ (3)

o

Va=V,

Y

Results of the cyclic triaxial tests on MLS prepared by DD method under ¢’ of 100 kPa



are shown in Figure 5. Figure 6 shows a typical comparison among CRR of MLS for
specimens prepared by three different methods where CRR of MT method has the highest value
and DD the minimum. The comparison in V, measurements follows the same trend as shown
in Figure 6. The CRR of MLS specimens prepared by DD method under o’; of 200 kPa are

depicted in Figure 7.
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Figure 5. CRR of DD reconstituted MLS under ¢’ of 100 kPa.
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Figure 7. CRR of DD reconstituted MLS under o’ of 200 kPa.

Table 4 shows the LS specimens used in the cyclic triaxial tests. A comparison of the 7,

from laboratory LS specimens and those obtained in the field 1s demonstrated in Figure 8. The



laboratory values fall within the range of field measurements reflects the low level of
disturbance of the LS specimens. Figure 9 shows the bender element ¥, measurements in LS
and reconstituted YLS specimens under an effective confining stress (¢’.) of 100 kPa. As in
the case of CRR, V; decreases with FC. Clearly, the V; in the reconstituted specimens are
significantly lower than those of the LS specimens even when the reconstituted specimens had
much lower void ratios, regardless of the preparation method. The V; values of both MLS and
YLS are significantly lower than those of clean quartz sand under similar density and stress
states applied in the tests described herein. Figure 10 depicts the available cyclic triaxial test
results on YLS. For LS specimens with very similar void ratios, the increase of fines content
had a tendency to lower the CRR. Available data indicated that undisturbed LS had higher
CRR than those of reconstituted specimens, again even when in many cases the reconstituted
specimens had lower void ratios. Specimens prepared by MT had higher CRR than those

prepared by WS.

Table 4. Physical properties of the selected Laval samples

Borehole | Sample No. Depth, m Gs | FC.% | Sample | ey | €pux

Ls
Ls-1 1 3.32-3.80 2.73 43 WS 0.86)1.27

Ls
5.90-6.41 2.75 89 WS 1.01]1.69
MT
Ls
Ls-3 3 10.98-11.40 | 2.71 18 WS 0.85]1.29
MT

LS-3

(]
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Comparison of V, measurements of YLS specimens
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6. RELATIONSHIPS AMONG CRR, ¢4, ANDYV,

To establish the CRR- ¢, correlation according to Robertson and Wride (1998), the ¢.;» trom
calibration tests is adjusted to an equivalent clean sand value. (g.;v)~ using a fines content

adjustment factor, K¢ as

(.q.":;\e' .).-;_5— = KCQ;‘L\' (4)

K¢ increases with the a soil behavior index, I¢ that 1s computed according to normalized

cone tip resistance, Q and sleeve friction. f; as

fe= [(3.47—1og§‘}2 +(logF +1.22 )2]0'5 )
where
q.-o, (2
¢ [ P, ][ a. ]
F o= [f./lg.~o, )00

Ie relates to soil classification and increases with fines content. When Ic exceeds 2.6, the
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sand 1s considered not liquefiable. The relevant data of Ic and FC from CPT in Yuan Lin test
site and MLS calibration tests are plotted in Figure 11 with reference to the correlation
suggested by Robertson and Wride (1998).  For MLS the I was calenlated nsing n = (Cy+ C5)
according to values shown in Table 2. For YLS, the Ie was determined assuming n = 0.5,
The field and laboratory data do not show a consistent correlation between FC and I¢ as

depicted in Figure 11.
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Figure 11. Correlation between I and fines contents

6.1 Correlations according to laboratory tests

The cychic triaxial tests were conducted on isofropically consolidated specimens. For the
expected field cyelic resistance ratio (CRRygqq). the CRR was corrected according to a procedure
suggested by Ishihara (1996) as

CRR 5= CRR(1+2K/3) (6)

The available data set allows CRRgaq-¢- ;v correlations be established under K = 0.5 and 1.
For the combinations of FC. e and confining stresses related to the CRR. the comresponding g7y
from calibration tests in MLS was computed according to Eq (2). consider K=05and 1. It
should be noted that since the CPT calibration fests were conducted in specimens prepared by
DD method. only the CRR from specimens prepared by DD method were used to correlate with

CPT. The available CRR values were plotted against the computed ¢, in Figure 12 using the



Robertson and Wride (1998) correlation as a reference. For the given density and stress states,
the CRR .49, data points clustered in a rather narrow range, as FC increased from 0 to 15%.
There is no indication of any consistent trend of data points that correspond to FC=15% falling
either to the left or right of those with FC=0%. As FC increased to 30%, g.;x became much
smaller. As shown in Figure 3, the CPT was drained when FC=0 and 15%, drastic reduction in
qciv Was apparently resulted from the partial drainage effects during CPT as FC reached 30%.
The above result seems to indicate that if there is a need of fines content adjustment, it should be

more directly related to drainage conditions in CPT than fines content itself.
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Figure 12. CRR versus ¢,y based on laboratory and field data.

The establishment of the relationship between CRR and V; was straight forward as they
both were measured in the same specimen. As all V, measurements were conducted on triaxial
specimens isotropically consolidated to 100kPa, thus K=1 and CRRg.,y = CRR. Figure 13
shows a plot of CRR versus V;; and their comparison with the correlations proposed by Andrus
and Stokoe (2000). For a given CRR, the V;; value from bender element test on MLS was

generally smaller than those suggested by Andrus and Stokoe (2000). Unlike CPT however,



there was no significant differences in the CRR-V; correlation as FC changes from 0 to 30%.

6.2 Correlations according to field CPT and undisturbed samples

It may be argued that there is a difference in soil structure and aging effects between the
laboratory prepared, reconstituted specimens and natural soil deposit in the field. A field
verification on the CRRg.4-g. v correlations originated from reconstituted specimens would be
desirable. For the limited CRR values from tests on undisturbed YLS Laval samples, the
corresponding ¢.;y were chosen from the field measurements shown in Figure 3, at comparable
depths where the LS were taken. By coincidence, all selected CPT were performed in soil with
a rather narrow range of void ratios from 0.92 to 0.99, according to laboratory measurements on
Laval samples (see Figure 9). There was a steady decrease i ¢y as FC increased from 18 to
89%. The CRRygeaq values were computed using Equation (6) assuming a K, of 0.5. The YLS
CRRge1g-qe v data points were added to Figure 12.  As discussed earlier, among the three sets of
field CPT in YLS, the g. corresponds to FC of 18 and 43% may be considered results from
drained CPT. For FC of 18 and 43%, the YLS data fell within the range of CRRg.14-¢.;v data
points according to drained CPT in MLS. As in the case of MLS, the YLS data moved out of
the range of drained data points as fines content reached 89%. However, the drainage effect
for the field YLS data was not nearly as significant as in the case of laboratory CPT in MLS. It
is possible that natural, alluvial silty sand contains randomly distributed thin and permeable
clean sand layers. Thus, CPT in the field is likely to be more “drained” than that in laboratory

calibration tests in an artificial and uniformly mixed silty sand.

The correlation between CRR and V; of tests on natural and reconstituted YLS specimens
followed the same procedure used for tests on MLS. As all V; measurements were conducted
on triaxial specimens isotropically (K=1) consolidated to 100kPa, CRRgas = CRR. The
CRR-V;; data points from tests on YLS are included in Figure 13. The results from YLS are
consistent with those of MLS in that the data points are confined within a narrow range with no
clear trend as the fines contents changed for a wide range of 18 to 89%. No clear distinction
on the CRR-V;; correlation could be made between the data points of undisturbed and

reconstituted specimens.
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7. CONCLUDING REMARKS

The basic principle in simplified liquefaction potential assessment is to infer CRR of a soil
deposit based on field tests obtained in soil with the same stress and density states. To justify
the fines content adjustment in a CRR-field test value correlation there should be evidence first
indicating the significance in the effects of fines and a consistent trend as to how the fines affect
this correlation. CRR is an undrained strength value regardless of fines content. The cyclic
loading imposed on soil deposit during an earthquake is under a high strain rate. It 1s
justifiable to perform undrained cyclic triaxial tests to simulate the earthquake loading
conditions, regardless of the fines content of its specimen. The ¢, values reflect the resistance
of the sand/silt mixture imposed on the cone tip under the field conditions. The drainage
conditions in field CPT cannot be controlled. As fines content increases, the CPT changed
from a drained to partially drained process. The laboratory and field CPT data reported herein
have indicated that the change in drainage conditions has significant and consistent effects on
the CRR-gq,;y correlation. A few thin and permeable layers in the field can disrupt the drainage

conditions i an otherwise uniformly mixed sand/silt deposit. The position and distribution of
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drainage layers cannot be readily predicted by CPT. The potential error i the relationship
between fines content and I¢ and the random nature of drainage conditions in the field can cause
significant errors in the use of CRR-g.;x correlation such as that suggested by Robertson and
Wride (1998), at least for YLS and MLS. If CPT is to be used in liquefaction potential

assessment, it 1s preferable to make drainage adjustment rather than fines content adjustment.

The strain level involved in shear wave velocity measurement is small and the drainage
condition is irrelevant. If the study on CRR-g. ;v correlation is an indication of the importance
of drainage effects, it is not surprising that no significant or consistent effects of fines contents
could be identified on the CRR-V;; correlation, according to the available test data reported
herein. For the YLS and MLS, the CRR-V; correlation proposed by Andrus and Stokoe (2000)

15 too conservative.
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Development of Optic Fiber Bragg Grating
Displacement and Pressure Sensors
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ABSTRACT: Displacement and groundwater are important elements in slope stability monitoring. If automated,
thesa readings can be used as a basis to predict potential slope fatlure and dispatch early warning messages. Electrical
sansors capable of detecting ground displacement and monitoring groundwater pressure have been available for
decades. With the halp of computer based data logzing system, they too can be automated and fulfill similar functions.
The electrical sensors are mestly non-distnbutive in nature and are prone to electromagnetic interference. It can be
rather impractical if the electrical sensors are used on a long term basis and'or deploved massively. Optical fiber
zansors generally have the advantages of small size, immune to elactromagnetic interference and being abls to
fransmit signal mn long distance. The optical Fiber Bragg Grating (FBG) is one of the many available fiber optic
sansor technelogies. The authers used FBG as a sensing medium and developed a ground displacement monitoring
device referred to as the FBG Segmented Deflectometer (FBEG-5D) and an FBG plezometer system. Tzking advan-
tage of the partially distributive nature of FB(, these sensors can be readily installed in 2 series to measure the profils

of ground displacement and groundwater pressure distribution in the fisld. The paper describes the design principles,

laboratory calibration and fisld installation of these FBG sensors.

EEYWORDS: Fiber Bragsz Grating, ground displacement monitoring, pressure senser.
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