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ABSTRACT

This research project studies the geotechnical properties of soft Bangkok Clay as follow: (i)
small-strain stiffness, (i) non-linearity, and (jii) stiffness anisotropy. The results of this project can
provide a very important data for the understanding of the behavior of soft Bangkok Clay.
Moreover, if the constitutive is developed based on these data and implemented into the finite
element analysis framework, it will enable the deformation analysis of the geotechnical structures

to be more accurately predicted.
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41 monotonic triaxial NARNWaaNuATAIAINdINIIMAGBLAN NINULAZEITE Y initial linear

i
(% o

stress-strain relationship n41anan yinlideyanldiauiidetiatianas na Yimsiri (2002) £

]
;y  ©

Iisedaasdudnan stiffness Nl&a1n monotonic triaxial test A lAARNRITUUNAz T AF AR UNg991Nn

whauRauiuanliaann self-boring pressuremeter \iesann bedding error fnann external

strain measurement

2-1



4 B
o

Si‘ = < ol o= 2
uny 2 NGHUASNTIRENINLIYEN

{21 Typical Strain Bances in the Fekd

AR e S byt - ASlabYING Walls
\\ ¥ ¥ 4
<. -
rss \\ %ﬂ»%wlﬂ: Foundations
51
= N Foiiog ot Thkhels
S Linear Elastic & ;
2 . o
e Nonlinear Rlastic .
o) B e A
& =S

Pravield Plastic L
o i)
Full Plastic T
W’Wm

2 i

¥

3 b
4 5 ¥ i
61z 107 108 ;b e 1o

Sainy %

Dvnamis Methods

Local Ganges
PR e St

Conventional Solt Testing

I s A

i) Typiced Sirain Banges for Laboratory Tests

g9 211 A modulus MAeuldiy strain uazUARS (a) TWIATDI strain FEMINNTSTIRATI
Thsaa$1anegiisng (after Mair, 1993) waz (b) 11419294 strain AFalAaN1MAGEL

7147 (after Atkinson, 2000)

e/ d 1 “n d "
2.2  {RIENANANIENUABNYANTTUN small-strain
%y)@m@mw%@u small-strain stiffness 194AUTALNINALNIAINNTNABHIULLL dynamic
fiusaetine undisturbed %58 reconstituted clay, 458898819 reconstituted sand NelfianIn

% . . aa 94 T A A

ANTNLAULLY isotropic N1snadauniianliae resonant column 38 bender element “nﬂ%glu
triaxial system 1uAsaNR NN FLansIdTasanansetNeiaznsENUAT small-strain stiffness
09AuTININUAUsTIN TN ALaLIATIaS 9 IRaA (11 TUIATBIBYNIA, TUIAAKY, AINUUILU)
wazllsdRnN9Esaanen (19 stress history, stress state, ageing, chemical processes) Hardin

and Drnevich (1972) ladputialadasinei 3 ngu Aa d1dnyuan, drdytien, wazlaidfy f

wamalumisan 2-1

2-2
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A Qs i ] ” ° o
Agad 2-1  tadeiiinanseynusa shear modulus Waz damping 875U complete stress

reversal. (Hardin and Drnevich, 1972)

Importance to”

Factors Modulus
Clean sands Cohesive soils
Strain Amplitude \ \
Effective Mean Principal Stress \ vV
Void Ratio Vv \%
Number of Cycles of Loading R R
Degree of Saturation R \Y
Overconsolidation ratio R L
Effective Strength Envelope L L
Octahedral Shear Stress L L
Frequency of loading (above 0.1 Hz)R R R
Other Time Effects (Thixotropy) R L
Grain Characteristics, Size, Shape, Gradation, Mineralogy R R
Soil Structure R R
Volume Change Due to Shear Strain (for strains less than U R
0.5%)

’V means very important, L means less important and R means relatively unimportant except as it may affect
another parameters; U means relative importance is not clearly known at this time.

¥ Except for saturate clean sand where the number of cycles of loading is a less important parameter.

Hardin (1978) ”L%ﬁnquanm small-strain 993 clay AT sand WATWLIIAT small-strain

! 3w i . .
shear modulus R¥UUBELNL current stress state (Yﬁﬂﬁm mean effective stress), current void

| 4
. ] a g ’ , , O, ]
ratio, WAL stress history 19401 (Tmi"ﬁm overconsolidation ratio OCR (=—"%)) A1 small-

v

o

strain shear modulus 21315088018 lAAIAaNNIT (2-1)

m"v( = .SP

] OCR* (2-1)
Pa
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i 3 o/ 'JJ s 1 & 5
Tnah 4 A small-strain shear modulus, F (e) ﬁﬂmuﬂﬁ‘%uﬂgﬂum void ratio, p’ A8 mean
effective stress, p, Aa reference stress (IndArAuAULITININA), S, 7 UaY k AeApsnlA

FAINNITNAXR

e

Aan1AudNRusAdnefuannis (2-1) Aldigniauslafistduiesiurananimansad

dmiuRutiingu Anudiuiigniausundiuliuandunsih 2-2 luidadallaclfeiune

nuransznuesifadtsiesengfinssu small-strain 729AU
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Ac/dd kg

neueN

m‘a"wn 2-2 mmﬂ%\‘mumﬁ‘ small-strain modulus ”Lu?ﬂﬂl'aa

max

a

= Sf (e {p J (G, . p'uwaz p, imsenily kPa)

Test
Soil type S fle) n Void ratio range reference
method
Sand:
‘ (2.174 —e)’ . o
Round-grain Ottawa Sand RC 690 i ST 0.5 0.3-0.8 Hardin & Richart (1963)
l+e
(2973 -¢)’
Angular-grain crushed quartz RC 327 Ao Xl 0.5 0.6-1.3 Hardin & Richart (1963)
l+e
(2.17-¢)f .
Several sands RC 563 Nl 0.4 0.6-0.9 Iwasaki et al. (1978)
l+e
Reconstituted Toyoura Sand Cyclic TX 840 @17-¢)f 0.5 0.6-0.8 Kokusho (1980)
l+e
Several cohesionless and (0_3 +0.7¢? )”
RC 450-14000 0.5 N.A. Hardin & Blandford (1989)
cohesive soils
, - (227 -¢) 4
Reconstituted Ticino Sand RC&TS 507 e SN 0.43 0.6-0.9 Lo Presti et al (1993)
l+e

2-5
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A19199 2-2 (cont.) AAINTDIANNNT small-strain modulus lugilaay —m2 = Sf(e{ £ ) (Gpae » P’ 882 p, Aninenilu kPa)

Pa P,
Test
Soil type A F(e) n Void ratio range reference
method
Clay:
Reconstituted NC kaolin RC \2
327 (2973-¢) 0.5 0.5-1.5 Hardin & Black (1968)
I+e
Several undisturbed clays (NC PO
RC 327 (2973-¢)" 0.5 0.5-1.7 Hardiin & Black (1968)
range) 1+e
(2.973 -¢)’
Reconstituted NC kaolin RC 450 bt 0.5 1.1-1.3 Marcuson & Wahls (1972)
1+e
Reconstituted NC bentonite RC 45 M 0.5 1.6-2.5 Marcuson & Wahls (1972)
1+e
Several undisturbed silts and 2
RC 74-288 (@973-¢f | 45061 0.4-1.1 Kim & Novak (1981)
clays (NC range) l+e
' : (7.32-¢)
Undisturbed NC clay Cyclic TX 14 bl 0.6 1.7-3.8 Kokusho et al. (1982)
1+e
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A19199 2-2 (cont.) ANAINIBIANNIT small-strain modulus lugirey —22 = Sf(e{ﬂj (Goae » 28T p, Inrinenilu kPa)
P Pq
Test
Soil type A F(e) n Void ratio range reference
method
e (average
from
Six undisturbed ltalian clays RC & BE 275-1174 0.40-0.58 0.6-1.8 Jamiolkowski et al. (1995)**
e “x=1.11to
1.43)
Several soft clays SCPT 500 et 0.5 1-5 Shibuya & Tanaka (1996)***
Several soft clays SPCT 1800-3000 (1 ’ e)‘“ 0.5 1-6 Shibuya et al (1997)***

* RC: resonant column test
TX: triaxial test
TS: torsional shear test
BE: bender element test
SCPT: seismic cone test
. from anisotropic stress condition

% (g !
= use G, instead p
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2.2.1 Effective stress state
1 1 o o~ J) 1o/ U % e "
FINKANIANHINULAN stiffness 1B9AUATAULETUAY mean effective stress viFa principal
A % t i % = =
effective stress gﬂ‘w 2-2 WAAIAIDENNIBINANTENLUAY stress level AP shear stiffness 19901 UA

FiNe7] (Coop & Jovicic, 1999).

— D og's Bay sand
-~ - = decomposed granite {Korea)

-- — Ham Riversand

- {3~ Greansand {reconstituted)
—{3F - slate dust {Rampallo st al., 1995}
10000 —F3F— Thanet sand
n —&~- decomposed granite {Hong Kong) 3
i — > - RAankin (,fﬂ
- v
2 1000 5
= E
x ]
£ N
o %
100
4
i0 L T i e B 20 S e A1 I A R R 41
100 1000 10000 100000
p' (kPa}

{a) sands

P e T 1 A 13

- == kaolin
-~ = Fucino clay {(Rampeflo el ai,, 1995)
e London clay (Rampello of al, 1995)

4 - - - Bothkennar clay
10000 -3 —- —  Valericca clay (Rampelio et ol, 1995)

3 —&——  Nedh Field clay (Rampello et al., 1985}
4 & Boomclay

EE 1000

% s

E =

v} o}

100
10 !‘lﬂ’ . R ll’f?‘hl T, ¥ lll"!'; ¥ H Ill’l’TTI
100 1000 10000 106000
p' (kPa)

(b) sands and clays.

3UN 2-2  uansznuTaN stress level fiaAN shear stiffness 2098191AFNS] (Coop & Jovicic,

1999)
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ANNTg (2-1) AzaNyAANEWILLY isotropic  atinalsfimnu Roesler (1979) wud1An small-
. . 49’ [ " . d’ 3 os v o o s
strain stiffness 1WagNU principal stress NUANFAINNY TnelAMn193m small-strain shear modulus
a1n shear wave velocity TusiaaenefugilanunAnianunsamauau principal effective stresse sl
azdul# Roesler (1979) wudnan shear modulus azdiuagiu principal effective stresses TufiAR
¥ 1 1 b
shear wave tAunsuasluiaheyniaduiadeun lagazliluediuen principal stress 1w
¥ v ¥
wwassanAusEnLs  nsAunuilignauduleadistvatsausann (W Yu & Richart, 1984;
Stokoe et al., 1985, 1991)

-n‘ U d i = = i 1] s
g;ﬂ‘n 2-3 WAMIAN shear wave velocity Apunnaly 3 AAn19nsnaiy 4

s—xy !

V. wae ¥V _.)

$=ZX

A vertical effective stress (o) AzaNIBINER horizontal effective stress (o, waz o) by

<

ANAIN (Stokoe et al., 1995) FIWUIAN shear wave V. . F98fANISRUNINLALHAT9NNS

S—xy

ipRauNTesaLNARulELE out-of-plane direction axilA1AYT

4 o Changein Vertical Effective Stress

~==be Direction of Wave Propagation
4 Paiticle Motion

& G089 r
=
oy
\:Y;%
3
w0
2001 i feadaatet ik g i
20 A0 55 80 at 300
Vettcal Effective Strass ¢, (kPa)

3Un 23 maulapunasAees shear wave velocity lufiAnng 3 fisntsuanseiunnalfigann

ANNLALLLYL anisotropic (Stokoe et al., 1995)

aunnafaiuinuesiifliiaued miy elastic wave w7 A1 P-wave velocity azdusiiu

effective stress 1‘1&“71?11’!’1\‘1ﬂ’lﬁ‘La‘uWNLﬁﬂﬁuﬁi‘imm\ﬂugﬂﬁ 2-4 (Stokoe et al., 1995)
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unii 2 ngejuasenddsuiingda

4 o, Change in Vertical Effactive Siress

ﬁ - -3

800G+ " ~2 Difection of Wave Propagation
& v $ Particle Motion
£ ¥
- & <r Pz
=500 b A :
:ﬂ,_; V_p-sx;,,
2
400
e
@
z
i
o

300 1 i i 1 ¢ el 30 il ¢ i‘ Xv’ e

20 40 6080 100 200 - 300

Vertion! EHective Stress, 9, (kPa)

gUn 2.4 nswfasuudasAnes P-wave velocity uiAnng 3 fiamnsuansraiunialfianinaiu

VAL anisotropic (Stokoe et al., 1995)

2.2.2 Stress history
g 3| o o e A Py ' a . d|
stress history Wa¥ current state Lﬂuﬂ@@ﬂan@uuu\muw@m@wqﬁm?m stress-strain ¥ small
strain  Tmavialy stress history ax@sL18Aa81AY overconsolidation ratio Hardin and Black (1969)
wuanadiiuFudn T luaunis (2-1) ieRansINansznuaes overconsolidaion ratio taeildna
NIMARBUAIN resonant column test ALAUMUBIAIGNTNNGIBTTTA  ANNITRANITOBTUILAY
auNIeg (2-2)

A" overconsolidation ratio (OCR ) Tuaunns (2-2) azlienlugiand mean effective stress,

7 7
TR -1 ' 13 =~ . a O-, ax \
R= ﬂ, atlsfimuen OCR fignunsnlianulugy effective stress Tuwwana (OCR = —uax )

P o,
G i
max :Sf(e{_g_j R* (2_2)
pa \pa

Tunemnsaniuduaanisnagay bender element WA resonant column test 1ag Jamiolkowski
et al. (1994) wamII1A overconsolidation ratio MHNHANTZNUABAY small-strain modulus 284
s ' o <t v < = el. 1 " " = e £ %
ﬁl')@?_ﬂﬁﬂunﬂuﬂ‘)F‘N@ﬂ'\Wﬂ"\Nﬂ"\?‘W@"}ﬁ‘ﬂy\ﬂqikﬂ@ﬂuklﬂﬂﬁ‘ﬂ'ﬂﬁﬂ'l void ratio L3EUTadlag  Hanng
naaaulne Tatsuoka & Shibuya (1991) waz Lo Presti (1994) fiugiwinAn overconsolidation ratio

laifinansznusian small-strain modulus 484 sand #9¢)
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2.2.3 Void ratio
AN elastic stiffness IBIAVALANTMNDAIAMNMUIUUMANTWITEAY void ratio aARe 317

2-5 uanvsaeireInslAsuulacen shear stiffness LAY void ratio 18eAuTiAsiNe e ld

a1NNT0FEUITEUAN shear stiffness  dalAanAusliaifeaiunAtaoumuwivaeiy {34

nanaviuaslfiaua normanzing function Ffe) aeagUlumised 2-2 adrelsfiniuen void ratio
function e empirical 393tAY siinANNNIsNageUaN e |Ilaua AunaIe1tia farfuaziios

as & <4 & { d
winsedalunsaenldamants

ov’=ch '-'200&?3

200 o D T
190 ‘__, G RS R e o e o RN BRIHAN (963

f e Jarpiolkowski et ai. (1991) l
+ R o e — e e S B BB ISRE2 Polovic (1985)... . .
180 +-- S ; i

176 1__ P WPEEEEYs

160 3

Gvh (MPa)

140

YEB | s ,f, TR K
®  HRS {Ham Rivet Sand) ®
120 =% pKS (Dukerke sand)} ** e .
® ce#o i i SR :
] (Giass Ban’oum) T I I TR L
110 b ypgyy - , ! ; \
; * . ]
100 j_ i ey e B s R 5 3 " P
06 065 0.7 0.75 08
Void ratic
(a) isotropic effective stress state
av=316kPa, oh'=142kPa (p'=200kPa)
23() ,;“ e e e - ‘ S Gaana o 43 -f
: i :
190 - < e e e e ‘H’fa—a AERICHAR (19635~ ]
: ; e e JaTmlkowskt etal. (1991) g
180 it O , ---------- i6 (1998) s

=
o
2
= '
>
[ 1
116 § - e s
H ' i
4 i 5
100 « = — e e e . —— H
6.6 0.65 0.7 0.75 08

Void ratio

(b) anisotropic effective stress state

gﬂ‘fl 2-5  NANTIVUAAIAN void ratio FIBAT shear stiffness 8115 (a) isotropically consolidated

sample WY (b) anisotropically consolidated sampie 9483 HRS (Kuwano, 1999)
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e

s lsfinunsAnmisaInnismaastuazanngg] (Weiler, 1988; Houlsby and Wroth,
1991; Viggiani, 1992; Rampello et al., 1994 uaz 1997) auuaywinel small-strain shear modulus
989 overconsolidated clay nelfianInAINIALLUL isotropic %?jyuﬂijﬁu current stress state,
AN state variable, UazA1 mean effective stress TaelisnTudasiansaid void ratio At
small-strain shear stifiness mmﬁ*m:ﬂ%mﬂLﬂum?ﬁvuagjﬁu 2 A1RN 3 AT F(e), p'uay OCR
Fufuannis (2-2) azgnifuliiitluannis (2-3)

G _ S*{ELJ R (2-3)
P, P,
Tnefiomng * Waliiunauuansnatuen S, n,ueek

2.2.4 Stress ratio

ad g

Yu & Richart (1984) wudnaunis (2-1) tdarusaldiunanisnaaasfiilan stress ratios

(N=ap) 23\1151' MNNANITNARAL resonant column test Lmﬁwudﬂtﬁ@ shearing stress 1199 stress
ratio fiANTuaz AN shear modulus TiFnanae aselsfauEnen stress ratio fiaandn 2.5-
3.0 nansenueessiuFanl shear modulus ariaandt 10% wasaunsaarsanladnagluaay
AANAABELIBININAGEIIUNIIMAN shear modulus

o i

¥ dy <4 o’ o Pren o il i g "
mﬁ‘ﬂuwnugﬂﬂuﬂuﬂmﬂmimQ'J gUAENIYW Rampello et al. (1997) wua1A1 elastic

shear modulus 984 reconstituted clay $¥#99N1INAABL drained constant stress ratio test ‘1%14%
1:Jf-ﬁ”u@g;ﬁum deviator stress ratio (7]=g/p) A" elastic shear modulus Anauszanmg 20% 1ila
A1 deviator stress ratio L‘ﬁ'u@’m 0 lhilu 0.7 dunramraiudinn Pennington et al. (1997) wudnlu
N1SMARBALLLBEATUTIAN deviator stress ratio ifiHasiaA elastic shear modulus BRI
Tuouay

u’aﬂ@’mﬁ”Rampello etal. (1997) MHauaaunsdwsuiumiiontailunissmulasannannis

(2-3) patansluannng (2-4)

*

__G;ax =s;(§_) R¥ (2-4)

lau R, Aed stress ratio MelfanimAuAuLLL anisotropic

2.2.5 Rate effect
ﬁ"&mﬂ'}?’lﬁn'mﬂ%@uﬁw‘%mmL?Juﬁﬁwﬁaﬁﬁm@m‘xwuﬁ@wqam‘smmﬁu NANTENUIDY

RTINS IRNTIARA stiffness 3BIRWUNEYLERINNSANENATRANIINAREY resonant column LAY

2-12



o = om0 sl 9
uny 2 Wf}?ﬂfﬂu@:ﬁ\ﬁu?’ﬂﬂﬂmﬂ’ﬁ!ﬂﬁ

torsional shear %#8 triaxial (Stokoe et al., 1994) Fauansdnftesnsnisliusafinduasinlie
shear modulus LRNAUAIMFLNNINAREA resonant column WANINAILLELLLL compression
2t ls AUHANINANEILNEILIUHAUATTILE AN A small-strain stifness lafiurugnm
A5l Shibuya et al. (1995) ANMINANTENUIDBY shear strain rate ABAN shear modulus 97N
nTNAaas cyclic torsional shear test LL@':WU‘)"\Lﬁ"aM’mﬁl‘nmL&Ntﬂ?\’ﬂuuﬂmmr\ 0.005 iy 0.1
Hz Thdlsifiuansenusian shear modulus  uBNANNTIEWIL shear strain AENATY 2 x 107 #
stiffness azlail@finansznuann shear strain rate, type of loading, number of cycles, Was cyclic
prestraining

Teachavorasinskun et al. (2002) ﬁnmtﬁmﬁuu@m:mmm stress rate ARAI stiffness 14
soft Bangkok Clay a1nn15naand cyclic (compression-extension) triaxial tests A18R3IN17 1AW
Aenulng vertical stress rate $95lAna1n 0.05 kPa/min §1915un1s1usalLIL monotonic &1
304 1000 kPa/min &wFunslfiusaiuy cyclic 8819159 NANNINARBILAAIIIAT secant Young's
modulus ATwA strain Ynans (e, =0.02-0.2%) Wiasuasmuninisuuasesiisnis
1iusa

gﬂffi 2-6 uamanTiLlABLAIIad elastic Young's modulus T83RuTRARN strain rate A7
Feazifiudnm elastic stifiess unuazlsi@uiusn strain rate (nansmaaanizaiuiagiag Lo

Presti et al., 1996 Wax Shibuya et al., 1996 fag)

L s —
1
Ultrasonic wave
e o \'E E
a a b

}Hard rock core S W]

s}
# ﬁ g a* - :{j g o ‘n'
o)) \ K

[ﬁ: Q%ﬁ&‘ﬁ b
Concrete ? \
o

Mortar Resonant-column
10°F .

4

g GD‘/Sagami?mra soft rock (U)
o

Metramo silty sand (U)
OAP clay (U)

w0 ! / 7
1 o0 3
i 2° wa Wet Chiba gravel (D) 3

o o Saturated Toyoura 4
2 sand {(U) |

“
%
w3
®

¥

Q %’%}Aﬁr-mied
s Hostun sand (D)
3 £ P e e 2, 2

10 ~ 3
r N.C. Kaolin (CUTC)

Strain rate, €, (%/min}

91U 2-6  waNTTMLTeY strain rate AR elastic normal stiffness (Tatsuoka et al., 1997)
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2.2.6 Aging uaz time effect

NANIINUTDIIRAR stifiness TUTNEMFLT clay UaY sand NISANEIAIUIUNINUAA
4 small-strain shear modulus AxtRNAUALANTIENTNALLELAST (¥ Marcuson & Wahls,
1972; Afifi& Richart, 1973; Seed, 1979 uaz Daramola, 1980) winnafiiululléfe creep, ns
mﬁ'auﬁmmmmﬂﬁu, LAyt el interlocking WA cementation 38U AYNARY

gﬂﬁ 2-7 w@nansilaeuutadaes shear stifness (G) NUIATEWING creep AINNITNAAAL
fuAY Dogs Bay sand ARAEmNULA LAY poorly graded 1@l Jovicic & Coop (1997) gﬂ‘ﬁ' 2-
7(a) WARNNANTENUIAY ageing/creep AMFUTTAL isotropic effective stress m"N']LL@x loading
direction #197 WANNTMAGELATGN normalized Hatd G Gudufinandud anIIMARBILARITY
NANSENUAZNINTIZAUAIEUAULAE TN N UT8q shear stiffness AuRN 15% lusyaiziann 3

o i

44 Jovicic and Coop (1997) a5una9IN1niinTULeN stiffness (93U 2-7(b)) TnasaetiaAuet)

nalfing loading UA% unloading WU isotropic) N1aMnUsnngnisal ageing tasannszudnaiiy

1y " " = g v &
98] creep (W12 volumetric strain umiﬂ@@uﬂ)

1-20 ~
500 kPa
1-15
=)
4 i onPs
r=3 ] A
Q\gb (o] /
o ~ /z/ ao
1-05 ,:/,,/
o o 2900kPa
1'(}0 LaEe IR AR R R A2 § TTTYYrYY FmTTrTrTYY Y Ty
1 10 100 1000
Time: min
{a) Influence of confining stress
1-20 ~
First Joading
115
=)
[
:‘5, 110 ~
1-05 Unloading
) Reloading
‘00 % e S i o5 5 R0 S LI e R e ¢ LIRS 2t S T M 0 Ty
1 10 100 1000
Time: min

{b} Influence of current loaging direction

t

3uN 27 nanszMuUARIIan (creep) Fa shear stiffiess 2839A98895Y calcareous  sand

{(Jovicic & Coop, 1997)
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unil 2 nguiuazenidaiingodas

227  dinrasnu
N"9391393184 normalized shear modulus degradation curve TB9AUANUARILUZLIN 2-8

(Kokusho, 1987) n31W modulus degradation 984 gravel a251UN919849 sand Wae clay n1sWiaz
i ' U b " H 3
waaulniaeanila confining pressure iinduuaziiulylafning s degradation curve 71 confining

pressure §aN1N7)@av A uBnuaLTLandluglf 2-8 (Laird & Stokoe, 1993)

1.0 [

By : G o
‘ "%(Aay, 100 kPa

Shear Modutus Ratio G/ Gaa

-2 o
i Sand. 50 kPa
s %
< Grave, 50 < 830 kPa
3 B
00 Ly g : G o
10 109 0% 10 100

Shear Sirain v (%)

gﬂﬁ 2-8 Normalized shear modulus degradation curves 189A111ARAN97 (Kokusho, 1987)

2.2.8 Recent stress history (immediate stress path)

AN small-strain stifiness Ta9Auaasuuasing resent stress history nslasuulase
NANI9T8Y stress path u?‘@i:ﬂ:mmﬁmmﬁamwmwL%u'ﬁmﬁ%ﬁmaﬂszwmﬁ’mmnﬁiﬂ
stiffness NENAY

Atkinson et al. (1990) AnmRasfunansynurasnaasuuLlaafiAvnses stress path s
stiffness 999 overconsolidated soil N1INANEINIAY London Clay Thunnmegau drained
constant effective mean stress ( p') W8 constant deviatoric stress (q") Lmtéﬁﬁ’m’wwmmaﬁvﬁu
au"ﬁﬁﬂﬁ'uqﬁiw MMM IMNABNANNEANAE U U LLA RN stress path i
AnWANNEL BN ATy NANIINARAIUAANIN recent stress history NNANTENUBLNININGD
WOANITN stress-strain - TUAENAY  HANTINUIBINANINTBY stress path FBAT  stiffness
degradation curve wmmﬂugﬂﬁ 2.9 Faarld stiffness degradation curves fsnatudeutisnnag
NAgELTINN AR LN stress path WAeRf (@Jgﬂ‘?{' 2-9(a)) V%Tiﬁmmnﬁqmmﬁuﬁ stress path
history siafurieun1sgnidau (A0, BO, CO uaz DO) uaznginssud stiffer axfinduiiiefianis

184 stress path §BUNAY (D — 0 — X) (Ag1# 2-9(b))
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Shear Moduius & (MPa)

w2 10+

gﬂﬁ 2-9  WANFTMULEN recent stress history #i8 stiffness degradation; (a) stress paths waz (b)

stiffness degradation 283 OX stress path (Atkinson et al., 1990)

2.3 Anisotropy

esmnAwinainnismnazneunelfussliindasiniueyniaiuas Beeuin anisotropic
uazAuaZingANssuLLL anisotropic AefiwgAnssuduiuiiAniates stress 1Wia strain sz
WORANTsU anisotropic 411108 UNE LAY inherent WAY stress induced  WRAN$IN inherent
anisotropy INARINKATEINTTLIUNITHLONUATAN LT IBIBUYNARY sigamiunisnszananis
BERAI9IBYNIARUTENINANNG consolidation 158 stress process %uq%ﬁﬂﬁtﬁﬂ stress induced
anisotropy  luAdiufluaiafuargnnsy mimﬂ*nmmm mum?w’é@mﬁu%qﬁ‘ﬂndﬁ initial
anisotropy

n’\s‘f‘m"f?‘mmimqa’éﬂwﬁﬁmns@uﬂgﬁmmmLﬁm“ﬁwumnﬂ’qut,%@ulu mode AU AN

NMIANHININNIBUAAIINARNRSFULINRaURIAlAY compression mode @aunsaiiAuInngNidh

¥
Tatl extension mode A89NIN  AAUUANANTULEAITIANIWAIHNAL (111 TANI998S principal
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v

stress  WAZIUNATDA intermediate  principal  stress) HkaAONgANSTNIBIAY  WBNAINTNTT
wiguuaafiAnn s major principal stress Lﬂuﬂq«‘faéwﬁmlnumiﬁuﬁ%ﬁﬁﬁmmiﬂma’i‘w
gaunIn ”«fums@@nu:uuiﬂN@’éwvnﬁmnﬁ‘mﬂgﬁ (\fu §1u30, UYARN, AUAL) azbiad
FansnNTa I ALATTANA4T8Y the principal stress axes TunAsaininnafnEnanssnLre
NITUYULAY principal stress direction WATIUNATRY intermediate principal stress m@awqan?m
stress-strain, pore pressure, Was strength characteristics 989 Bangkok Clay 21BATIBLATRINIT
'ﬂm@ﬂﬂuﬁmﬂﬁﬁ'ﬁmﬁmm@mamm@@ﬂé’mmﬂuwﬁ 5 LAY 6

unsAnemgfnes anisotropic gesiudnihifiazieaiidiasfieonimenasiiannsaniugu
TUALAETIANINTD principal stresse ¥ 3 AlE luanddeiifiesasile torsional shear hollow

s

cylinder livaAnm (Asiade 2.3.6)
2.3.1 Inherent anisotropy
a & a 2 R o :J

WOANgN inherent  anisotropy  NNAINEITUDIANIS anisotropic  TAIAULUBININAN
NIYUAUNSTLONAZANBUTIDIDYNNANY Vaid et.al (1995) AnIwgRANssH inherent anisotropic
194 Syncrude sand Tmen1sneaay simple shear test (NGI type) Waz torsional shear hollow
cylinder test faatinaAuLLY reconstituded gnisenlaeiEN1TUULANNTAB3E moist taming WAz
water pluviation UAZATa air pluviation WANNTNARBIUAAINGANTTUAUANFNAUEHBLETN
o ' ¥ chai 1 o’ =t b 4 L% Py d’ . ai el R . ¥
FIBENNMILIBNFANNNY 96 moist tamping 1qumna‘su‘v1 soft wae brittle N4A 1 air pluviation 15

a al' = k2 A:iad & F ¥ a i i o/

WoAnssN brittle feeas TupasENas water pluviation WingAnssuwLL strain hardening Aduans

Tugiln 2-10

cr',.. = 200 kPa
Fines confent = 12 =

r pPluvicied
A 768

8, =

20—

Shear Stress T, (kPa)
g

Molst Tamped
s, = 0.767

¥
Q 5 1o 18

Shgor Straln 7, (=)

sUN 2-10  wevedEnITsTRNARt N AUABNANTIMARRY undrained  simple  shear 799

Syncrude sand (Vaid et al., 1995)




- P so oA o
unn 2 W{]kfﬂuﬂ‘;’\?’]u@"?ﬂﬂlﬂﬂ')?]ﬂ\?

NANTENUABN soil fabric 6@ small-strain stiffness TBIAIBENNAULLL reconstituted 1B
London Clay specimen luandlugui 2-11 Tauamep smallstrain stiffness  luiiAniasingg
(G

dmfu confining pressure uilepiuAn G, aznnnddin G, ~G,, AniuRuazdl stiffress lu

,G,, and G,,) malfanimanuiAumauaiiy (Jovicic & Coop, 1998) NANMINARBIUAAII

vh

¥ ]
wuaneusnAd lunAuiiasann soil fabric

ot /}
24
e
"
. 7
o e
f;\: Fal P
- R /
E: . F
510D ¥
] .é:/ o
8 / Ko
] re o G‘fw
gl » {77!3
100 .
p(kPo)

sUN 2-11  wofingsw stiffness anisotropy 989 undisturbed London Clay nelfianinainuiiy

WU isotropic (Jovicic & Coop, 1998)

HANITNARBILARIIN clay MelianinAuLAuLLL isotropic a¥lAT G, 11NN G,,
Uszanns 50% Fauanafiangfingsa inherent anisotropic iiesanMsRAGEIFaTsauN AR
(Pennington et al., 1997; Jovicic & Coop, 1998)

Jamiolkowski et al. (1995) a1ens149u84 shear wave velocity uuuaueusieuafiannua

N13NAeL IUAUNAILE A TUANTIN 2-3
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unil 2 nguijuasaniseiineddes
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A919N 2-3 aRTIRIUIBN shear wave velocity luumu@ummmmmnmam?mﬂ@u’tuamu

(Jamiolkowski et al., 1995)

Site Soil type Vi !V, References
Montalto di Castro (ltaly) | Silty sand and silty clay 1.00-1.10 Jamiolkowski & Lo
strata Presti (1994)
S.Francisco-Oakland Sand and gravel 0.88-1.10 Mitchell et al. (1994)
Bay Bridge Toll Plaza
Alameda Bay Farm Sand with fines 0.85-1.04 Mitchell et al. (1994)
Island (Dike)
Alameda Bay Farm Sand and clay strata 0.86-1.16 Mitchell et al. (1994)
Island (South Loop
Road)
Port of Richmond (Hall | Sandy clay, silty clay, 0.93-1.12 Mitchell et al. (1994)
Avenue) and clay strata
Port of Richmond Sandy clay, silty clay, 0.93-1.08 Mitchell et al. (1994)
(POR2) and clay strata
Port of Richmond Poorly graded sand 0.82-1.00 Mitchell et al. (1994)
(POQ7)
Pence Ranch ldaho Silty sand and gravel 0.85-1.03 Andrus (1994)
to sandy gravel
Anderson Bar Idaho Sandy gravel from 0.85-1-15 Andrus (1994)
loose to medium
dense
Larter Ranch Idaho Silty sand to sandy 0.85-1.20 Andrus (1994)
gravel
Gilroy No.2 Treasure Quaternary Alluvium 0.91-1.14 Fuhriman (1993)
Island Bay Mud 0.90-1.11
Site A Bolson fill 0.75-1.41 Stokoe et al. (1992)
Site B Fort Honkock 0.57-1.08 Nasir (1992)
(Texas)
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2.3.2 Stress induced anisotropyﬁ'uaum 8.li99 ﬂ.‘ﬁﬁu% 20131

WO#AN334 stress induced anisotropy WungAnssx anisotropy iieaannnsiAsuulasaas
soil fabric ﬁtﬁm'}ﬂ@ﬂ’mm’]mﬁmmu anisotropic Wong & Arthur (1985) ANHINANTENUUD
Wqﬁﬂ?m anisotropy 183 dense Leighton Buzzard sand Tﬂﬁl%Lﬂ?;@dﬁﬂ directional shear cell
melinsdeuiuuliszneh fhethedugniasuniagda pluviation TnelsitiangAinass inherent
anisotropy TusEuILRIIUAY (gﬂﬁ 2-12) sewinennsiReus 0/ %gnmu@uﬁ b =04 Anwu
189 stress path szwnen1sEed 2 fumen luduneu A Tufastauazgnideulufien effective
stress ratio (0 /0 ") fiinaun (TaeilAn major principal stress direction = W) wasMaanIuf
urload néUlR O7%07=1 luduneu B 1fuﬁa@fh\1§m:qn reload 1maitiAn major principal
stress direction = {J, Fsuansinaannaesiuney A taatmuald AW=0° uax 70° AP= Y,

(93U7 2-12) ludunaw A azifia axial strain fawN1g unload

- z
For sampie subsequently
FE isoropic in plane of stigin
Allgrnalive
directions of — 7
deposition * Subsagusent planse
3 7 e O 101N
I 7 [JIiF
V{7 ;
il
For inhecenity )/‘/' § £ .
anésotropic/
sample .
¥ (&)
ya
Deposition
directon
for
inherently
anisotropic

sample

2y = fya vl
Sirezs paih A
precedes siress
R 3y path 8

x Y

(]

3U% 212 nsBEsTesFaetnafY, stress path, LaYHia1uT89n139R anisotropy luntmeaay

321169

DSC (Wong & Arthur, 1985)

baty, (Y136
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917 213 LAAINANIINAABLTIUAAINANTENLTEY induced anisotropy 61 stiffness WAz

] o & [ 44 ol :/, $ <3| ] a "
dilatancy atinedmanlastustiuacuAsaainssinludunen A Jadudasnaiia anisotropy
i ar -~ 1 o ' a a 5 z a 'd
\129eAl pre-strain iNTURIDENIARAZENGANIIN contractant N1AULAY stiff liaaas WoRANsTNT
< o i " ° © ¥ o ] o ﬁy =
ﬂuﬂuimﬂmmgmm principal stresses (Al.llz?O ) Az liiA99819AY contract NNTULATH

o . i " AS» ' o/ - R i o
WEANIIN stress-strain N ductilen Ny uammmmﬁuam?mumqummsu anisotropy AN 1#

a & M
INAFUINTURBY A
el Fop=0 )
P For ¢, see inse!
- 6F dmgm 10
& 59
el e 5 an® N ot
< : /Wﬁ -y a0 } ,_s\ " g
1 4  Arthur & 8
% ] Assaci {19771\, 2
3 5 .. i
2 K~
2 3 !44
3 1 1 3 ‘; 0 30 60 30
{ 1 2 3 §: de
7, % 9

vy = 177 (angle of dilation)

gﬂ‘ﬁ 2-13  stress-strain 994 dense sand ﬁﬁwqﬁn?m anisotropic (Wong & Arthur, 1985)

233 msdszanaldanadinasiu anisotropy
NMIUUIsAANI9T8Y principal stress WuiAnTuiulnAlulassairmisdmnsandgi g

2-14 ugAaldu  contour TBINIIUNUIBIRANIY principal  stress  BaIABAUNGNaTIILY
overconsolidated Clayﬁﬁmﬁ‘ﬂzﬂﬂﬂ?ﬁ non-linear isotropic finite element (Yeats, 1983) wan1s

a 5 G i . o o n’: a ° a d‘l <
AATziuansdNlé center line sa9AuAMINANATgNNsziInlaanIsiNTuTes axial stress Tunng
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Y a Ay a ° 9 s - @ WY
mw'mmummmmmmmu@:gﬂmzmmamwmu‘luamw unloading ﬁmmmmmulmmnm?

wWasuulasresArasyunseiniuLwIAaas major principal stress a1n 0° 11liflu 90° annua

nsaz i ludledudlag Hight & Higgins (1994) %113 Jardine (1994) néannsidesiagag

1 L4 ] ] k2 b 4
principal stress lusnuganiafusiuanslugy 2-15 Tnasuganfiaduligna¥ralufu Thames

a4

1 ¥
Gravel (K, = 0.5) ‘U’Nﬁ\‘i’a’l\‘i?T‘J’ag):uuﬁ'u?mumm’m overconsolidated London Clay (K, = 2)

o

¥
FASREINLIAIBINTIUHNUTBY principal stress agjszid e 30° uaz 90° Tuduuimilen

RS 2 St ‘1"‘ BX
Gravel CAYATION AND
X,208 N PROPPED WALL W
LONDON (LAY
1m
LONG TERM
Contours
London cio }f *
K,=2:0

3UN 2-14 &1 contour 1B9TIANNT8 o, luisndaugaly gravel uar London Clay

(Jardine, 1994)

afler construction

gU# 2-15  1&u contour 28IRANIITAY major principal stress IHAUARLUTURWMTIAEa AN

NM3AITHLAY non-linear numerical analysis (Yeats, 1983)
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TumediFnnsiimsesitlymmnsisnssul siazanyRdiAulinginssy isotropic  Tunas
fasunansznuTeInsaNsfit Zdravkovie et al. (2001a) iAnmuansznusemginsu
anisotropic fiangAnssNzesAuAuLNAuMaalaainsiaszd W ludiedmusifosuuudnaesiu
WL isotropic (Modified Cam-Clay) &% anisotropic (MIT-E3) yananiinanisAtInRLES iyl
Whnuisuiudeysann full-scale test IesduRuTinAgeLauiTRTImeelat La Rochelle et 4l

(1974) uaz Tavenas et al. (1974) gluwasuuasgldnresruAutuanlugln 2-16

A
1 30.5m ¢ 4
g R23
/; e
. RIS
// :
Y S
/‘u@ iR6 : RO
e : i H
(e . S - a)
| - R

= Settlement gauges
« Horizontal markers

Cross-scction A-A

< ) &
g‘d'n 2-16 (a) gﬂumﬁ"m wa (b) gﬂmmm Saint-alban test embankment (Zdravkovic et al.,

2001a)

.n; 4‘1‘ o’ d‘ 3 o/ o 1 d; o’ . ¥
gﬂ‘ﬂ 2-17 u,mrmn’mﬂa@umiuumﬁ"mﬂmwmﬂuﬂuiﬁﬁmmmﬂfaumgn.normalnzed nel

i b2
3 <~

' o o PN 1% & o ey i g = &
mmmmumiuummumnqmwﬁi:mm‘lﬂﬂ@u'ﬂﬂumu%qum sUlEug I NanN15IATIZaIn

YU

]
o e

WUL418eULY anisotropic WikafiAnd1  AArugeressuRuiITRT A s lasuULS 18 Ay
WU anisotropic UWATHANINAGU LA UATITUT 3.0 AT NITIATERAILUIA T UL UANa 89
anisotropic Wi#e3a undrained shear strength A nnNNIMAAaL direct simple shear (DSS) uay
triaxial compression/extension FUAABENIAUR isotropically consolidated  lunnenauiunig

Aaszifnlsdmiuuuusnaed isotropic Wdeya undrained triaxial compression strength ke




o
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‘JLﬂi"’l:ﬁlﬂﬂ"lﬂ‘ﬂu@ﬂ‘ﬂ’a\iﬂuﬂ‘u“ﬂ‘)ﬁ[ﬂ'ﬂ 4.9 wmg (M3e 1 Luﬂ?@]ﬂﬂ‘)’]ﬂqﬂi\i) LW}‘!N@V)QLﬂﬁ‘%‘Mﬂlﬂﬂ’l

wnifullisiaaainnisiasunlasiiAni9ees major principal stress AMNTEUILINNGIIR

—
W

i i | i
g )

------ MCC - TXC
— — MCC - 1.25xDSS$

=

Normalised horizontal displacement, v/u,_,,

7
0.5 P2 -
™
T el
*—.’L”‘//:/ )
0 Lewe
0 05 1 1.5 2 25 3 35 4 45 5
Embankment height {m)

51U 217 nsufiouliauANgIIeIAURRTIRRAINNTAAIEILLLANG (Zdravkovic et al.,

2001a)

234 UNURIAT A WAL b

o 4

UNATBIAIULTZNBUTDY stress vector TuatAURANIINAaNA T ULNUE1BY aealsAinu

U

o

AN principal stress A¥AMNANINLAZIMNAAT TUALAANI9T0uNUENEY ANTUANINBIAINLAY

ANNNTOBDLNLAY stress tensor AIANNNT (2-5)

G'Z ’z-l sz
=5, &, fy (2-5)
T o

xz xy x

2
o ar & Y

anmeRasanamnanestasld =7, 7,=-7, uar 7,=-7, fuluasiesnsduls
1 1] v
By 6 MielanuaninAnuduraefuRAUN wanaintdeaunsadiaunsatisnanin

AHLAUFENNTANMUATUIALAT R ANIT8Y principal stress Yiamua AIngUR 2-18 UAAIANTEY

principal stress waau (X, Buaz P

oo 0 0
T. =0 o, 0 (2-6)
0 0 oy
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T, g
//
/ A A
S, /
C'l
{a) Independent stress components (b) Major principal stresses

gUN 218 doudsznauresannuiduinssiuueimuudng (a) dousznauisunn (o) major

principal stress

9
as

. . P

Tuanmiialumadnssulgiiunisiunnsesivazifiaauluiianussiiudosseslandaliy
aepanisnilfidndn @ = F=y=0° &m¥u normally consolidated clay azilfn vertical
stress 1NN91 horizontal stress Aty O=0, Wy 0,=0,=0, <0, Mnnsdudmiu
‘heavily-overconsolidated clay aziilu G,>0,, 0,=0,=0, usz O,=0, WNIDILILIUIALDY
intermediate principal stress azldsauls intermediate principal stress parameter (b) A9ANNNST

(2-7) (Bishop, 1966)

b=2-72 (2-7)
O,

3

1 v
Wastunaaniwaaudusassaulsmanazlfianmn b=0 uar @=0° &m¥u normally-

consolidated clay WaxAn b=1 uar a=90° 815U over-consolidated clay @19FLANINANMNLAL

WUL plane strain aziiAY b=0.3-0.5

235 HAMIANMINANTENULRY Ol UAS b AANOANTTNURIAU
INNUAUITEN IRARNAUARIG shear strength uas stiffness I8vAuTuagiUTIATES
intermediiate principal stress (TeaFLNgfaufowls b) uaryNBeTULWIAIaY major principal
stress (Teadunsfapduls @) lulaseaianisimanssudgidaunnniuazgnnssindaaanin
b2 d‘v % n: % d” ' o b %
AAuRTUTaulney a0 uay 70 uay #1 anwandunuuiiliainisadnaadlilaenig

nageulutieslfiFnisviall
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P = s o oala o
uny 2 NEGEIUASITEIRUNINLIYEN

=4 .::; o a 3 = = ' v 43 <4 ]
fin1sAnuInanafaeiungingsy anisotropy 193AuINARN9 InelHIATRNam19) 11U
. ! d S
triaxial, simple shear, directional shear cell, true triaxial, Wa< plane strain aealsimnaiATelie
' d”dal o o d‘ ' o = 3 a ndl' <4 ! sy 0 o
mmuu%mﬂm'wLLﬂnmdnu’mn’wﬁnqumnﬁu anisotropy 18341 LATANHARTUNINUIBINA

4 1

NeafunsauANAANILaz1uaTasANAulAat9BassuaINEiY  stress/strain  non-
. . =4 0” = o v d” 4 ' -~ 4” o ¥
uniformity ¥SeanwNsIELNEEn Meazdeasevindetiaznantetitavieaatuluinde 2.3.7
TwirdaliaznannfiswnidduifiaatungFngsy anisotropic 18vAulgiuIdaRaTUaN Y

L ¥ H )
LiszuraiuazszunativesdsataaungnesinlaganinaadunifiAniesieaes major

principal stress axis () Lmzﬁﬂmmi’m"]‘nﬂ\‘l intermediate principal stress (b)

2.3.5.1 gansENuues &
8
i) anwszungu

Symes (1983) EnnisAnEuanes initial anisotropyimﬁmswm‘)@u torsional shear fiu

AYBENNAYN medium-loose Ham River sand (HRS) FAURATUNANEAT water pluviation nalfinnsiaen -

2 )
LuussUNen Baeteaugn isotropically consolidated T1l#iAn mean effective stress (p § winriu

200 kPa Uazil back pressure Winfiu 400 kPa tal#iiiin saturation agineanysal saatne@uazgn

RBUAIEAN O UAT b r&hmﬁ@ﬁﬂmwﬂm‘:mmqu‘ﬁﬂasu anisotropy Nalfiantzszunatin Al

ANNLARAUALIANTEUBENT monotonic AUNTEIARLRWLY stress-controlled  TuauzyAn p=600

4 oy 3 o = " % ] “ ‘=} ! (o)
kPa WazAn b HATASYI JULAENTAN major principal stress saunufsazidasunLlasening 0° uay

90°

919 2-19 wiamAN stress ratio (C/((3) 1 octahedral shear strain (Eoct) AMNN1INAADL

HCA #lA1 b=0.5 uazAn o agseudrs  0° ”

war  90° A1 €, Huniae

3 .
s 2 2 2 ' i . o

fon = T \/(51 &,V +(e,— &) +(5,—¢) uanImaaaauanddIAn stiffness 1BIRUAZAAR
e :

s s il , , a4 g
e QNI WoRingsa volumetric compression AziNTWNE (X NI A7 ultimate stress

ratio ATAARIBLNNINLNAAANIT8 major principal stress waullarnuueds g9 2-20 uamanns

7/

= ; < s o : -
wasuulaares drained strength #audmalaeien friction angle ¥ maximum stress ratio (¢p‘.’ak)

g

Insuanadndn @7, azanasatraunniiie o wywain 0° ihily 90° wenanuuatiinuuy

& i
Wenrufinudmiud b =0, 0.14 uaz 1 Aaudidmmanssnunngaasiaduiiie b=0.5

2-26



o o ao add w
unm 2 quguﬁ:ﬁ'?uo@ﬂ”tﬂﬂ’n]ﬂﬁ

1 1

1
& 8 8 10 12

Octahegrol  shear strain | €
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¢
Tl R
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T ///x 3 1
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3L / .oas=0 -
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; 1 1
5 Z

oct (%}

5% 2-19 A1 stress ratio U octahedral shear strain A1ANNINAGAL HCA AU isotropically
consolidated medium-loose HRS Aalfinsi@euuuuszunaun® b=05 (Symes,
1983)
€60
o SN R A 8 UK I .
i :
20 + : 7
0 10 20 30 40 50 680 70 80 90
a®)
g 220 A, 7id" peak stress ratio anNIMARAL HCA iU isotropically consolidated

HRS naldinis@auuuussuneini b=0.5 (Symes, 1983)

Wong & Arthur (1985) #MnsiaausiaatinaAuniass dense Leighton Buzzard sand Taeld

directional shear cell (DSC) #1A1 b AR (b=0.4) WAZAIUANTANINT29 major principal stress Al

2-27



af - oo ofd o
unn 2 WQHQU@;'\?qUQ@E/WLHEIQTI@\j

fiansreanisvivan 0 =0°, 70° waz 90° ﬁqamqaumdqﬁnm”éauﬁfmﬂ'wiﬁ'ﬂaummmnﬁ
fa@ﬂLmums,ﬂuﬁmmﬁﬂlﬁﬁﬁmwmmsﬁ@uﬁmuﬁuﬁﬁmwmmsﬁunui%mméﬁmmﬁﬁauzﬁm
’lugﬂ’?\' 212 N3 strain-strain AINNINAREY 3 ABtiNeTEiNII9FIT8g bedding plane #7147
(0= 0°, 70° uaz 90°) ‘lﬁumﬂugﬂ*ﬁ 913 AR TN RSN LA A maximum
stress ratio (0 /0 ") @:Lﬂ?iﬂu‘lﬂmqugu O s31919MAN1928 major principal stress (T ) uaziin
Faanniy bedding plane A" stiffness @:@mauﬁ@ﬁmu O i AYH friction angle iR (@)
anaainay 5° L;‘ﬁ@ﬁimu & wanuan 0° Wit 5=70~90° nan1emasesiinsaiuLANIImMAREIIES
Symes (1983)

Oda et al. (1978) MN19MAR8INAY Toyoura Sand Tueiaaile plane strain Aalfins@eu
me:msjﬁz NINARBINTATLANNNIBY major principal stress SULLIR O 721979 0° uaz 90°
(neyn & WummaaesiiBauifioudugn o Wnsfnmaes Symes (1983) Waz Wong and
Arthur (1985) Lﬂuﬁ'&ﬁy a=90-0) Aa8ENNRUYN isotropically consolidated i# mean pressures
winriu 50, 100, 200 WAz 400 kPa Lmzﬁwimﬂmﬂﬁ'umwmﬁu‘luumi?{wuﬁﬁﬁlmm:?f;muquﬂ'ﬁ
0, Winsiuazrauaun 07, Widaethafingfinesu plane strain (550.2~0.3)

‘anﬂi‘??«l stress-strain  AMNNIIWARAIAY deviator  stress (0'/1-(7 ’3) WAL major principal
strain (€,) A ufumsideusi 07/=200 kPa 1&@@@1‘14@?; 2-21 %aumm’lﬁﬁuquﬁmm stress-
strain A% softer Lﬁ"ﬂﬂ"} O anad (A1 & Lﬁ'ﬁyu) AN stress ratio ‘7; peak deviator stress avanadile
i O anndlnaiidnfiengaidie O=24° uanannilan volumetric strains (v lug) aziingRnssuy

. o > I o - & a L o= Iy
dilatant UagagLtNaAn 5@@@Q LLUQT“L!SJLL'U’ULﬁﬂ'?ﬂuum’aﬂwqmﬂ??ﬁ stress-strain ﬂ@zi@l”’ﬂﬂﬂﬁlﬁ‘

dl s 14 dl
NARNVNTZALATTNIAUBN
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gUN 2-21  WFNIIN stress-strain AINNTINAREY plane strain 989 isotropically consolidated

dense Toyoura sand (Oda st al., 1978)

U7 2-22 uamsmisAeuuaszasdn @7, fusu O geenimaaasdiszAuanu 50 uas

o LI P R , ’ :
200 kPa Armasluaniwszuneinazfinduiie O ndulsaifirtieagah O soud19 15° waz 30°

s

4 i
AnuaseNIngares @7, Ustnnm 6°-7° wantsmaassiuansisainiisnaeiulag Symes (1983)

i i
=N <3

uay Wong and Arthur (1985) @thhﬁmmEﬁ@”ﬂﬂuqﬂﬁﬁmsmam drained plane stain, true

Ly

triaxial, WA torsional shear iU Toyoura sand AléNgANTIN stress-strain WA strength A&MBIALA

seulae Oda et al. (1978) (Tatsuoka et al.,1986; Lam & Tatsuoka, 1988a; Miura et al., 1986)
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gﬂ‘ﬂ 2-22  WEFINTIN anisotropy 189 mobilised (I)' f peak {MAN1INA[EY plane strain Ny
isotropically consolidated dense Toyoura sand (%Emgmm QOda et al., 1978) (Tmﬂ‘ﬁ

oL =90-0)

\udednAryiasAntisdamgFinssu anisotropy 184 @ tiuduiusiatestiuatinennn Audia
e Y A o, /7 o A, a & Ao @ = = P
wenuluuellifaria @7 fansafiad o dindulusuifuliseziBenetsaziinneanaiies

s v o o
INUDENIANNTY (Menkiti, 1995; Porovic, 1995; Hight et al., 1997)

i) anwlsiszunenia

Shibuya (1985) ﬁﬂﬁﬂwqanﬁ‘mm undrained shear strength 2989 water pluviated loose
Ham River sand (HRS) ﬁﬁﬂ'mu 54 G\"N"ﬂmﬂmﬁ‘ﬂﬂﬂm hollow cylinder ﬁT’)@EhQﬁu@:Qﬂ
isotropically consolidated 1‘1J“71'fh effective mean stress p’=200 kPa WAZIRAUWLL stress-
controlled TatALIANTHAN total mean stress, p HANATYINGL 600 kPa N1smAABINSHINTIA &
Waz b 6N

317 2-23 uamarananduien @onlng =0 ',-0",)/2) fiu octahedral shear strain (Y, )
melmsdeuiiiian b=0 uazildn & svwine 0° uaz 90° WORANIIN stress-strain Az softer UAY
ductile lafn o iy wqf?lm‘mﬁyﬁammsm’qmmiﬁmn effective stress path melugﬁ“‘?; 2-24

uazardunmiiudIge phase transformation azfiadnasizawalilifiefinisnyusesianisaes
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maijor principal stress nsulasuulasres undrained shear strength, s, (HenudnAa maximum
shear stress mobilized TuzeuLR contractant) Aud & lHuanslugihfnaasgd 2-24 #n s, llgn
normalized 1A mean effective stress flauns@au (p ;=200 kPa) A1 undrained strength
anasathaNnilen o wWazwann o° lilg 60° Ans, dadulszanm 2.3 vindle a=0° Weudy
e =000 wlindeaduilnuide b=05 uay 10 nansznuLLIERafuTsengRinssy
undrained 184 pluviated loose Ham River sand (HRS) 18@nmatinaniaeaanalasiaeese hollow

cylinder (114 Symes, 1983; Symes et al., 1984; Shibuya, 1985; Shibuya et al., 2002a)

100

T

P:pezk

®u7 s
//P R:residual
R .

s T”‘“"W '

g nh“-§34y///paai P °
--_~M4;/5**“"”“///
L\\\\\ ﬂ:?‘c///,duw
N

R
T W13 g

D4 2 4 8 L 10 12

Yot %

71N 223 ngFnssu stress-strain AINNNINAGEL HCA 194 isotropically consolidated medium-

loose HRS 71 b=0 uazilein O s (Shibuya, 1985)
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g'd‘?'l 2-24 Effective stress path Aa1nn1enaaes HCA 189 isotropically consolidated HRS N b=0

WAZIAN O ﬁi'm"'[ (Shibuya, 1985) (gﬁz,z‘i’mmm normalized undrained shear strength)

Shibuya & Hight (1996) uas Shibuya et al. (2002b) WAAINIINARBILLLILAEITUTL loose
HRS uAneldanin K consolidation (K=0.5) setivauazsiaulaediinatuuanaaeidon
rastlaldeafuiuilding Symes (1983) uaz Shibuya (1985) FvatinaAuazgn consolidated 1
mean effective stress WAL 200 kPa usinsmagauiidan 5=0.3 wintussndnanisiaauuulsl
ﬁ*:mﬂﬁyﬁdﬁﬂﬁﬁwqﬁﬂ?wlﬂé’ﬁmmw plane strain WHANII stress-strain WAL strength T
anmsnaaesiiileutuiinulufediouy isotropically consolidated wq(?ma:rw?; softer WAz
weaker @:Lﬁmﬁwmﬁam 194 Lﬁwi;‘yu uaﬂmni‘f@mﬁu‘téiéfmmngﬂ?; 2-25 91 anisotropic consolidation
axfiunansznLRe undrained strength anisotropy AN su?; Q=0° §1An 3.8 Wiwanndi @=90°
gﬂ‘f\' 225  uamanaidsuiisunindfsunlaseesan s/ph iU o dmFunismasauuuy
isotropically consolidated fiaeudnee b=0.5 (Shibuya, 1985) WAz K,-consolidated ones (§9gl

A1 b=0.3)
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gﬂ‘ﬁ 2-25  WOANSIN anisotropy ¥4 undrained shear strength AINNTNARDY isotropically
wae K- consolidated HRS sand pan1Ivnaasy HCA (%mgj@@'m Shibuya (1985)

Az Shibuya & Hight (1996))

o 5 a b =2 ) a G cl'
WHFANTIN anisotropy aeaulFinIsAnEatiaNng Imperial College M1919% 2-4 '&‘g‘ﬂﬂ’]?

a e 1 d‘ . o’ . ¢ Y o 3 J ¥ A’l‘ el
998197 Imperial College 11U reconstituted clay uaz st gaaeunardAnwlnal4irraciie

U

hollow cylinder apparatus (HCA) A1 ¢ uaz b 5137 Ui 2-26 uARINIIAARIIBIA undrained

shear strength WA3a1N normalized AquAn effective consolidation pressure (S/p ’o) WaAn o

a . s, ‘ g
WWHTURINNIINARNEN K normally consolidated N reconstituted soil
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M990 2-4  N1INARBY HCA U reconstituted KO recompression clay WAz silt AeTAuA1sH

Imperial College London

Soils Author CF pj Ky b-ratios Inclinations at shear
(Year) [%] [kPa] considered a 7]
HK Menkiti (1995) 7 400 0.49 0,0.5,1 0, 22.5, 45, 90
KSS Menkiti (1995) 44 300  0.585 0,0.5,1 0, 22.5,45,90
HPF4  Zdravkovic (1996) 0 200 05 0,03,051 0,15, 30,45, 60,90
HK15 Rolo (2003) 15 200 0.5 0,03,05,1 0, 45,90
Notes:

HK = a mixture of kaolin and sand (Ham River Sand)

KSS = a mixture of kaolin, sand and silt

HPF4 = non-plastic quart-based silt

HK15 = a mixture of kaolin and HPF4 silt

Zdravkovic (1996) also performed series inclined-consolidation tests, which are not reported here.

CF: Clay fraction

p ;: Mean effective pressure at the end of anisotropic KO consolidation

g1l7 2-26

# KIS oo g, = 400 'R
X WK (peek), o)~ 300 kP2
#HRS (nsak), ) = 200 ks
B HPRLPT), oL = 0 5Ps

‘wqﬁm‘ﬁ‘u anisotropy 999 undrained shear strength b =059 normallyK,-
consolidated soil (OCR = 1) 4§ udieyates Imperial College (Jardine et al.,
1997) AN S, {197 peak shear stress wazi phase transformation point (PT)

AMMFUF92IN9 HPF4

Nakata et al. (1998) "N13NAA8BY hollow cylinder (200 mm height, 100 mm OD L8 60 mm

ID) inaAnwngAnssuuuyliszuneinaes Toyoura sand Waiin1suyuaesfid major principal
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stress siatiaszaniagds air pluviation wazldnns vibration el 1& e relative density #1497
(Dr=30% to 90%) #atinegn saturated Taein"9 flush Aae CO, Uay de-aired water Fatinagn
isotropically consolidated 11]‘#1 p’=100 kPa n'1?L‘éﬂun?:ﬁmﬂﬂlﬁm‘:muamm torsional strain
TnumauRuliiAn b=0.5, A1 total mean stress p=300 kPa, waziiyndeaasiid major principal
stress F97 ((Xy)

gﬂﬁ 2-27 uan effective stress path WAz stress-strain curve 289NINAREIAINGIT  1Ag
nudidetneiuuaag softer (Haufidiwgiinasu stress-strain 7l small strain avliigaian) uas
weaker 0" Ol N HANTINLTBIAN void ratio (relative density) AN ANIINTBIAWLALA
atiadman fatnadfifiacmuuiuainnngd (elative density #1N91) ATUAANNYFNITH dilatant
lunnasidesa99fiA major principal stress éw?uﬁqaﬁmﬁﬁmwumuﬂuﬁ@m:ﬁwqﬁmﬁu

collapsible wag brittle \WeasiAaad major principal stress ﬂuu@‘ﬂﬂ@’mumﬁd

200 2007
Toyours saniOyed0%) [ o b
PeiO0KPa, D05 » FI 4 {a: amgy |
7 | 1374 fo: mutg B
* I GemB) 1
50 4 1‘30{ / lol e
= |
$ ol = wabd]
£ N0 ) 100[
- n H
” LR =
'ff\&- g o
/7 T [ d &
50 E;r:v,f £0
Sl Baddng
-~ s 1 Teyoura sand(Dr=80%)
¥ {a) C;} p=00KPE, BaDS [
0 50 [ 50 200 0 6
P (kPo) .
20 -
Toyoura sand(Dr=50%)
p=X0kPa, b0 Ve
6o}
Kl
8
® 0
o
50 b
Toyoura 2and{Dr=50%}
& prLlPs, 0S5 {4)
‘0 2 3 & & &
T (%)
5 50 - -
Toyoua sandlralds%) U rovora sank(x=30%)
p=100kPa, ba0.8 p=10CkPa, _tfso,:; )
3 ! s R
»3 ‘Z.:S'a
= / ooy
I N 25"
£ {53 am?s i P
- eT csh E -
o 4,“ 2 g, M % M&M
50 P =:)/ o 50 :
(o, e .
Si e o PERBAY
i k 8¢ i amamponsen)
o 1 Q) o ey i
0 58 i) 50 0 v 2 3 4 5 &
p" (xPa} T (%)

319 227 wansymuaesfiAN1GT8Y principal stress Aa isotropically consolidated Toyoura

sand (Nakata et al., 1998)
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gﬂﬁ 2-28 WAMIAT maximum undrained shear strength NU Oy AMMTURIBUNAUNY

D=30% AzWUINHANITARAITBIAN 5, ATNTLIEIEAT O ABuasaIn 15 1u 75

05 spassesy -
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L
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gﬂﬁ 2-28 anﬂiﬁ‘u anisotropy 984 normalized undrained shear strength %849 isotropically

consolidated Toyoura sand (#8yaa1n Nakata et al., 1998)

2.3.5.2 HANIENUAY b
i) amwszne

mapsusudnluinde 1.1 97 Symes (1983) T Fan1ImAReuLLT S L ETNRY isotropically
consolidated medium-loose HRS (OCR=1) Tnensasiie hollow cylinder m’sﬁm&’ﬁf@y@m:%u
ﬁl'ammﬁmmﬁﬂ major principal stress UWaZIUIAYDY intermediate principal stress (Lmﬂ\‘iimﬂﬁ'ﬁ
wis b) LENFANUINAINAW N1INAARY hollow cylinder ¥t b = 0, 0.14, 0.5, uaz 1.0 suiien O
et lisendng 0° uax 90°

N9 stress ratio WAL octahedral shear strain a1nn1snAsIdMTLAY a=45° lAuanslugil
71229 nsmeRauRilen b=0.14 uax 0.5 Sl strain TRTRtisfqauazilen iniial stiffness waz
stress ratio mﬂﬁqm n1amasey 2 Sufifuans volumetric strain ?{Eﬂﬁﬁ@a?{qm gﬂﬁ 2-30 WanY
f1 angles of shearing resistance (@) fiqpatiAdeuanainer @ azasuuleadniiessunis

= o . e P o e = S o ¥
wWaguulasrnsan intermediate principal stress  An1aINIngaaziiaduiienininiaulng

AN plane strain (b¥0.3~0.5) A stiffness WAL strength aziiaiiaagaiios b=0.1
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gUN 2-29  mansznuaesAn b AEWGANTIN stress-strain 789 isotropically consolidated

medium-loose HRS (OCR=1) (Symes, 1983)
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pof

g‘dﬁ 2-30  WANTTNUTBIAN b FRFN ulimate d)' W8N isotropically consolidated medium-loose

HRS (OCR=1) (Symes, 1983)

Saydo& Vaid (1996) 1n19An®1 medium-loose Ottawa sand TaeldiAsesila hollow

cylinder FaatneRuNETaNlaeds water pluviation azgn isotropically consolidated 1% effective
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b=0,03, 05, usx 0.8 luanziidnuuas ¢ Asfvindu 45° U 2-31 WARINGFANTIN shear WAL
volumetric 18INSNARBINGT wqﬁnsmﬁ stiff ?;zgmmﬁmﬁvmﬁﬂ b=0.3 Fufluanmiilnd iy
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JUN 2-31  wansEMuIedAn b FENGRNIIN stress-strain 184 Syncrude sand (Saydo & Vaid,

1996)

= o

71 2-32 uansdeya drained strength RN IaagAdawantAu (Ochiai and Lade, 1983:

Lade and Duncan, 1973; Lam and Tatsuoka, 1988b) Anaaaatufy isotropically consolidated

1 v 1
=Y

(OCR=1) ANAAYNNUABAN drained strength asifisdwiiesn b fNduaURIA 0.6 wazd]
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1 v b 4
ANARTIViRARANENTIBENAIAINUY AINNIPANKINETEILAARLNTALIANINGANgTH anisotropy

ReAARAUNBNRANINTE major principal stress wyulLauAsail bedding plane

60

¢ (deg)

30 : : . ; ;

o b

.,’7/ ¢ Lade & Duncan (1973) - dense Monterey No. 6 sand, Dr=98%, CP=60 kPa

2 Ochiai & Lade (1983) - dense Cantbria xand, Dy=933%,, CP=10 kPa
/5 % Synies (1983 ) c, P =200 kPa
L Lam& l"nsuokn“‘)mo) dense ft svourn sand, Dr=80%., CP=100 kPs

7N 232 wansznuvesdt b AewgAnsTN anisotropy 18941 peak @ (UFuigannann

Zdravkovic (1996))

i) gnwlaiszunenn

AINATANHIT24 Shibuya (1985), Shibuya and Hight (1987), waz Shibuya et al. (2002a
ez 20020) dailduansliudalusiadie 1.2 uanawansynuaesen b sewgfinssuuunliszuenia
2189 medium-loose isotropically consolidated HRS laan1snagay  hollow cylinder Tae
© =& tall ' <d, U 4 «
MsAnNAN b=0, 0.5 UAT 1 uaziLaEuuUaIAN o 331913 0° waz 90° N9 vl stress-strain LA

4 ' ) 1 Ql J
effective stress path ann1snaaaLie a=30° THuanlugili 2-33 wansznureIn B RiNdUIRS

AN intermediate  principal stress Alagundwmiual b auds 0.5 Daufidnazuanmmginesy
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g‘ﬂ‘i’l 2-33  HANTEINUABRIAN D RANOPINTINID isotropically consolidated HRS (OCR=1) (‘fﬁfmg’@

q1n Shibuya (1985))
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wqﬁnﬁmm?ﬁvu@gﬁnﬁwm o fuanslugthnlug 2-33(b) A1 undrained strength, s,
qn normalized TneAn effective stress riaun1slaaw (p ;=200 kPa) &1uiuA & fitleundn 45° az
laifingAnssn undrained strength anisotropy 1 b<0.5 atidlsfimunisAsuutasses s, i
40% AzAATUTAN b N WAWINAY @=45° naTes b axTnaulngd s, Aaxfinduta 1.5 v
e b dinann 0 i 1

nan1snagauinuaniaaiuliseaulag Yoshimine et al. (1998) fu loose Toyoura sand
ARENAUAIMTUNITMAREY hollow cylinder W3auTAIAT air-pluviation WA vibration Fiaeinam
gn isotropically consolidated Wi mean effective stress p =100 kPa uazgniaaunialianin
Liszunenivfisnaed intermediate principal stress AN lAUATLANAN Q=45° UaT p 1$Aad

N9 stress-strain WA effective stress path fwSudetAuTiaaun b=0, 0.25, 0.5, 0.75,
uaz 1 MHuanslugild 2-34 Tnemuduuntiilaevs ldwileuruilfesunelduda e b iy
azinlingAnssuAn weak uaz compressible wniu edslsfimumanssuiiaziiunnide b s
fioeiflaifiauiures HRS n1silABuutasern normalized undrained strength ’lﬁumﬂugﬂﬁ 2-
35 lnsulFauieauiudeyases HRS fRn Q=450 witauriu AZULAAINANTENLLBIAN
intermediate principal stress shimnnnandamiu TS dauty HRS agiatiosAdnmiue o faulad
A1 undrained strength 1849 TS aA%9 1.8 windledn b ulaawaan 0 i 1 Feansananndiaes HRS

Usruu 28%
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1 ¥
3‘11% 2-34  HANITNUABY b mfawqmm‘ﬁ’mmﬂmzn".ﬁuwm isotropically consolidated Toyoura

sand (Yoshimine et al, 1998)
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g‘ﬂﬁ 2-35  HANTTNUIENAN b AR undrained strength 284 isotropically consolidated sand ¥

Roud 01=45° (dasyaann Yoshimine et al. (1998) uax Shibuya (1985))
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2.3.6 ANRNITANUDILATRIND torsional shear hollow cylinder m@ﬁnqumnsw

anisotropy ARIAY
2 o | 24 b %4 a ey d‘ v o dl‘ <&
ma‘ﬁﬂmwqrﬂﬂ?smmmuimmn@ﬂ'ﬁmiﬂmafadluu@qﬂgumn'\?mimuma‘wmmm?mu@
i ﬁ' 2 ] o o t o b %3 o ¥ A:JI u :-'i‘ =1
snsineatnsatiussuuuseiusoatebuld  nasnumawicdainaaniursesiianismasesluy
tiaatfiiRnsliinan0lilae Saada & Townsend (1981), Arthur (1988), Tatsuoka (1988), WAz
Menkiti (1995)
a . P 4 & 9 a am =
1umiﬁm%wqmn?m anisotropy 129AULUARINSIATRINENARE LW JIRN1sNaNI9D
¥ b2
ALANYIIUIALAZTIANT8Y principal stress seudnansi@auldl uananiifafiasauisoniupu
@ ' ¥ b L2
nsssnah e lfanunsaiinimeasesienalfaniwszunesituas lissunenia
-~ 4 % " (=1 d; =4 ::;a oo B a4
LATRINR torsional shear hollow cylinder nmﬂLﬂumsmu@wuﬂﬂumm%mmmmmﬂgw
mm:mmmmuaulﬁﬁwmmm:ﬁﬂmwm major principal stress ‘Emamsmuam’ﬁ axial load,
torque, WY outer WAZ inner pressure UWAZENAINNTAAILANLATIAAT back pressure WALAIND
L 2 k4 2 ¥ ]
nnmaaadlivsluaninssuietiiuarlissunein AINAINITATLANAULAUA T LLTA
AINE193L IHAINTNAILANTANINTEY major  principal  stress  WATIUIATRY intermediate
principal stress

\AFIN triaxial azliloevinllwdieed fiRnnsTagaratnnsodnassaninaa AU 1d

Weld 2 WILAB compression WaT extension @saziin1snszinnassdn & aan 0° 1flu 90° uazAn b

2|

< L7 { dz | R . R ' ‘ﬂ’ <4
10 0 UK 1 DaudanAn b %mmmmuqulmmmm plane strain WAy true triaxial WALATDIUA

k4
< o’ -

\ al sy ! ] : . R T
wianliigsideadninlunisasuauat o 1ATasile directional shear cell uBniesasiiafiaiunsn
= a . A A sl % : o <
ANHINANTIN anisotropy LAFReNalilian WAILALLL plane strain uazaNnsaliusesiaann

=4 d‘Q/ ¥ as s o :; =3 as :
nazusRaunAuiewinetheglgnundn AuiuAsanunsamugusiouls 3 A1 (0, O, usr Q)
dautlsznauresanuAufinduly directional shear cell lduanslugii 2-36 atinalsimufiding
=~ Y . i ~ o i w o P 9 )
ulgymAuesesiiaiifie non-uniformity  AavurassaetsuazliaunsalfiAianudulunsay

LTl g e o : 4 y
WAnremsnadunanlamesaindymn side  membrane  $UR 2-37 uamaaninaesanduly
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5% 2-36  Directional shear cell (a) gautlsznauaaingmuiéu (b) Principal stresses UaTHANIG
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ot bea /g
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g 02+t » // .
g | /
£ '/T:C)/ Po < P
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Principal stress rotation angle, o [deg]
Legends:

TC, TE: Triaxial compression (ot = 0°,5 = 0) and extension (ot =90°,b =1)

PSC, PSE: Plane strain compression and extension (under condition ofg, = 0)

TTC, TTE: true triaxial compression and extension (Range 0 < b <1; o =0 or 90%)

DSC: Directional shear cell (0° < o < 90° under condition ofg,, = 0)

HCA: Hollow cylinder apparatus at all possible regions ( p,, p, are outer and inner cell pressure)
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2.3.7 Non-uniformity Tun2ae1efaulun1snaaas hollow cylinder
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NATANTY normal stress WA torsional shear stress azinlfiian171 8899299/ major
principal stress mmmqﬁ'azﬁﬁﬁuﬁafaﬁwﬁﬂuqﬂna:ﬁ hollow cylinder w34 torque finszinasiinli
\iM shear stress Vfbﬂuﬁml,mﬁ'm@:umu@u AN gradient 189 radial stress Way circumferential
stress AXAATUITIEIAINAMULANANNTZITN inner WA outer pressure itaaannns i inner uay

4
outer pressure HU flexible membrane AW luiia shear  stress (V19 vertical WAL

¥ v
circumferential) UuRavauanll AsiuaAn o, aziiluan intermediate principal stress 1638 (0=0,)

nanadgaulasaluinazld inner uaz outer pressure HANWnAuEIRA AN gradient 289 radial

L ¥
stress  AaanAUNUITRitateAuTlududaniy 0=0p dwsulunstiiiAnieees major

o g '

principal stress azilAuATUE LA b #all b=sin“ar AnMdnnIAaLTNEIatNALE 2 AL15]
flasinlHida stress ua strain non-uniformity @WRWINAB stress non-uniformity fifaanAY
{A9289M298194% hollow cylinder Feauduiiveuannsransetratinanauaz il end
restraint avinlifAanN s AeuuasT84 stress uaz strain HusaasfetaAwiiasan torque
WTBAMNAMNLANGINNTZNING inner WAL outer pressure Saaeinlife stress non-uniformity §11

Q

HUSTDIFIBEINAY  ANNUANANIENINN internal WAT external pressure AN lHINANIT

-

wWasuulasies o) uay Op shuniisaesdaednain windlunsdlaes p, uaz p, ARAWTWULA
&

torque A IRaNsIlAzULLIRITY shear stress HNuMIRTaIAM8LNIRY AR TNaN DAz

£
\im non-uniformity 184 normal stress O, O, War Og muniklunnsiimmzinanimmaaesazinly
71194 average stress 1nen19nszat8T8e stress uaz strain iluieduassgnsamiasaadinae
AogtinAulazAnaNTRrasAn dadamatiaznanisluidednaly

Bnaweauilagas strain non-uniformity 1AALBNM91A end restraint {AAINAEANY

NI platen warARtNAUTIRIN IR radial shear stresses 7, MAULULATHIUAITE
o ' a L7 <A ' 4 -dg,q a‘ © <3 1 y o ]

AaRteEN widnavarusnanmtlausAEd il ugsantulunisdieuss torque lugdnnting
) ) i = ﬁSu © & o &. & % . .

A A1 shear stress MAATUAviInIHAANsIANIUIRY circumferential stress W8T bending
moment T9AENUANTENLIFD vertical stress WATNITUNUIBY principal stress AANAINTTUILUBY
HINT99AIRE AU N19NTEANBIRY axial stress et liasnanalfuanalugi 2-38  azidingd
HANTTMLTEY end restraint FANNINILANLLBIAINAUSTTUALFLINIIMINTINATIATRIAIBLNIAY,

anﬂﬁ‘ﬁ‘&lﬂﬂ\? AU, UAZANTNTDIAINY VAU

2-45



o - P
unn 2 W(]ngﬂi’@'?u’?@i]”lnﬂ’)?]@\?

31 2-38  dautlsznauresaanuiAulusaagnefi hollow cylinder Taeiiansoun end-effect (after

Saada & Townsend, 1981)

2.3.8 UIRELNYINU stress WAL strain non-uniformity
AMNEATINTBINANITNUIDY wall curvature UA end restraint Az 1A stress way strain
1 b
TusetinaA hollow cylinder nszangatnalianane nansenuliduediuzinsmissadinge

al e o ]

fethefu, ngAnssuaesiu, uay stress path WIEASIwanvi AN manssumarillagns
AUIITNFLAY

Hight et al. (1983) l&snasunanisansesily ludiefiuusaes non-uniformity 28459881
large ICHCA Tatiiuuanaad  two—dimensional axisymmetric U linear elastic and strain
hardening Modified Cam-Clay (MCC) constitutive law Hight et al. (1983) M Aqudsluannis (2-8)

inatlszifiugn stress non-uniformity HUANLHITRIFAREINIAY hollow cylinder

ﬂa(r)-&’l-dr
B== (b » a). o, (2-8)
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51191 2-39 uaneBenulunisilszifiuen stress non-uniformity WAy accuracy WU G AeAN

L

' 1 4
ANnuLAuRREN lFannnImaaes wanannilfaaninzonipssiniiuesdianiuiu non-uniformity I

Actual distribution, olr}
¥4 taal ave. F
Z‘f“ti‘ri:*_mi:hu
\\ cale

-
uiared ave. B

1ol - 81

Stress, o

inner wall Cuter wall

gﬂ"?l 2-39 WU stress non-uniformity (Hight et al., 1983)

nMsAnEILANEINaNTTNUT893 NN AdIAsE non-uniformity lusetina@du hollow
cylinder  AREINIANBTNAINUUITRININ 25 1w, SATANEUNan 250 wu, FARanelu 200 NN, uay
wWanuulasAAngs fetanisnszataresnduifur uiIrefietaauR 2/3 184 failure

stress 1AuanelugLlal 2-40 ameinadiugn isotropicaly consolidated i p'=200 kPa uazANdat
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nsReuuLuszLnen 1R shear stress 100 kPa wazilen p’ ashuazan b=0.5 Inailen inner waz

outer pressure Wiy u&dunANIINszataetneliatinane 109 radial WAL circumferential stress

74 3 i
HNUEIIRIAIRENAY  wanannTigenLNIInIzansuuL At aNe189 normal stress  11la 1%

UULRAENTIENAULLLY elasto-plastic
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Flastic analysis
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Stress distributions at g = 2 ¢
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3U% 2-40  N9NTTANLTBIANAURIUHINBFI2EN9 hollow cylinder (Hight et al., 1983)

717 2-41 UAAINANTENLLDY end restraint AINNNTIAIITAULL linear elastic 281 fixed-end

sample N1A1NGY 4 AuazianduehAudnarsnisluuseneuanvindu 200 us uaz 250 Uy

NAINTBIANNLANL sENaUS0Y axial stress 400 kPa, inner pressure 350 kPa, L8y outer pressure

400 kPa Taelifl torque manisAmsziuanailuidn contour Tanlafiiugasnanisdased

linear elastic Taelail end restraint A1 Poisson’s ratio A8 0.499 HANNTILATIZHATUAAS Stress

non-uniformity seudatansaessostiAulaeniauinigama axial stress
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N15UAITH linear elastic (Hight et al., 1983)
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Isotropic plane

g‘dﬁ 2-43 lpazunsuaeg “no-go” area Maualne Hight et al. (1983)

Sayao & Vaid (1991) wuzindnislisiouds B, 9lierulae Hight et al. (1983) @m1s

arfiauna9s non-uniformity Tufaasing hollow cylinder AsniAinll  wiavasulsédruiunana

stress non-uniformity m‘mwﬁwmﬁf;@d’r@‘iﬁﬁugmmnmﬂmmﬂﬁhwm effective stress ratio
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X min

R,, Raf" stress ratio 18
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AAMLIRANINANLEL 2 A1 A8 () p'=300 kPa, R=3, b=0 uaz a =45° uaz (i) p'=300 kPa,
R=3, b=0.5 and a =0° @ stress non-uniformity coefficient ( ;) %L@u@‘iﬂﬁ Hight et al. (1983)
dnwsuifaaasnsiliily 0.07 ﬁfaa@lmnmﬁmu%’u‘léﬁﬁ B, <0.11 athelsfmauilafarsansms
NTeANLe8 stress ratio AINAILLT stress non-uniformity coefficients (Br) ﬂ@dﬂ?ﬂﬁﬁﬁd&@:ﬂm

azldiAn 0.32 war 0.46 Feliaglunawimeeniulalag Saydo and Vaid (1991) LHaIa1NuaRNT

I 3 U . . . . =2 o
A1A9TNANUANGANTENA mobilized shear resistance angle Tuanw triaxial 81104 10.5

.
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3UN 244 n19NITANLT0 elastic stress HIWHATBIAIDE hollow cylinder (Saydo & Vaid,

1991)
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51N 2-45 wamdn stress non-uniformity LANAUTLAN stress ratio (R) (Saydo & Vaid, 1991)

U

© U . , o o U v dl‘ ' Aﬂl 1 dy a’ t
WATWULUIIN stress non-uniformity azdlaaniuliiies B, <0.2 TIANAZRNAUANMNLANGN
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. o » o d. o’ &
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5191 246 n1eNITANELARIAT stress ratio HIUKITIIBIAIDEN hollow cylinder N p’ = 300 kPa, R
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24  NFIANOANTTH stress-strain

WANITH stress-strain 89AuIUE Ay NINdmFuNITRmsiTyumisinssudgi - Ao

£
o

v
wRliasiasnanuatelunisdssiiungAnssu stress-strain -~ uar  stiffiess  2@9AuRaly
2 a ey aad o ) " o 0 a’ = n;
afiFnisuerluauin F8n1edne stiffness sasAuazuansaiuldnuaunsaspATEAR
awla UM 2-49 LaMITIBULATBIAMNATEARINTUNIINAREBIFNNT) (Ishihara, 1996) TIANNIATER
Qa%mmmmﬁ@d"ﬁmmmmLmuﬁﬂmal Wit triaxial, direct shear, WAy unconfined compression
test Tuanishmanuiaraananawnnasfeldinimaans dynamic loading lag wave propagation
technique 1% resonant column test waz Bender Element test dquluaununanunsalinimaanas

in-situ shear wave velocity tests, cross-down hole seismic test, QL pressuremeter test

Magnitude of strain 10° 10° 10" 10° 107 10"
Wave propagation, Cracks, differential Slide, compaction,
Phenomena vibration settelment liquefaction
Mechanical
Elastic Elasto-plastic Failure
charecturistics
Effect of load
< N
- < 7
repetition
Effect of rate
& N
of loading o8 =
Angle of interal
Constants Shear modulus, Poisson's ratio. Damping friction, cohesion
Seismic
wave method
In-situ In-istu e he.
) < 7
measurement vibretion test
Repeated - -
< o
loading test
Wave propagation
precise test
Laboratory Resonant column o -
= 7
measurement precise test
Repeated
& N
: < e
loading test

<& < o )
519 2-49  TaUIRIDIANNATEALALNIINARBITTARN (Ishihara, 1996)

AN stiffness 184AUN AN TNARBIEAziAANGaTY AsiudefinnsuFauiiaudd
stiffness AMNNIINAABIFINNL @zé’@aﬁm@mﬂﬂ@%ﬂ&mjé”mﬂ Sl

- strain level
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- stress state

- NNFFUNIUIDIFIDENAU

- mode of shearing

- stress/strain rate

- drainage condition

- discontinuity
luhiesieliiazesusningianimasssiufiasjifinisuazluaunildlunasdas

stiffness WATWERANTIN stress-strain 98971 small I8 intermediate strain

241 maveaasiuielfinns
i) Advanced triaxial test
nenaae triaxial iunismessldiuiinigaiianis@nsngAnssy stress-strain 18R
Tuiesdjifinng  \fesainnisaszminienanud Anaean small strain stiffness 189Aulunns
= & a = ] @ ' d; o d” o sa}
anmsidynmiddanssulgi 1y nsliaseinisiadeusiizesugAarauiunIsasuulas
4 . . &K o° & o = a’ Aﬂl <4 i P d; v o )
98941 stiffness A0 small strain) A3 W lutlaqiuiinnsimuasasiia triaxial Walfaunsadnan
] &
ANNLATHATDIAUNIANSILATUNUENTY  N1INARSY  monotonic triaxial 1asdl local strain
measurement nateiiuntsnaasanienlflunisAnwingiinssu stress-strain sasAuluraLLn
AMATEATINGIN $8RT89N13VAREY monotonic triaxial Aa A NENTALNNSAILAN strain rate,
8111909nA LA W0 eANMATEANNAN, AINITDATLAN stress path, LAY A1NNTONARALAIUAA
asnslsfimudesninaainismaaastifeliainisadad damping ratio aniulunimaaes cyclic

test

i) Bender Element test

A13MARET bender element Wainaulas Shirley and Hampton (1978) 1135 1un193m small
strain stiffness (agazlfian elastic shear modulus I99AUINNNTSAAN shear wave velocity a4
NAURREN9RY s2UUNINARDY bender  element  @1unsoRaRldluiAasiananesly
iastfuFEnasdonuan walpaunayldsaniuieiasile triaxial (191 Dyvik & Madshus (1985))
PNATBIAILII AR AUIBINTN ARBITALiaBNTY 0.001% (Dyvik & Madshus, 1985)
faiunemasesiasiiunimaaeunlaifinans

fin elastic stifiness #ildanN1Imanes bender element azflutlsylonifluntsszyqaitubui

AYILATHATIAET 194 stifftess degradation curve & 5UNNIAATIZFHANINASBS dynamic 1iTe




T
o o af o

unil 2 nguikaanAseng e

small-strain cyclic loading wardailumnlsnAeanislunisdimseiidesiaaeadiuiu non-linear

numerical analysis ﬁm’]mﬂ?‘ﬂmﬁ@,ﬁu (Jardine et al., 1991; Stallebarass et al., 1997)

iii) Shear-plate transducer

b

U7 2-50 uaAINING19T84 shear-plate transducer Filsznauiae electrode NIEBIAY

¥
@ as A&

LATIWUALNANINTBINTT polarization NITLARBUALTEN shear-plate transducer axAdaniuh
NNNIFAUNITRS shear wave  NIAARNLATEINE shear-plate transducer wmilauiuaes

bender element

DECCTON OF
SHEAR ey
RECTION OF PROPACATION
TRANSIAKCER i
b [ oo o
s wo—hom PARTCLE
«:w” - !w mnﬁ SLECTROGE
H e SURTALE
4 -
R | B
| T G S |
4 i
e 3
3 HRLCHON 80
3 oF §
: BOAARTARDY s
K\ o CERNRE
Vi oo me i Ny RAILRWL
S e 3’:& e Ay
\\ W guciek
CHARCES
-
GELTRODT,
&= - S ACY
B e+ JR R < S

gﬂﬁ 2-50 Shear-plate transducer (Brignoli et al., 1006)

Ismail and Rammah (2005) l#Anenstszenald shear plate 1fauiunis14 bender
element HANNIMARBILAAIGIEALAAIN shear plate uaz bender element aneraliifiu 2.5% 4
ANALNANIFANEI2D4 Brignoli et al.,(1996) u@nmﬂf‘jsheanp!ate AZMUIZANNIN bender
element un1snAgeLAY undisturbed stiff soil, sand, uWazALRAL large aggregate \W31¥ shear
plate lifinrssunoumaegnaAuainnsiiafs eeelsfnu bender element Wisnzazlnasasty

AunlinsauNInnga

iv) Resonant column test
NEMAREY resonant column (unsmaassaznanigalunisiangfingsu dynamic 1898
o gen " . @ L g d?}
TwiianljiiRnns Hardin & Music (1965) MheBLnennejuasisnismaass nsmaasiiiiugiumn

AINHANINUATITINNG B I89AT shear modulus  VBIUIAUNTINTZUANAEURIBANTT
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unn 2 NBJUASNTUIRENINEIYEN

resonant  1UNNsNAReIa11In i axial AesvathaRunaylu tiaxial A1 shear modulus #lFann

v ] 1
nsnaassiaziiiuANauATanan (Ui 10°% to 107%)

v) Torsional shear hollow cylinder test

\Wiapaila torsional shear hollow cylinder Lﬂu‘?‘;ﬁﬂuﬁlumﬁ‘ﬁnﬁ’lwqaﬂﬁu anisotropy 184
v Lﬁ'mmmﬂ?’f*mﬁ@ﬁ”zq'mmﬂfm@m%wmmm principal stress Wa=HAN19989 major principal
stress IaeNnsAALIANGGWAS 4 SivA axial load, torque, WAS outer WAZ inner pressure wanani
T9810190RAILANLAETAAT back pressure uazinnsmasasialuanmsznaiiasllssnetii

o

whullean1arzsuasianuagnauAnazin AN HaNsENLL99TANI9T89 major principal

X ' ¥
o

stress WASIUIALDN intermediate principal stress

2.3.2 NSNAABSLUEUIN

i) Pressuremeter test

NMsMAa pressuremeter test tunnssenamsinscuanylufueanluwueiail wyfinssy
384Rua N0 AN LEA N NsTRA A NS uLa T ns1 R s uLTas e B unsua T AT aaq
ygansTLaNT Tmawqwﬁmi‘ﬂma@ﬁﬁ”&’lmm%m strength, stiffness, consolidation parameter,
WAy in-situ horizontal stress N1INAABY unload-reload cycle mmmﬁnqu?}mm non-linearity
Ja30uls

Fiapaile pressuremeter (’Lugﬂ‘?i 2-51(a)) WuuvisnsansvueneanafinneBiaeuaniigeanns
Tunguanzuaziinisliianmdulu cell Audulng< probe uaaslugd 2-51(b) mslfusauuuil
wiauiuloym cylindrical cavity expansion ﬂfnw‘i’umﬁm?}vué@mLmsﬁmﬁmmmﬁgmuﬂm
909531ms waeanifuayldngm pressure-volume change dvazsnunsnl¥Aiaszsimen elastic

% s, WY
modulus, shear modulus, WAL undrained shear strengii Wi
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{a} Vartical saction {5} Siresses agar probe

gﬂ‘?’! 2-51 Pressuremeter test (a) Meard pressuremeter Wae (b) ANUAUING probe (Budhu,

2000)

ii) Geophysical method

NIINARBILLL seismic test 1H1WANI9INN4 geophysics survey 11433 seismic aziinsda
elastic pulse (178 continuous elastic wave) f«l’lnaoﬁulmfz"ﬁ’ﬂﬂ’mé’uaztﬁﬂummauﬁﬁmﬁhﬂuuﬁq
Aulonld seismometer ¥iio geophone n1ednszaziaanlunniiunezespdulldigasaazli
ArndanauTiatnRy fsnns’n’@g@ﬁ”@:ﬁqlﬁmmsa‘fim%zﬁm slastic wave velocity 7eAuTY
maqumﬁﬂwmzmaﬁmﬁqmﬂq%uﬁu

{3BN1MARBILLL seismic test WAIELILLY LU cross-down hole seismic test WAL seismic
cone penetration test N1TNANDBY cross-hole seismic test fu%ﬁwqmﬂ’l: 2 uquﬁ}fﬁ‘mzﬁ’mms
Andfa wave source WAy receiver MsvauBpafuamiiAeiaszaznanfiamulFlunsiduma
sevdnaugiaediiszduan@nene mmeaaetdown-hole seismic test favannisagng iy
184 cross-hole ifesuAlinquianziisavilivgy lazazfins wave source faRuLazIRsTETIoAN
finduazadouliis sensor fegAulunay luunensdianaaslif source 2/ LUNQUUAY receiver
@giuuﬁqﬁﬁé'wzﬁmnfj'xmsﬂmm up-hole method

NMINAAEN cross-hole seismic method mlwnmg@ Lﬁﬂ’ﬁﬂ‘fy AUy doun1smnaay
down-hole seismic method aziisnAgnniuazaiuisalidasy a%umiéi?mdmwi fa1duAnsianis
source fifiidwnniienaaesfinsinunniiesann energy decay

N1INAARY seismic cone penetration test (SCPT) Wudnaslunisunan in-situ seismic wave

velocity Seazin L lunsiiasignuaniiee@i 19U shear modulus waz Poisson's ratio n1s

NARENISTNAUMAIENTIAIZEZIIAINIAUNIBIAAUTAUNAIN wave source LuRAUlLIguUAY
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184 geophone NAnRAI8E[lU seismic cone penetrometer NgnNAslU1GHARAY ARUTNAUN TN

shear wave (S-wave) Was compression wave (P-wave)
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UNY 3 LATANND, I8N1TNAREN, URSUNUNITNAABY Triaxial

= = o aa "
UNYN 3 LATAIND, I6NITVNIARRY, LAZLHNUNITNAARY Triaxial

3.1 TRUATBINITNARDY

maﬁﬂquamimmaumﬁmﬁfaun@emwﬂuimam?iﬂzﬁﬂmﬂ% triaxial apparatus
@aifm‘lﬁ‘ﬁmumsﬁﬂmﬂﬁmmmm‘:ﬁﬂéﬁﬁqaLﬂ?:mﬁ@ﬁm%mﬂuﬂ@qﬁu'(conventional triaxial
apparatus) mszazfesiiirtedlenl¥tnanuiuiazanuitoalietraeiugn Tasaniznieda
ALATeRsi FeednlflEasBunt 0.001% Tnantsdmlildanuduiiuugin g inanssaus
ananal triaxial cell a4 internal load cell uaznsSaRIAALTILLSA TR AT N125ANNS
AR UAI09RULIuE 109 et AulAe AT (local strain measurement) mﬂmsﬁluﬂﬂﬁu%ﬁ
A local strain measurement siAalagainliansnsadarasdussanuAieaTes
atneAuliludae small- uay intermediate-strain ranges l#aginausingn “‘gdﬁﬁiﬂ@:m?ﬁﬂ‘mﬁ\i
ngfinssunsdnaesiuiinuiainiilfatanuysnd (1 Tatsuoka & Shibuya, 1991; Jardine,
1992; Smith et al., 1992; Kuwano, 1999) N13WmMUN triaxial apparatus Taain1914 local strain
measurement device 1 triaxial test WGuaznaediummsgilunsfinemgfinssuaesiu
d9anAYsT R LU IS AT UL local strain measurement uwuuAelaganntunisAng
Ltamn’]ﬂ'@@?ﬂﬁi’m"]v‘i‘/ﬁ@ﬂ Tufinu local axial strain measurement A4l (i) inclinometer gauge (1%
Burland & Symes, 1982), (i) Hall effect local strain gauge (114 Clayton & Khatrush, 1986), (i)
proximity transducer (144 Hird & Yung, 1989), (iv) original-local deformation transducer
(original-LDT) (414 Goto et al., 1991), (v) LVDT (144 Cuccovillo & Coop, 1997), and (vi)
cantilever-LDT (Yimsiri et al., 2005) AIMFUNIRNUNTZ UL local radial strain measurement lfuﬁ\‘i
134'ﬁ@mwéumﬂﬁﬂLﬁmmngjamﬂm"l n12agLnLNIuiszLY local strain measurement 715U
MeRRN N LET e sa g lEan Scholey et al. (1995) uaz Yimsiri & Soga (2002) Taeily
Tasan1s3saiiasidentd LVDT 195y local axial strain measuring device Wa% proximity
transducer 81451 local radial strain measuring device

mMamaaaLmANNNs (stifiness)  189RURSEAUAINALATEARINNEAENNTTAALEI18

0
s

nauduazifiouiderinudulEGuiinefnmdwiuaumiaogeungamme iy nsfins luauning
?fﬁi’m“ﬁm Ashford & Jakrapiyanun (1999) uaz Shibuya & Tamrakar (1999) wazn1snaaayuly
Weefjumn1sfiae bender element lae Teachavorasinskun et al (2001) Teachavorasinshun et al.
(2002a, b) Teachavorasinskun & Amornwithayalax (2002) Teachavorasinskun & Lukkunaprasit

(2004) way Teachavorasinskun & Akkarakun (2004) @ﬂﬂel@ﬁmu%@gamuuﬂﬂmmné‘éﬁﬂn@




A 4 A s v
UNN 3 LATANNEG, IWNITAARBY, UASUNNUNITNARRS Triaxial

= o i = d' o’ v o =2 @ o nlyd ° ¥

waauaztingAnssuuadsznasndalailavionisdnmg Tasan1s9qafiasacianismeaasion
a\' = £ d" [ AI 2 ) 4

bender element WANIAN nedayaannuanimmaseslulasanisii anilunsifudeyalugudaya

3 3 H
sesRumiitndaunganwe anvialasinisiazinnisAne bender element ludaui bitna@nman

78U U anisotropy
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UNN 3 1ATENUD, I5N1FVIAABN, UASULUNITNAABd Triaxial
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Total of 9 specimens

%
3UN 31 uRUNIINAGDL triaxial
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UNY 3 1ATBNNA, A5N1ITNAREN, UASUANNITNAAEN Triaxial

3.2 NIsnAaBl triaxial

ludauiiaze3tneniseanuuLian1sideaeansnaaes isotropically consolidated undrained
compression (CIUC) wax isotropically consolidated drained compression (CIDC) ﬁ’mﬁ*urfque)ﬁ’l\?
auum6‘1{1Lmzumuwtﬁiﬂﬁnmwq‘m‘ﬂﬁu anisotropy 184WARANTIN stress-strain TWANIAUIUA

small WAy intermediate

3.2.1 FTUUNTVNIARRY triaxial WUUDBTTHAN

N

2 9, P o A A - P a

faudiduAres triaxial wuusssuataziduiAsesienisnageuidunngalunisAneingAnssu
stress-strain A1NN1IMAR9 LA TRNT  wANITNARBIAINIATRINE triaxial WLUSITNANT
anaazliazfioullangfingsu stress-strain Nunaseresdy loaasinazwuianadna stifiness Ta9AUT
$ 2 5 4 4 A 2/ i 0 n; ¥ [ . o d’ 9
1FanniAtadiie tiaxial WUUBITNANASTBENINAMLAAINAN stiffness  103AUALEAINNT back
calculation andayanisadeusialuauetiinn fitlasauanaatsiataaniiuvanmnresanm
a & as ' o o 4 = . i a o’
HANAIAT 13 N19TUNINAIBENIAY, N13TAAN axial strain AldunAuldainnisdanauAyl
AEUAN, WAT ANINTRINIINARERY  atelsfinnuiladudAnyigaAanislian stiffiess Tl
ANNNLATLI AN

b
A9 N UIUNINUAANIING ANSIN stress-strain IBAUNU highly non-linear UazAN

=

small-strain stiffness ra9Auaziiiuiayandrdnyaunlunsinmnidyuimamnssudgi etnals
< <=t ] di; 1 = <5 % " o o’/l vl
AnNaUIAIBANATEANaRlATaYUENAINANNAINIT0TRLATANIR triaxial 59TUAY AUl
o dll =1 . & d‘ 9 o e = k% ¥ 1 o d‘
neWRIUNLATaie triaxial el uisadangfngsy nondinear  Aageusiudninsanizh
pnsazaainNnn Tnedinasdinsruusine luAsesiie tiaxial i s2uw local strain measurement
system WazszUU bender element Wadn 14 small strain (elastic) stiffness
a o ol o o 4 4 . K A EY) a
Tasennsdduinilunisimuniezesile triaxial uuuassuaialiiannsadneingfinasu stress-
strain - 9asaulurevIRANIATEATNS 9 TulaeN SN UL local strain measurement LAY

bender element

<% e av o
322 Asasila tiaxial MiFluswidai
‘5‘ =4 . g -5' b2 o as di’ b4 5 5 N o
VAN triaxial ¥11E bNuASanUsznavfay triaxial cell, pressure controllers (DPC) 2 1,
d‘ e/ i 1

Lm‘mﬁ’a’mm\‘zj viW cell  pressure, back/pore pressure transducer, WA&% - controlling
microcomputer NIFWAUILATEINEABNITANILUL local axial UWaY radial strain measurement
WATITUL bender element 3YULLATRAND triaxial 71l Tueddaiiuanslugin 3-2 Taadiulszneau

a’

' Y dy
AelAeBUIEAIL




unit 3 1ATeelle, BEN1TVAABN, UASUNLUNITNIAABY Triaxial

Instrumentation

PR

Cohtt
2 S

i

.

o

By,

)
AR A,
oo

e

Funetion G

4

ERErator

Back pressure DPC

§U% 3-2 sruuiATeaile triaxial Nlfluewideiisystem
35




mm 3 .i"’)?@QJJ’E) Qﬁﬁ‘??’/)ﬁ@@\? UasUAINITNAANN Triaxial

i) Triaxial cell
\resiiaiild triaxial cell 494 ELE W EL25-4157 dmiusastinadurunadusiidudnans 50

uu wssluuuannuAeasaet1aunsEn1leag load frame triaxial chamber @117505895UANUAUNAN

=

n4m 1700 kPa Uag load frame arunsalfusansznauing am 45 kN

ii) Digital pressure controller

g‘ﬂﬁ' 3-3(a) uams digital pressure controller (DPC) Tmg DPC An microprocessor controlled
hydraulic actuator Lﬁ@muauLmﬁmmmﬁmawmmmLzaznmﬂ?{ﬂuuﬂmtﬁmm Taewannng
mmmsﬁwxulfﬂ’u,am’l,ugﬂﬁ 3.3(b) uazasunglumeazidaning Menzies (1988) sxuUTE DPC 2
ﬁQLﬁfamquh back pressure Way cell pressure 1AENITIIALAIEAY ANINAZIALATINIIA
m:muauf»muvﬁ"wmznmﬂﬁauuﬂmﬁmmﬁ@ 1 kPa WAz 1 mm’° 1UIANIINI1UTe9LBNNRS

#a 200 cm®

wransdueer

baliscraw
,
steppes molor ! pressure  piston
and gearbiox ! t;yﬂmﬁar
; .; i e, DIESSUIR
v T T -.M.J utier
digital ¥ steps N ..K' }
;4 controd -5 ] ""””‘” {
1 circult i
4 ! I AN
H linear bearing Jeaired water pressure
H
H
£

| SN2

A

analogue feedback

) lemzunsy

3% 3-3  Digital pressure controller (Menzies, 1988)
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LNV 3 LATANND, IBNITNAAEN, UASUNUNITNAABN Triaxial

iii) Data logger
Data logger #iilutidio ELE Taefl 11 deedyrynunedudiyoy1uaes transducer Waza8e)

uaznsasdtyunaunsinudtynyullg microcomputer

iv) Microcomputer
9/ o < v d’ A o ' ) . dyv 9
microcomputer Mlunsdpiiudayaainiarasiiadnsiieciiu data logger wananidaldly

N1TAYUAN function generator LazaaLiu waveform ann oscilloscope

<% o
v) LATRINDIN
= A o algy i % e o dv .
WAraINad AN M luss Uy triaxial  BRAIN internal  load cell, proximity transducer,
submersible LVDT, external LVDT, volume change transducer, cell pressure transducer pore,

pressure transducer, WAL back pressure transducer

3.3 MIAAIUISTUL triaxial
1. miﬁmmuazﬂ%ﬂguﬂ?mﬁ@ triaxial TR8IN19IWENTT UL local strain measurement
dwmFunsAnengAnssnresinlunonuATenug smal i intermediate Tuenadail
wiseaile triaxial LERnsWAILNTABNASIAN local strain measurement Tisl Taglussuinl local strain
measurement 1n1335 2 99ia A8
- Local axial strain measurement system Taa’ld submersible LVDT
- Local radial strain measurement system Tne 14 proximity transducer
wananilsin RSz data acquisition esieartesileTalmimaniidingsyun
2. msvimunazUFulgeasTuy bender element

Tngnsimmasieldesunefsdineig

3.3.1 911 local strain measurement

Tunsimunreesile tiaxial RN submersible  LVDT  1iel%4 local axial strain
measurement @ wwnlunisidanld submersivle LVDT iilasainasmuduseasgunse waziinas
Ringsu proximity transducer 1e149m local redial strain measurement mmaﬁ@@ﬂ’ﬁ proximity

' ! 2
transducer e nitluginsainbidudaduiednsfuinlfiesanisfins
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1NN 3 IATANNS, INITNAABN, UASUNUNIITNAREN Triaxial

i) Submersible LVDT
fiinsnd linear variable differential transformer (LVDT) AaiAzasiiadanisiadaunaiia
inductive  1uadpazdaulduu fixedtype LVDT sz LVDT luadzneudauialunvinldias
o 3 = i :4” . ¥ o
fiasnissnatnaRun s agaunindiesnislduu floating-type atinelsfisma LVDT luilaqiiudl
PUIMENUAT water-submersible aaillutlaqiiuaslianlduuy floating-type LVDT uazlildlu
N s d”
INNIBY
i ] ¥ ¥ 1
910 3-4 uae floating-type LVDT Aldlueniddnil. Taeazld 2 Mdasehsudinssesdanting
¥ 1 4
AulufAamanmsadannu dmsusaetng clay uway uncemented sand A¥@NNIARAGI LVDT &g
¥ ' v oE R a ' & o 09/1 & 1% - .
naudoreslfintiafntiaw membrane Winldlufn e ndwdnazgngafiang vulcanizing solution

Tunsein lianunsolduls (u nedifnate@u stiff soil ¥isa soft rock) AasiRusRaRIAae

cyanoacrylate instant cement YW membrane

51l#1 34 Floating-type LVDT

daRae9 LVDT Aa: (i) linear calibration curve, (ii) 31 resolution NAUszunm 2x10°% fa

oz A o

1.4x10°%, uaz (i) Asates Tunnemsedinn LVDT AlldedninAa: () #aenis cell fluid 7l

¥ (et eanAuaz silicone oil) BnEULLL water-submersible LVDT, (i) $9Auns, (i) 1147
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YNV 3 IATENNS, IBNINAABN, UASUNENITNAAAN Triaxial

) anuuuy miniature LVDT, uae (v) uualiiniazfindnees inner rod imszn1sidessaes

LVDT waln&an Wit (Yimsiri & Soga, 2002)

ii) Proximity transducer

1/n3n] proximity transducer A inductive displacement transducer fiRnauuumdnniszea
nsdpaunudindntiinainnisiuaees eddy current ludhianz nigaBasuinudindnazuls
fupsafuszavszinaiadaiuditany  wnidduild proximity transducer uginsal local

¥ 1
radial strain measurement N13AARITBY proximity transducer Huanalugii 3-5 Taa proximity

s '
P osr o

transducer  argnéiangivilaniantanzinenatsnsnngerasietrsluuuanssdinuiy
¥
Wurgudnan Taaalignianugiueed triaxial cell fauang Whianzldusiu aluminum foil glsn4

Amdauaniasunn 5x5 cm’ ey rubber membrane tnald silicone sealant nswpdsuRaawii

Tuuuartiazdalag proximity transducer wazutlaiilunisulasuulasmnuanigeadurirdudnans

%
ke v

ISR

gﬂﬁ 3-5 Proximity transducer

damaa3 proximity transducer A®: (i) linear calibration, (ii) 31 resolution NAUTENIL 0.001%

wae (i) Y accuracy ARUszunm 0.008% luniamgading proximity transducer Aldadena: (i N9
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UMM 3 LATENNA, 2GNITNIARDN, UAZUANNITNAAGY Triaxial

k4
@

Annaiinlave, (i) auns, (i) anursanieuwldsn enduieatrsuniuiee), uaz (v) §

nansznuanmaasuuassespanauseny (eniuilaairsnillufivas) (Yimsii & Soga, 2002)

3.3.2 49¥u1 bender element

o -~
i) MSHBUILRENITANRY

gilnsal bender element A8 electro-mechanical transducer MUREUNAINUNAUSTNAINY
Ifnaulunduin  Tagdssnausig piezo-ceramic plate 2 duidenRniupdraiuutudsnse

NasuuUaynsy (Famanzanaziilu receiver) waruuuauy (Famunzduaziily transmitter)

n; b2 oo ard ml.
bender elements Nl lusuiddaupauuy T226-A4-303X/Y poled 3U% 3-6 wama piezoceramic

U

ei ] % o d”d 59‘ =i ¥ ] o
bender element NAAMNITUULAUNTHUATIUIU mﬁlm@‘lﬁ‘ﬂﬁﬂ'\i‘l‘ﬁr)@ﬁluﬂﬂLN@NH?X’,LL@‘L‘V“N']NWUNU

v A o e o d; Qs o A o o Y v o o’/’ & 14
aznpamuTasaAuas lunanauiuiasiuuasiavsarersatiuaz i idileanun Aatiugn i

1
i

[ 4 i) ]
voltage MM9484ANUT8Y bender element Funileasiinsnuardndiumilazuasaofasin 3-7(a)

a
1 %

v % ¥
wanani bender element ugingal high impedance Auiulignunsagnannudulifaziuanina
o o & o @ v o v o o P o o i
neamaas Asiudntlufiasiinistlesiuiiuaranuadulaanisld epoxy 5% 3-7(b) uans bender

a; I ¥ d’ = o’; B @
element Msien e AnsalugUnsainsnasauiu




U?’I‘Vl3 lﬁ?ﬂ NB ’Jﬁﬂ’lﬁ‘?’lﬂ’?ﬂ\? dazuaunIInaaeN Triaxial

Electrode (nickel or siver)

Piezocreanc

"\\\(-:f,r/,r:,r//,ow,»;?f/;/ % Adhesive bond layer

\\\\\\\\\\‘(\‘\\\\\\\ Center Shin

Adhesive bond loyer

Piezocreanic

Electrode (nickel or siver)

) TAT98519784 2-Layer piezoceramic element

" Qutput Force
Shape efter Deformation
Y L
Tnput Electrie Field 7
- 7] ‘
\i ont * O\ 7/ j[;:’
A s
/ "Shape before Deformation
Piezo Layare” 7 /
‘ / Original Polarization Field

7 2
'; i 'c\ \ . .
~ \ Shape before Deformation
Sarite Ria '/ / / \,
Ouput Elzctric Field v/ Original Polaizaion Field
V out o

©) X- poled with series connection (3 wires)

gﬂﬁ 3-6 Piezoceramic bender element FIRLLLIAYNINUATIUIY
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UNA 3 LATBND, I6N1TVARDY, UASUNUNITVIAAEN Triaxial

Bonder.
" g ghemant
Piexoceramic
plates
;T
i i
¢ 7
o 2 S s
{ o
i [
‘}x / 1” Porous
o ‘ Stone:
‘;! f ! 18 mm
i f
13 :
’S } I 1mm
=] { e
-
et | 1
'7{)'5??!?"‘7?“ St el = 2
(i},,:':'t._}
TEATE. T
{a} Bendar slament in excitation {0} Bender element mounted in the test devics

gﬂ‘ﬁ 3-7 Bender element (Dyvik & Madshus, 1985)

4 1 o

gunsal bender element @1usnRnfIluATasianasedluliaalfiAnslivainuaialng

a s :/, d; <N i £ < :; L J 24
dnazfnAalulATede triaxial WAT oedometer nnefmasiagiingal bender element TuiATRINE
triaxial 1fuanslugily 3-8 Taa® transmitting bender element Aasaf top cap WAz receiving

¥

bender element AAGAN base pedestal dawginsninanfluatreduda function generator ua

oscilloscope

S ¢
% G
¢ Bignat generator g
!
e " 3
i Local axia!
. Jauges
Bander =" e ;
glemens 2 L /"
\\\{ ¥
B
I | 1
S O :
| |
- : i
Bample in { :
hydiautic triaxiat ! Oscilloscope |
cel SR e 0 S

519 3-8  n13AARAT bender element (Viggiani & Atkinson, 1995b)
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UV 3 LATANNS, ABNIINAAEN, UASUNLUNIAAaN Triaxial

ii) Interpretations of arrival time

A1 small-strain shear modulus (G, ) #1%130AMIAINANTITIRARWERY (V,) 39
HUGAIRENAUAIANNNG (3-1)

Gmax = p I/;z (3"1 )
o - ) a
Tmm p ARAITNNAURILUUTBAIAN

wnllinAnuianarnredanisdnan shear modulus (AG
AG A 2AL  2Af
max _____e+ +

3-2
G Yo, L t W

max

e ) HERATREANNNT (3-2)

Viggiani & Atkinson (1995) l#sneaniansiasldsvazsendtetantaas bender element 1iva
AIMItAN ¥, uazeladimsnziidiae fast Fourier transform fuaduifuntiisuiusfundeeaniag
cross-correlation function W&z cross-power spectrum Waana9 N luLuaulunIsMNsELS198713
wun (0 du £7% anlfanufiananalunsme G, 1 +15%

o i , 4

U7 3-9 uamsdtynIuann1ImAaes bender element NdnlaE oscilloscope qalaitaas
pauaenanadeaviuliatnsdaiauusiqauarinduundeifuasliresdaan  doygiuiiiuas
4; ~3 Ai‘ i QI dg/ =8 o’/ :/’ =) dl o ] -3 ar 3 =
Buiunam 0 ararALL PANTUAURIRA 1 ndsantduasiimauRaufidetinesonds udsaniiuasil

< - Vo
n1sIuaBNUAIEsaLnaund Yy ez el

transmitted

i g
Pt

i
i
i
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i
o
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¢
&
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¥
3
¥
t
!
¥
13
3
s
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b
’ i 1
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Bl :
Zrmie] ‘ij : N
: Yo receined
bRl
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3U% 3-9  dryeyruann bender element 1dalag oscilloscope
' ] o ] 1 s .v ://
Hhawunlfialeevivlfacfansanliiqairdudeununisnteiaqaifudygiuliafusn
(Aeqa 0) nsndudaraspdufiduiedunanisndudiresnduniuazniiidslunisuanaingn 0 Wy

APTe3 first arrival 999 shear wave 28719u¥i439 (Abbiss, 1981) atslsfinunisAnemiemge]
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LN 3 LATANNS, I5NTNAABN, UASUNUNITNAASN Triaxial

ot Salinero et al. (1986) uwamaiduruusnilaiuanaaslald arrival 999 shear wave usitilu

arrival 983ARUNIFTUNIN nearfield component T9azAFBAMIEUYNTL compression wave
1 ¥

Viggiani and Atkinson (1995) a3u1819Mn1sNATWIARY near-field Hatunsainiilée G, 11N

| 8

Wullda 14% etelsfinu Salinero et al. (1986) WS ReAUTDS near-field effect %ywagﬂu
FTHTNNTIUING Source WAL receiver (L) WazA wavelength (1) 184 sine wave ﬁqfuﬁﬁfuﬂgﬁu
A1 frequency (f) wazANGIetRauEe TaaTianudiuaugea wavelength $21114 source WA
receiver (R, Lﬂuﬁmﬂ?ﬁmuquﬁqﬁy

Ry==ds
AV :

Aaiuarliiifia nearfield effect §78lAn R, wnnndrdszanm 5 wazlnesialuazifulilaanng

(3-3)

AruANlH frequency 184 transmitted wave HANgaLAEINe

i) TRINAVDINITNARDS bender element
N13NA8AY bender element (Dyvik & Madshus, 1985) 1Hifludszanlunisdmnan small-strain

shear modulus (G, ) 1895u feudidniuaztszaumnnugdalunisl@su clay, sand, uay stiff

max )

o

material 191 cemented soil (111 Jovicic et al., 1997; Ismail et al, 2004) wANugIHdas1 ANI9N1T

nAS (Ismail & Rammah, 2005)

o bender element arfesldiinlulusmetnsRuiadianisiedeusauuy bending il shear
strain luamﬂuﬁﬁ'qm%mﬂuﬂ'mimf;uﬁfmﬂw undistured 4@y cemented  nasvinglilu

¥ o’ 3

FaatinanuariadRng AN uneudIsoudanidu epoxy 1ia gypsum deaaazvinlfiiianis
e 1 Q‘ ‘;‘
SUNIUAIDLNIANNINTY
5 AL S ) ° Kl k2 = =
¢ coated bimorph azdusianupulasasennlituusliinazi@enis  LazANBMNET8Y epoxy
coat Az lNANIIAA9AT
e bender element Limnnzdwiuannuandenfiguussiansaraiaaiadumiimg epoxy ulunsdl
248N electrokinetic treatment
9o b2 % i o ]
e bender element azlafumansznuainAuduludienemu  nonizdaunmanssdans
AIAY WANALLBIANAI NS4 platen
e 71291 bender element ABLANNLN (0.5-1.0 mm) Asiiuuallinaziinig depolarization 71 high

' ¥ o« & 18, O & ' i { d;ﬂl
voltage atinslafimuazainatiudanuauges working cycle LL@‘;gﬂﬁ‘ﬁwmﬂ%u voltage Ngaau

U U

a1aazsinaldluaniunisainil signal attenuation 11N 1ulunsiiees soft soil ¥ia stiff soil N%

FEEZIAUNINEN
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UNN 3 LATENNA, INITNAANN, UASUNUNITNAABN Triaxial

iv) Function generator
function generator MHifluuun Agilent 33220A taa¥19ndug sine AU transmitting

bender element A8l function generator 1319083 9ARUNTIANDD 5 MHzZ

v) Oscilloscope .
oscilloscope 1fuuu Agilent 3000 series receiver bender element a¥Fiaiy oscilloscope
TnafuAauTINKNIuAI981991N transmitting  bender element  oscilloscope  Avdaldanfiu

. 1 ‘ﬂ' 3 ¥
microcomputer 811 USB port mamiﬂmm\,mmmm'ﬂg@

34  WHUNTNARRY triaxial

UNUNITNARDEY triaxial Qﬂ@@mmmﬁl@ﬁﬂquamw stress-strain 189 Bangkok Clay ‘7;
small-train levels 1aan sl local strain measurement WaY bender element $auA98  UNWANS
NARBIRBINTANEINANTENUDD non-linearity W&z anisotropy ﬁifawqaﬂiiu stress-strain 184
Bangkok Clay ﬁﬂﬁu%ﬁ’m’lwﬁﬂmﬁ%ﬁ isotropically consolidated undrained compression (CIUC)
Way isotropically consolidated drained compression (CIDC) iy @ﬂﬂdﬁuﬁﬁmhumﬁ'umﬂu

19
i 73 i
wUUlAEIMINAREIIIMNA 20 NINASBY UNLNNINARDN triaxial aglunnsedt 3-1
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UNN 3 1ATEIND, 25N19VAABN, UASUNUNITNARRY Triaxial

AN919% 3-1  LNUNIINARSN triaxial

Test No. Description Specimen orientation
UVv-1 CluC Vertical direction
Uv-2 CiuC Vertical direction
UV-3 CiuC Vertical direction
uv-4 CluC Vertical direction
UH-1 ClucC Horizontal direction
UH-2 CiucC Horizontal direction
UH-3 Cluc Horizontal direction
UH-4 CluC Horizontal direction
DV-1 CIDC Vertical direction
Dv-2 CIDC Vertical direction
DV-3 CIDC Vertical direction
Dv-4 CIDC Vertical direction
DH-1 CIDC Horizontal direction
DH-2 CIDC Horizontal direction
DH-3 CiDC Horizontal direction
DH-4 CIDC Horizontal direction

FBNIMeass triaxial tHuanslu flowehart Tugis 3-10

lihdasalyl

aad

IENITNONDITALF

azduraulaague
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UNN 3 LATENNB, IBNITNAABN, UAZUNUNITNAABN Triaxial

W e s we e e WS e S W G R W W WS W S R RSN G G e e S G W e G W G SR R R R e RS e e G e aen e

Test program

Sampling

Sample preparation

W
Specimen set-up

\/

Determination of o

v
Saturation: S = 95%

v
B-check: B=0.9-0.95

v

Consolidation:

Measurement of

h 4

Compression shearing
CIUC: Undrained shearing

CIDC: Drained shearing

v

Shivar wave velocity

B e W e -

O A U

Data analysis and interpretation

9U% 3-10  BN9MAaDY triaxial
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UNY 3 LATENSNE, I9N1TVNAADN, UASUNUNITNAKEN Triaxial

3.4.1  Sampling
fretinaiun i lunismaaes triaxial At undisturbed Bangkok Clay anfiufisinAmumaiaaim
s 1 J (=3 & ] s
an 10-14.5 1 #ha1e undisturbed u’g}ﬂm‘utﬂﬁ piston sampler mmmﬁum@uﬂnma 1259 (5

¥
fin) fratargniadaufiae wax LesiLSNENNauNIIMAaea

342 MIATENAIRENS
H b 4 ¥
WAIRNALETY wax WAz cling-film aananastisiuudlarinnisnsaagauiioganInay
mnzandmiulilunismagey  GrddeliadnfAdudaetnediu iy iy seaumn azlildsetnamu
1 wananidsuiafinasessatasgnanliGuunenazansasly soil lathe Faatinshuazgnin
E
Wildaunalag wire saw liduirgudnatslasifatebiu 2 18n Ae deatelunussiay
o ' o ] o I} o 1 db CM'
netiluuuIuean ANNgarewinetIRuazsTinnl 100 ui Mwinsaesmatineliuanslugin 3-

11 weaunldannisssausiatteaztin Ul lunswn moisture content

3% 311 pwmdresietialuuuaiiuazuuauey




P o4 A aa WATT
UNYl 3 LATENNEG, 28N1TNAREN, UASUNUNITNARABN Triaxial

34.3 NIARRIAIRENS

¥ :

o 1 a = o i <4 =4 N i a iwd‘ :/} v .d'
AIDUNAUITHNANPNNFIUTBIATDIND triaxial tﬂt\’)’]ﬁﬁ%ﬂ?ﬁl’)ﬂﬂ@']ﬂ‘mﬁﬂﬁ Auwedatng

49

o

== o’) ’ b3 & 1] d' : & 4’ s 1 -
G337 bender element azgnadinlludaetnafilatasisaasdin uazinaannissunaumatiemu

'
vl o P

b4
A1NN1964 bender element W ldazvindandnlindaetnneulasliiionn ndsaniuazasey
fiaatinafag rubber membrane 78U top cap WaT base pedestal A silicon grease Wia

YasrunnsFaduneuazld O-ring 91

¥
o

aavinel triaxial cell chamber %gﬂﬂﬁ‘tﬂ@mmuﬁuﬁ')ﬂ deaired water T¥UINNNIFHAARS

q

] L4
Aaatiauarilandaainsyiy back pressure Wetlasiulailidsestugatinditllussinuss

3.4.4 Saturation

N34 back pressure 200 kPa e lfifaatiney fully saturated Taglfaanlunszuounig
saturation sz 24 Falu maﬁﬂmmwqwﬁm:msmaﬂuﬁmﬁums saturation ¥a9aulat
1 back pressure lAesunelne Black and Lee (1973) 19sn919n32L94NNT saturation azidla
drainage vaive llgfratinedu s full saturation vedretsRwiiuRidnfhuiielleatunany
AananalunisdanisuaauilassenRunnsresietieii Meaa1nnszuIuns saturation anysod
axiin195nAn Skempton B-value (Skempton, 1954) TaawudnaziiAntlsvanas 0.90-0.95 Gamsariy

degree of saturation 1 100% &19FU soft D9 stiff clay (Black & Lee, 1973)

3.4.5 Isotropic consolidation

ﬁm"m'}?ﬁ‘;mLLN?::WJ"NW\W@@@Q constant-rate-of-stress  consolidation A8 1 kPa/20
minutes (e 1% fully drainage sewinniutinagluaeananndetinaduEng drainage valve fidndng
UAYArIAAI excess pore pressure AN pore pressure transducer A uLLIeIFIRtaAe
AFI948Y fully drainage u@ﬂ@’mfi:‘wﬁ’mﬂ’lﬁ‘ isotropic consolidation a23inN94m shear wave
velocity a2 bender element oAz TANNALIMIEIEMI1q small-stain shear modulus WAL

consolidation stress

3.4.6 Rest period
WaflazanNanssnULeY recent stress history aziivsasinafuliuinngn 24 dalusnaunis

4
LU
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UNY 3 LATANNA, 26N13VAXBN, URSUNUNITNAABN Triaxial

3.4.7 Compression shearing
¥ ¥ ¥ ¥ ] Vv '

lunuidsiiazi@eusmatinefuianuyisyunminnarszunnin - daivassuunasiunisi
W lUUNIUAUILLILY strain-controlled wazAILUAN cell pressure AN A mFunisiRauuuyliszune
¥ H ¥
wazld external strain rate nAL 0.15 /AN UAZIRAN excess pore pressure MAATR &5

4 s Y . " o ¥ oy o v

n1s@euLuLszUNeNIazld external strain rate WAL 0.02 ux/MN wazayne i lnadivasn

o/ ' e ' i Qs 1 AJ ~ &/
MNAMDENAUNIY drainage valve LRTIAAN excess pore pressure AR

< 9
34.8 nsiNuUAaYA
TWINNIINARDY triaxial  WANNTEIUAIAN transducer Nanuaazgniivlilupaniiomges
NFTUIUNIT data  logging  ATRIALYNINGIMFUNIIAATT small  strain FEMIN9N1FETUE
. . ) n?l‘il =3 k2 :JAJ 1 = af o o
compression shearing ’Lumqmmim:gﬂmumsmfmmmmﬂnﬂj 15 waz 30 uIMAINILNIg
<& i o’l og, o [ % v dl 1 ] p73 = as dg’
mﬂuuuu‘lm:mammezmammummu w@gaﬂfaﬂuiul,maxﬂgmﬂgaumu
- nan
- Axial load
- Cell pressure
- Pore water pressure
- Back pressure
- Volume change
- Local axial displacement
- Local radial displacement
- External axial displacement
= Proving ring

AnHUTa94 transducer Hauuan [ luwandsefiaglumeh 3-3

3-20



Nl 3 1ATENED, FENI1TVNAREN, UASUNLNITNAREN Triaxial

¥

A19197 33 ANwO4zIes transducer 711 lwnidel

Channel Transducers Capacity Vv, (V) out Gain No. | Offset Calibration factor Resolution
1 Submersible load cell 3 kN +5/-5 Oto-10V 1 0 -0.051904 kNN 5.894x10™ kN
2 External LVDT 5cm +5/-5 Oto 10V 3 0 5.486 mm/V 6.679x10° mm
3 Cell pressure transducer 1500 kPa +5/-5 010 143 mV 2 0 -124.050570 kPa/V 0.706 kPa
4 Pore pressure transducer 700 kPa +5/-5 Oto 143 mV 1 0 -51.020386 kPa/Vv 0.581 kPa
5 Back pressure transducer 1000 kPa +5/-5 0to 143 mV 1 1 -48.490658 kPa/V 0.575 kPa
6 Volume change transducer 60 cm” +5/-5 Oto 1.25V 4 0 39.373 cm’V 12.016 mm”
7 Local LVDT 1 10 mm outside +10V 1 0 0.473061 mm/V 1.216%10° mm
8 Local LVDT 2 10 mm outside +10V 1 0 0.437756 mm/V 1.213%x10° mm
9 Proximity transducer 1 5 mm outside Oto5V 1 0 0.942 mm/V 1.150%x10° mm
10 Proximity transducer 2 5mm outside Oto5V 1 0 0.957 mm/V 1.168x10° mm
11 Proving ring 2 kN +5/-5 Oto2V 4 0 -0.775 kN/V 2.365%10" kN
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und 4 1Areeile, DENIINAABY, UATLANNITNAAES Torsional Shear Hollow Cylinder

P> =) a
UNN 4 LATRIND, ITNITNARDY, LATHRUNITNARDY

Torsional Shear Hollow Cylinder

4.1  FTUUNSNARDY torsional shear hollow cylinder

N1INAS8A torsional shear hollow cylinder Junisvaaasluiiesfiifnisiaasnainise

v
AauAN1HYs major principal stress direction WaZ intermediate principal stress luw¥auiu (Tae
¥ ¥

AIANNANTENUYDY stress non-uniformity Ti14) (Hight et al., 1983) anaiflumsiviasasiiennaasil
] o & =t &R o 1l d; <y P d’l o 3 o ) =
fanududeunaziisnaiunsaadalsifiimsesiiosfiailudsuinalneg Aaludelimaiinasdnmn
HANTENUVBY major principal stress direction LAY intermediate principal stress fﬂ'@wqt?ma‘a‘wm
a ] ' J o a ) . " =
AVUEIBAUNTUNWININDU duiulusneszinAnisnaand torsional shear hollow cylinder 18y
nsviiuAunseRInndAuuianmsnadiunialiasanfesnisAnengAngss liquefaction B9
dluwginssuanizaesnsanialfianazudufulug (194 Symes et al., 1984, 1988, Nakata et al.,
1998, Yoshimine et al., 1998, Zdravkovic & Jadine, 2000, 2001, Sivathayalan & Vaid, 2002) @74

o

nanaaeslliuAmtiaaiiaruaulinandiunn (Wu Hicher & Lade, 1987, Lade & Kirkgard, 2000,

k4
e R ©

Lin & Penumadu, 2005) auduasinlidalifideyatilunisairauundnasanisadinAaningnsias

° o’

v &
Awiuhumtisadaungamny Aaiulasinisisaliaznianismaaes torsional shear hollow cylinder

ar o

fuAuwmilaadaungamne Iaeviin1mmeaaduuy undrained test (CIUC) 71 A1 b uaz & #a ive
ANENDNHANTENLTEY major principal stress direction WA intermediate principal stress #a
WORANIINTBIAUNTEIFBBUNTUNIN

NWSINTRALATRIINR torsional shear PHluanddaiuandlugld 41 Tnefidoulseneu

® cell chamber aualugjidusindudingns 256 un vinding stainless steel WAE perspex W1 15

N uasfianiugIuday 3 bolt

49

® loading shaft M3l two-component load cell IagfluuounuAsaiuLNULad load frame  shaft §in
AL top cap NBNARNL inner cell pressure line, suction line, Was back pressure line @93

inner WAz outer cell AZLAN de-aired water
o szunliiussianiy loading shaft {me axial load WAL torque ANFERHAY rigid end platen

NITIAUSIN axial load (W) uay torque (M) aznreing Bellofram cylinder Wae step motor

ATNATAL




unil 4 1ATedila, FN1MAREY, UASUAUNITVAADY Torsional Shear Hollow Cylinder

® swums’lﬁummmmﬁgmﬂmmu stress control  $ryULAT electro-pneumatic controller‘ff‘;
N32NNEU de-aired water interfaces Lﬁ’amuau inner pressure, outer pressure, AT back
pressure 2L electro-pneumatic controller ﬁ”;%uﬁ@ﬁumuﬁqm'aﬁﬁ"'amsmuﬂmma‘mam
® $XUUNTFIM stress WAL strain A1 outer pressure, inner pressure, WAL pore water pressure 9%
9mlael pressure gauges (P.G.) dial gauge transducer Wlun1sd@ axial displacement #n
torsional shear deformation 999A98t9AUaZIAlAE potentiometerﬁ top cap Volume change
189M90tiNAuasdnlay  differential pressure transducers (D.P.T.) transducer Faminaz
donsatunenfiameiifie automatic data acquisition WAY closed-loop control ANMULYEY

transducer Yisnualdagilunngai 4-1

P e
ey
[ ot 2
1 %lvs:‘!"
i A:Bellalenn cylinder "
I v for sxial Joas (%)
I = 2:Stewver wotos
™, Bl B i iVtepuer yotos

£:9ial gsuge

3
/\
\g:,Tr—w-‘zJ E for e2i2) detorzation
i
L

2:Pgtenticnster

E:lounter vaight

¥:Teo:cosnonent loed cell
for % sod %e

! &:Cell water
s RiSpecinem

s |

M PO

4 ey HLLE 1:Porous stonss
R 2:ipner cell
ﬁ‘) VI s £:Surretie for voiims chungs
o Qj -y of ianer ceil
¥ d =TT L:Burrette for voluwe change
B i For of specinen
L
. ]
bt 1}
1
(g D i:Contyol pressuve
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e
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g
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Ia gé% H - SE 51 ) Al §:7.60. Jor tnner exil pressute
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i IR g
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unit 4 1Aveeile, I5N19MAABY, UASUNUNIIAREN Torsional Shear Hollow Cylinder

A15199 4-1  ANEOUTLDY transducer 7115 bsT UL torsional shear hollow cylinder

Channel Transducers Model No. | Serial Number | Offset Gain Calibration factor R*
(MmV/{mV/V))
1 Axial Load TS300 576301 0 4000 0.7378 N/mV -
2 Torque TS300 576301 0 4000 0.007354 N.m/mV -
3 Axial Displacement DT-20D YD9415 0 4000 0.004881 mm/mV | 0.99998
4 Rotation CP-2ut - 0 4000 0.019487 Deg/mV | 0.99994
Quter pressure transducer | PG-10KU EEQ360020 0 2255 0.2186 kPa/mVv | .0999998
6 Inner pressure transducer | PG-10KU YTO060050 0 2268 0.21589 kPa/mV | 0.999999
7 Pore pressure transducer PG-5KU AF-5913 0 2263 0.10889 kPa/mV | 0.999998
8 Volume change transducer | BP15-24 74114 0 ZERO 4.46 SPAN 3.92 | 0.005608 cm3/mV | 0.999968




unil 4 1A7eNiE, FBNINAARY, UBTUALININAADY Torsional Shear Hollow Cylinder

42 WANNSNANDY torsional shear hollow cylinder

717 4-2 uanausafireuIIARnsLRNAeMI9E19AN  hollow cylinder uAT@NIWAINLELR

Y

a30Aae lALLERNUAAY dauLlsznauTesALAY 4 Fauuiaet19Ri hollow cylinder (O,

Z’
O, Op. Tg) aunsanmualilaanisasuausautls 4 R outer pressure (p,), inner pressure
L 4
(p), axial load (W), waz torque (M,) torque az91 1911 torsional shear stress (T, Wae 7,9 Mgty
FTUILUUIAUAZIUINGY axial load Az lHiifia vertical stress (O) AINUUANANITEWING outer

pressure WA inner pressure N7 NA gradient 929 radial stress (O) waz circumferential

§ t 1 2
stress (Opg) HIUHNITIFIDEN LﬁmmnmmmmuquLmﬁﬂnfauLwﬁwum‘lé’@ﬁqq%m:mlﬁ
1%
ANNTANINBATUIAYA principal  stress 114 3 AU LL@:HNLaﬂwmﬁﬂm’N major WAL minor
principal stress  Mohr circle T8A3ANIUNTIIRIMDENIRULAL RANIINTI1UIDY major
" » 1 4 = sl 3 = ¢
principal stress “mealugﬂ‘w 4-3 Tunsoun outer pressure WAY inner pressure YAUNINY (p, =
p) Azl radial stress Uas circumferential stress WU outer WS inner pressure §1wfu
JA . 3 i 8/ & o/ ' . . . »
ANNUNANITBY major principal stress AasAUWUSALAT intermediate principal stress Taeannig

b=sin"CX

W

p 27':,9
tan 2o =

(a) (c)

<% N , i !
gﬂw 4-2  nInaand hollow cylinder (a) LINIBULAA (b) @aUUTLNALIBIANMNIAY LAY (c)

principal stresses UWASNANIITIDINY




umil 4 1azeedin, N1IMAADY, UAZLENNITNAGBY Torsional Shear Hollow Cylinder

a3

< a : i
gﬂw 4-3  WPINUBIYNNITUYUIBN major principal stress «

43 NISATUIIAIINLAULASAITNLATER

o

doutlsznaurasannifularaNiATaalumaet19 hollow cylindrical @unsaAIwandlimIm

= 3

UIABUY Hight et al. (1983) mﬁmm:ﬁmmmLﬁuu.a:mmLﬂ?ﬂﬁﬁuﬁmug@mmmm
o ] o < a rdl dl v d‘ ' ° o/ 1 %
AL NNAULIDRINUAAL IR R T LRI IS RN SN ARTTANN KL TR G TN hollow cylinder
o 3 <2 o 3| 1 %4 ° U ¥ = J d‘ o g ¥ cil
muuf-\\imLﬂummmmmmmﬁmﬂuuﬂ:mmmsmlugﬂﬂmammm NITATUITUATAIMHLAULRRE

Maualne Hight et al. (1983) l&uansluaunis (4-1) de (4-4)

"
y4

W a4 [)dro‘- - pxrx

o, = s (4-1)
2 R_(r”z _’,‘2) ),02 it

r. -+ pr

o =poo Pt (4_2)
v+

O-g - poro —plrl (4_3)
r,—n
3M,

Ty = T—)zﬂ ) (4-4)
Tmﬂﬁ O, O, O0p uac Ty, ﬁﬂﬂ"wa?ﬁ'mlm axial, radial, circumferential, WAY shear stress M, Ae
AN torque, W ABAN axial force, WAZ p, WAL p, ABAN outer WAL inner cell pressure ANFARAEWAN
waznelunansioe r uay r
AaRET8Y axial U circumferential stress AiAsziinanniiasanan maNgafaiuae
A ¥ Taelidudy constitutive law 2839480 (Hight et al., 1983)
dqudsznavastaiuimsan (Hanluunudisdadasturesanuidu) aunsaatuandlsly

MusnRnaiuAanslaeannng (4-5) e (4-8) Tsedunelag Hight et al. (1983)

£, =— (4-5)

£, = (4-6)

4-5



Unfl 4 1ATeNEn, ABMINAADY, UAZUEUNINAABN Torsional Shear Hollow Cylinder

u,+u,

£, =— (4-7)
rOZ + rl-z

20 r: - 7;3
" T 3H =) 0
oVe i

e ¢, ¢, &, uaz ARANRAE TR axial, radial, circumferential, Waz shear strain H, A8
z r a }/9; 0
- v o e S = o v & o a
AINENALINAIRENAY w AanTfRegUTuLMIWNUAINAYINGIENAY 6 Aen1ndugiTayu
o ) 3 " P o o o Aa
(Tnluwion radian) u, uay u, AendsgUluweTARTes AR GuAuNeanuazmaly 7 uas
7, RINAIAL
ANNITIRIANNLAULATANLATERAINANaz I INa AU UMY principal stress AIGNNTT (4-
9) T4 (4-11) A1 intermediate principal stress et LLNIUBULAZLYINAL radial stress LaNa AN

maximum Wa¥ minimum principal stress Q:ﬂgﬂuﬁ‘zmu z—0

01=02369+\/(GZ;0"] +7, (4-9)

0, 20, (4-10)
o,+0 c,~0,Y . .

0y == 9~\/( s 9) +T) (4-11)

A" principal strain uaAluanNIg (4-12) 3 (4-14) IaaanyRdnfiAnnsaes principal stress

2 2
glzbz;g(’ +\/(‘92;5") +(Z§Z—) (4-12)
X ~

82 = 8[' (4'13)

) N /. ¥
£ = &, t+é&, B (62 83) + ‘}’ﬁ] (4-14)
) 2 2 2

Wdmansrulgiazazasnlunisfiansan principal  stress 1w 3-dimensional  principal

LAY strain #5904

effective stress space A1 invariant I99ANAUAINNTOUAALAAIANNNS (4-15) Da (4-18)

,_01+0;+ 0} (4-15)
3
1 ' 12 ’ r\2 ’ 1\2
,]-;g\/(o-] ~o3) +(o} ~o1) +(o} ~o1) (4-16)
H= arctanL(lb\/—_—;-l—)J (4-17)
p=22"% (4-18)
o, — 0,

A1 normal  stresses  avatflugy effective stress (o' =c—u) wavA b Aesuls

L 4
intermediate principal stress AatUAzlEI1 0 < b < 1 A wFunislfiussuuuanuInsazilan b

4-6



Uil 4 1ATeviln, AN1IMARRY, UASUANNITNAREY Torsional Shear Hollow Cylinder

Winriu O (triaxial compression) 138 1 (triaxial extension) 1u@n W plane strain a¥ilAn b Wiy
0.3-0.5

gﬂ‘fl 4-4 WAMIGIAN mean effective stress (p’) ‘fuuﬁmswzmmmu space diagonal 31N
@qmﬁ;uﬁwﬁm deviatoric plane 1aqifs (O4) 1w deviatoric plane (i TT-plane) v invariant
184 stress deviator (J) AzuanAIgnImANALTaqiuanLnY space diagonal (AN) A0

v
Lode’s angle (6) WAAINITINFATBIANTNANHLARTLUTZUIUAINETD

o " C(@ = -7/
\ Py E o, By TC( 7/6) . ‘
A™ ~ \7r-planc /b=05(8=0)
l’ % Space diagonal / TE (6 = 7/6)
W\ A loi=ab=cl) | __/ rd
\ \
A
v@p' \ l'
0 B T
/ £y
>
// 7
/ 0. i g,

(a) (b)

gﬂﬁ 4-4 Generalized stress state: (a) Principal stress; (b) Deviatoric plane

44 NEIALANMISYIARDIWASNSINLTRS

panfanefazlFlunisaounusiautssinelueiesile torsional shear TnetusunsupauAud
Grulnanie BASIC Tusunsuiavasunuasiukn 4 fa (0..0,, o, and 7,,) Fsideanuns
muquﬁﬂmwm major principal stress @ﬁnumﬁl\'} () uazauIneed intermediate principal
stress coefficient (b) FauLsALANFIT]AUIMIINAINAMNLAUTRTUASANNTS (4-19) e (4-
22)

p=(az+6'+d‘~")

= (4-19)
J
&, = (—G—’—g—o-i) + %\/(62 ~0,f + 4z,
b= n : (4-20)
\/(Uz - GH)L + 41—(5:
2 2
R(t)=0'2+0'9+\/(0'2~0'9) +4r] 42}

o.+0, —\/(0'z ~0,) +412




unil 4 1Azeedie, N1INARBY, UAZULNNITNIAGRY Torsional Shear Hollow Cylinder

a= larctan( 27 J (4-22)
2 o,—0,

Tned P, b R, WY a A8 mean stress, intermediate principal stress ratio, total stress ratio (Iugﬂ
189 stress rate), WUAYNNHANIA major principal stress NILRALILUIAS

MnfusALANAZANITIAIIANNIALT N MNaAIaNNIS (4-23) D4 (4-26)

R(£)+1)+ (R(t)-1)cos2ax
o.{t)= (2b(R(t) ()+tz(R()¢)+z) . (423
O‘r(t)= ( (t) 1)+1 ~ (4_24)

i((())_;)Jr(((())+)2)
R{t)+1)—(R{t)—1)cos2c
= 3
%l 26(R()-1)+ 2(R()+2) 7
(R(r)-1)sin2cx
= 4-26
all)= 25(RE)~1)+2(R()+2) " e
mnﬁuq:ﬁmﬂﬁmmiuumLmuua:mwmmﬁwma%uﬂ]@zqnﬁﬁmmlumﬁm:ﬁum

(4-25)

AnaAuliduln stress path #Afaenns  saudsnslfiuseaansnsaduandaaaunis (4-1) o

(4-4) usz (4-27) D (4-30)

W= (r -2 )o.(0)-7(p,72 - i) (4-27)
5
M, :: S e (e) (4-28)
r(tX’v‘_ri)-’-o-H( Xro_ri) (4_29)
2%

o, (X, - )= o, (t)r, - 1)

5

(4-30)

45 WHUNISNARRILASIBENNTNARAS torsional shear hallow cylinder
LNUNITNARDN torsional shear hollow cylinder @'ammmﬁ@ﬁﬂﬁ'lwqam?u anisotropy 184

Bangkok Clay TUATUNANTENUTBINITNYUIR major principal stress rotation WAZAUIATDS
intermediate principal stress TAEVINNIMARRINRANIITD4 the major principal stress (= 0°,

45° and 90° uavA the intermediate principal stress ratio b = 0, 0.5 and 1.0 taN1MAaesly
anwliszunein (CIUC) unin1snAans torsional shear hollow cylinder WATAMANIR29A2DE1Y

Auliuanslumisad 4-2




Uil 4 1ATENNE, FENITVNARGY, UAZUANNITNARES Torsional Shear Hollow Cylinder

ANSI97l 4-2  LNLNITVARD torsional shear hollow cylinder WAZADLANLTRYDIAI LAY

Test No. o b Borehole Depth Natural water | Liquid Limit | Plastic Limit Liquid Plastic
(o) No. (m) content (w, ) (LL) (PL) Index (L/) Index (P/)
(%) (%) (%) (%) (%)

A00BOO 0 0 BH-5 14.0-14.6 20.16 64.8 16.31 48.49 7.94
AQ0B05 0 0.5 BH-5 13.3-13.8 22.16 53.6 17.97 35.63 11.76
A00B10 0 1 BH-5 13.2-13.8 25.26 59.6 17.65 41.95 18.14
A45B00 45 0 BH-6 11.8-12.4 54.29 85.18 32.97 52.21 40.84
A45B05 45 0.5 BH-5 10.6-11.2 61.83 . - - =
A45B10 45 1 BH-5 12.0-12.6 49.4 85.8 27.39 58.41 37.68
A90B00 90 0 BH-6 11.5-12.0 53.36 87.6 31.85 85.75 38.58
AQ0B05 90 0.5 BH-7 9.8-10.4 79.33 114.2 40.04 74.16 52.98
A90B10 90 1 BH-7 7.0-7.6 55.58 62.80 22.31 40.49 82.16

UHILLUG u = underdrainage to lower and stratum

K, =0.7
¥, =17 kN/m’
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unil 4 1ATeNdln, AN1INAABY, UAZUNLNITNAREY Torsional Shear Hollow Cylinder

ABN19IMAREN torsional shear hollow cylinder Auanslng flowchart Tugifl 45 :uaziden

VDIF A TUNDUATDT U AT

Test program

Sampling

————————>

A 4
Sample preparation

Specimen set-up

A4

Saturation

Y
B-check: B=0.9-0.95

A 4

Isotropic consolidation

A 4

Checking of excess

pore water pressure

A 4
Undrained shearing

RN G BNE WEGE DAES GSEOR OGN DS RSN TGS OGN G NG GBS MR R GRS Men®  MNEN  BOEN  G BaGNn Mo BRMS  Mw M ee

b4
o

5U% 4-5  dumraun1maaas torsional shear hollow cylinder




unhl 4 1AFENNE, FENIINAABY, UATUNUNITVNAREY Torsional Shear Hollow Cylinder

451 msinumaatienu
oatinmuN1dAa undisturbed Bangkok Clay a1n#uaiataniiafimnuan 7.5-15 u Taefiu

fiagl piston sampler AwAEEIAUTNaN 12 13 Aaetneazgn wax uazifulineunimaans

452 MSLATANAIDEIAY

NAAINNITAY wax WA cling-film  88NAINALRLEINAUILATIAADUANTNIDENNT MUY
dmiuinismaaswizelininwusesuanidanissunaulaaglilisedahiuliy feufiazans
natinaAuly soil lathe ﬂmm‘igmﬂwmﬁq@ﬂqa@:qnﬁﬂlﬁﬁﬂuﬁoﬂﬁm aniumethaduazgnda
fintl wire saw AuHEUHNANTNAN 70 1y

patNgUnsINszUANATgNIfNAat two-part steel mould (WukAudTnateneluwinfy 120
) ﬂmmmﬁmmw:gnﬁmﬁ"amﬁﬂiﬁﬁmm@o 120 w1 wasa Nt mould azqilafiaredan
end cap uaswbandmFLTuReuN I msInTzuannasane \ielilfatsmuRatumiaze
steel mould azlfuriunanaiinuraiadaetwiulineunisld mould msanans18 end cap axily
snmduringuinana 30 un uaz 10 1 HAuazdy sUvesginsnimswsiBausednsdulAuansly

91¥ 4-6




unii 4 1AT89dn, FEN1TNAREY, UAZULUNITNAREY Torsional Shear Hollow Cylinder

(b) steel mould wazasnunesaaulildauan ey

51U 46 gunsainldlunsiransiaetinafiu hollow cylinder

o ] ° =4 @i dp [ o o Qs 1 ] Qddl v
N‘W@’]El’)ﬁluﬂ’li“r’l’mﬁ\iﬂﬁ‘i’U@ﬂﬂ’]ﬂiuLL@tﬂ’]?Lﬂﬂﬂ’Jﬁlﬂ?%’ﬂQjﬂU‘ﬁHﬂﬂﬂﬁﬂ% FI0BENT 1IN L

Int Porovic (1995) uaz Albert et al. (2003) ax14 soil lathe uuusAtiRAeeU aAulHFIWATA

v
e«

anauInfAlaassaat AuAartiendud sudesRiansandsuntudetiutias  luauddes




UNA 4 1ATeie, 35n1MAR8Y, UAZUANNTITNAREN Torsional Shear Hollow Cylinder

nsansruanaslusraiiunisiasseasuneensansruanaialulaaldadiuasgidnuas 14

wire saw \RNTNATBIgAIANLUgLIR 4-7

4

g

0

55

A

R

e
R

SR IARIE

s

e

S5
%

& 3
233
A

Do

O L
S,
re e

8" SERN 2,

S
B
i
"::‘vﬂ

35
RIS
et S,
R X

o

Bt

FR

R

e )
5 5

B

A

-

eI,

i
R

SRR

;
R

o
e

A
BT
e v e

et
et

sl

o SRS oS
S t“ T Al

S
5%,
,
o

2
s
32
G

55
¥
s

i

oy

%
-

o

5
o
5

o
S

SE

4

ey
2t

Za
e,

o

s

S

KR,

’ ‘,‘ o
ot

4
Lo
SR
o
S
e

5K
T,
R
e

%

(e

o
i,

eans
%

o

R R R NN LI
e s

(e) adugmsananalifla 30 uu

atiny

o

T’

Ve

e

TN AN
TSI

e

VRN

o
oo,
o

e

0
X
RO

LR /."nin.ﬁx/,.-umw

%

e
eosi
Gt

S
S
s
e

S

,
W
3

.
i
%

<

IS,
A
z;&miyfjﬁ:;ﬁv

S SN
A

R
i

N
s
A
!

R

70 13 UAaY H. = 120 wy)

310 47 nszuauMsIsRENAYEENS hollow cylinder

4-13




1Ml 4 1ATENEE, T3N1INARE, UARTUEUNIINAREN Torsional Shear Hollow Cylinder

v
luudazdetAuarinsmAaNTuiauLasuaINIMases TR103saeEna (H, D, and

D, azda¥ 4 soumduazlidadelunismusniinendes Metsfuazgndaiomingas

-~ & as 1 _~
453 MSAARIRIBENAY
- d o oa : i a o
neARRALATaviiauazAI8t A hollow cylinder Huanslugif 4-8 uazeBuneAsil
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unil 4 seaile, 3BN1IVAARY, URZLNUNIINAREY Torsional Shear Hollow Cylinder

2
ey @/ t

- N9AABFAALINIAL

2
o

AI8t1IAUAZYNINIUN base pedestal F4H porous stone WY inner membrane RARFIDE]
porous stone AZAATLINGINASILNT 6 Bueilasiunisduloantansassiaetnaiiasainnisdas

us4 torsion (3117 4-9)

519 4-9  Top waz bottom porous stone AUATLNBINAD

- Side drain

LOLNTTANENTANAI 1 IH AU 8 suara1dlBRiqfuenaassnatisAuifNatoans

consolidation

- Inner Ay outer membrane

24
NAINFIDENAUINDBEL UL pedestal WEaNALAAAY side drain UA top cap URT inner LAz
outer rubber membrane azgnasaussetlilaaiiniessdalilifieniAdiay ndsa1niu o-ring
3 ' ¥

§ ' R oy ¥
AU 2 fargnansInusazfinuressiatrsiuiellasiuiniaann outer cell wazld o-ring 1 saf
¥

top cap WatlaaiutinFann inner cell

- MITANARILITNY load cell WA top cap

v ¥ v 2
HRIRINFAFY membrane WRINLNINIHARA potentiometer AINUUAZNNITRARS cell
chamber SeBinRatuguian stiffening ring Tneld bolt 3 62 cell avBiaRafiugIuseasasiindie

o :zjw Q:jdi dwdl’ ci’d{
bolt NAIRMNUUNATHAAPNLATANNDIAB U NLURS
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UNA 4 1ATEINE, TENISNAREY, URUANNITNARSN Torsional Shear Hollow Cylinder

¥
- MaAENINNG cell

< v v ¥
naANinding chamber axinilu 3 duneulasusiasdunauaziinunlu outer cell chamber
1 @ ' ] ¥
AURITTAUNFBINTTBULEIAWANTIN 1S inner cell chamber audaszAUNEaINIs WaNTZAUTN

k- 3
qavineudaaziAntinlu inner cell chamber audinialilifiaanamaant

4.5.4 Saturation

wdsanmsAafamaathaAuudaazli suction 100 kPa sie cell Az suction line Lﬁ'@@ﬂmmﬁ
fifndnsegaananszuy &M 15 wifiennaAlu drainage line Azgn flush #qe de-aired
water szuinefiamen suction pressure auihidgue back pressure %Q’ﬂi‘gﬂﬁfam& saturation A1
cell pressure WAy back pressure ngﬂLﬁu{uw%u’]ﬁuluﬁ@’m‘]‘ifuimﬂ'.mﬂummlmnﬂ"wﬂm -
AuAuTAelfiAsTia L initial effective stress A1 back pressure 47 200 kPa szUn
NFYUANNNTRATRANNIAINEAUANININT saturation HaBIN TG cell pressure uasilm drainage
value WATNULAN Skempton B-value AlFunndn 0.95 Famsariy degree of saturation 100%

A3 soft uae stiff clay

4.5.5 Isotropic consolidation
FaREiNALATYN isotropic consolidation T1/f mean in-situ effective stress aaziuATaIA"
mean in-situ effective stress 183usiazn1Inaaasliaglumsan 4-3  s2ud19n19 consolidation

azannsn luaaenainsetnamuEy drainage valve




unit 4 1A7eeile, FN19MAREN, UASUNUNITNAREY Torsional Shear Hollow Cylinder

AN919N 4-3 ?ﬁﬂﬂtLaﬁl AABILFATNITNANDY

Test No. a b Borehole No. Depth In-situ effective Consolidation Initial effective Back
(o) (m) overburden pressure pressure py stress p, pressure u,

o, (kPa) (kPa) (kPa) (kPa)
AOOBOO 0 0 BH-5 14.0-14.6 133.1 105 50 200
A00OBOS 0 0.5 BH-5 13.3-13.8 126.2 100 50 200
A00B10 0 1 BH-5 13.2-13.8 124.5 100 50 200
A45B00 45 0 BH-6 11.8-12.4 104 85 50 200
A45B05 45 0.5 BH-5 10.6-11.2 92.3 - T8 50 200
A45B10 45 1 BH-5 12.0-12.6 1081 90 50 200
AS0B00 90 0 BH-6 11.5-12.0 105 85 50 200
AQ0B0OS 90 0.5 BH-7 9.8-10.4 79.7 65 50 200
AS0B10 90 1 BH-7 7.0-7.6 54.1 45 45 200
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Nl 4 17898, 33N1INARBN, LAZURLNITNARSY Torsional Shear Hollow Cylinder

:ﬂmmmsayuqmms consolidation asfiansaunlaLds 3-time method Tatazwdanen
volume change (AV) Wag time (f) uuNsIWULLL semi-logarithmic scale uazMRansaungauTiduy
?;qmmm‘wﬂ nadunssmnaiuduiiiunsm semi-logaritmic taafiszoy t uiiazBund "3t
line”  dlanav AV -log t D 3-tline @:ﬁ@ﬂsmf}fjﬂtﬂunqa‘guqmnﬂ? consolidation (The

Japanese Geotechnical Society, 1999).

456 N19ATIAFALAT excess pore water pressure #R3I37NN"S consolidation
ilesaneyqrliiinas drainage Weaeednuessetreiuinlilianusndan excess pore
water pressure 1814521919079 consolidation  N19ATIAEBLAN excess pore water pressure
NAI391NN"9 consolidation NlatN1stla drainage valve WAT&UNANITAT WINAN excess pore
water pressure hiL*Tv'u?l”wmmqu(?TfmemEu@gﬂuamww%@uﬁ%ﬁqmmmam undrained shearing
usMNEN excess pore water pressure AfninauazfiasiaathalissunatirelUdn msiuga

AN isotropic consolidation QrRANTUNED excess pore water pressure aAMIAUUNA (A <1 kPa)

4.5.7 Undrained shearing
v v 2
sAdsinnReunuyltszunetn lunsdiaes compression waz extension HumaL19AY

¥
e

= o ea ; PRpR o = A o :J & =
ngﬂLﬂﬂuQuﬂ?ZVNQUﬂ LLﬂluﬂ?mV]L'ﬂ'ﬂuLLUU a=45 NTLRAUITUYALNANNITIARAURININUTE

daniswyutiean 30° udsainnnRauariinnaneany water content I8FnaENIAU
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unil 5 NANTNAGDY triaxial test

<4 2
UNN 5 HANSTNAAAL triaxial test

51  UNUI
d’; o v = a = a :l’
UWuQZLL@F’NWQﬂﬂﬁ'ﬁ'uﬂquLﬂu-ﬂ’JqNLﬂi‘ﬂﬂ’ﬂ'ﬂﬂﬂutﬂug'lﬂ?\uﬂw% Iﬁﬂﬂ'\?ﬁﬂ‘iﬂ’qwqwﬂi‘?uﬂ
ANTNLATEANAUWAL AN UAYANY non-linearity WAZ anisotropy  laBaLRINIsNAKaY triaxial
¥ ¥ ¥ 4
compression fiauuuszungtiuaylissunan nanismasestiazinliannsodinlangfinssuans
o J =3 .0 o s Qo =Y & © o =
Aumiisangunnunintsuaziludiayandr Ay lunsiauinuudisesneatinAansd niuay
wigangamnesialyl
N1INARBLATNN isotropically consolidated undrained compression (CIUC) uae
isotropically consolidated drained compression (CIDC) AUNIAL8ENNAAIBLUIAILATIUIUDY
\WeANEINOFANSIN anisotropy  1B9AINIAN-AINLATEA TaEiATesilae tiaxial axfinisifinsyuy
local strain measurement (LVDT Wwae proximity transducer) Wazseill bender element 1agl
- A & vy ¥ o af o a P Aoy o
Muazidearedrraiialinaaliudaluumi 3 dreteasannasshiumiiaangaunneilinunann
d” al. 74 d‘ - d‘ @) A = < =2 =1 s o 1
AuNaIan39RANEN 10.5-14.5 wins Falupumiooudalunanstuds AruauiRassdiaetng

Aulsuanalumisan 541

5.2 nITNAARaU isotropic consolidation

5.21 Qmﬂuﬁagﬁu consolidation

Fetnensanmaesiumiinangamnylfigninnismaaay isotropic consolidation TufiAanx
WueRelszAvanaluauia Haves isotropic consolidation curve 1asAwwBangmHliuandly
gt 51 Taefigdl 5-1() uamspaLATUSIZNINS volumetric strain (&,) F9RMMIRRNAINTZLL

local strain measurement (LVDT Waz proximity transducer) was logarithm of mean effective
stress  (p’) @ﬁﬂgﬂﬁ' 5-1(a) LLMNQ"W]'WLQ?\'EHIQQ recompression ratio RR  (AIWIDAIN
RR=AE, JAlog p§ HAsznn 2.7% 3ailFmsariun recompression index C. iy 0.072 f4
Anuaniann C=AerAlog p” Fauanslugili 5-1(0) Seniiliandinideisiandidsaiusialy
sesiuwmiisangannyie RR = 2.77 uaz C. = 0.07 danaaeulag dedometer test (Shibuya &

Tamrakar, 1999)
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UNA 5 HANINAARY triaxial test

A e s 1 _~
ANS1aN 5-1  ARGNURABIAIBENAU

Test No. | Depth s Void ratio | Water content, LL PL Specimen
{m) (kPa) &, w, (%) (%) (%) direction
cluc-tv | 109 | 80 1.69 59.62 : - Vertical
CiuC-1H 1.7 90 1.30 48.40 73.5 27.29 Horizontal
clUG2v | 134 | 100 1.07 44.72 : : Vertical
ClUC2H | 129 | 100 0.64 23.25 42.25 | 15.63 | Horizontal
cluc-3v | 145 | 130 0.66 27.67 : a Vertical
CIUC-3H | 137 | 120 0.57 23.49 51.00 | 17.60 | Horizontal
clc-4v | 137 | 120 0.76 29.33 - s Vertical
CIUC-4H 18.7 120 0.64 24.99 51.00 17.60 Horizontal
cluc-5v | 131 | 200 1.30 48.33 - a Vertical
ClUc-5H | 123 | 180 2.25 81.56 53.30 | 17.91 | Horizontal
cIDC-1v | 11.7 90 1.48 51.92 61.10 | 32.26 | Vertical
CIDC-1H | 11.7 90 1.43 55.99 7350 | 27.92 | Horizontal
CIDC-2V | 13.1 100 1.21 45.80 51.75 | 25.00 | Vertical
CIDC-2H | 123 90 1.45 43.75 53.30 | 17.91 | Horizontal
cibc-3v | 139 | 120 0.51 17.77 39.10 | 15.66 | Vertical
CIDC-3H | 139 | 120 0.55 19.27 50.35 | 18.38 | Horizontal
CIDC-4v | 129 | 100 117 41.62 - . Vertical
CIDC-4H | 129 | 100 1.00 32.96 4225 | 1563 | Horizontal
cibc-5v | 137 | 240 0.60 21.02 . - Vertical
CIDC5H | 139 | 240 0.47 18.09 50.35 | 18.38 | Horizontal

WL isotropically consolidated to p}

2p; . Where pp = isotropic consolidation

pressure and p! . = in-situ mean effective stress.

O
S}




Nl 5 HANIIMAARY triaxial test

Voil ratio, e

]
et

P L1
—ClUCaV

e e CIUCAV
e - CIUC-5V

. ——CIUC-H

- CIUC-2H
CIUC-3H
CIUC-4H
CIUC-5H
—— CIDCAV
e CIDC-2V |]
rrrrr CIDC-3V
ciDC4v

- CIDC-5V
- CIDC-1H
== CIDC-2H
----- CiDC-3H
e CIDC4H H
- CIDC-5H

1 T | S O

100 1000
Mean effective stress, p' (kPa)

Volumetric strain, gvor (%)
QO N OO N W N e O

e
<

(a) 6‘\/01 - /OQ p,

— [Shibyuyalanfl Tanirakar (2001) CRIC-3H

2.5 CIUC-5H
- e CIDCAY

—CIDC-2Y
e CADE-2Y
o CHIC4Y
o S DCT

o

P
[%,]
ﬁ
17
A
8
fua
ba 4

17

el
i
i
[P

——--CIDC2H
S - CIDC-4H
i —CIDC-SH

=
n

10 100 1000
Mean effective stress, p' {kPa)

(b) e-log p /

gﬂﬁ 5-1 lIsotropic consolidation curve




unii 5 wan1sagetl triaxial test

<4 s g 3 " § . "
522 NITIARBUMILULU anisotropic §EUININITNAARAL isotropic consolidation
FEMINNNINARAL isotropic  consolidation  A1HNTOANHINGANITUNITIARAUAIBLL
anisotropy 989s19tin9AulAIeIa1niin139R local axial WA radial strain wensteAnaINtY 1ag

Yy b
#1712 submersible LVDT uae proximity transducer 1aRnsalinnananspaugauazasaiudinumu

NNSAARATLUL local strain measurement 4193 vertical- WA horizontal-cut specimen &uanalu

i ° o 5 5 : n‘ \ A o Qs ¢a‘
917 52 &M vertical-cut specimen tiuAMIEUlULLIRY (&) 1Al LVDT azmsaiuuuansly

auNA9L (AU bedding  plane) Tuanzfianuiduluwoueu (8) #ialae  proximity

transducer axAauAIAMNANTULUINeUluAUNUASIUILAL bedding plane Aauanslugif 5-

o

2@ &I horizontal-cut specimen TuA1ANEL LIRS (&) fisalag LVDT azpsariy
e U UM NUAZIUILAY bedding  plane luaassfiAr A ALY &) Fifnlan
proximity transducer azasafuAA AUl LA g LLAZ RN T bedding plane AdUaA3
gt 5-2(0)

ARBENIAITNANRUEIENIN axial WAL radial strain 151’Lmq1ugﬂ%" 5-3 fauamednnsiaiey
sianaldiannay isotropic  consolidation Wuslanam anisotropic  TAaWL981UFY vertical-cut
specimen 131 Ag> A8, wazdmiu horizontal-cut specimen 11 Ag<Ag msaii 5-2 1oag
Admsdan Ag/Ag, Tldan verticalcut specimen uazANSRsEIY Ag/Ae #lFan
horizontal -cut specimen AdRINdIu E/AE AN vertical-cut specimen WATAIUNALTD
horizontal-cut specimen m@mnﬁqmmiﬁwﬁ@mlugﬂﬁ 54 HANTNARALUARIINFaRL T stiff
wnniluueulaeiisnmdoy Ag/Ag, szudne 1 uay 4.5 uaiidedulssnnm 2.14 uanis
yanesildanaAdeiinsiunansmaasaiselag Kuwano and Bhattarai (1989) T

daumiizangumnedaundiluiunsainnmageuuuusrunenizlae i true triaxial apparatus
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unfl 5 NANITVAABY triaxial test

< o . ; ; b
AN 52 ARTIAIULIBY Aé‘/ Aé‘h FEWINNIS isotropic consolidation

Test No. Specimen orientation Isotropic consolidation
Stress range Average Ag/Ag,
(kPa)
CluC-1v Vertical 230—>280 1.03
CIUC-1H Horizontal 240—>290 3.65
- ClUC-2V Vertical 240—>300 1.73
CIUC-2H Horizontal 240—>300 2.04
ClUC-3v Vertical 250—>330 1.20
CIUC-3H Horizontal 250—>320 0.96
CluCc-4v Vertical | 250—>320 0.80
CIUC-4H Horizontal 250—>320 3.60
CIUC-5V Vertical 240—>400 1.21
CIUC-5H Horizontal 240—>380 217
CIDC-1V Vertical 240—>290 0.94
CIDC-1H Horizontal 240->290 2.41
CIDC-2V Vertical 240—>300 1.30
CIDC-2H Horizontal 240—>290 314
CIDC-3V Vertical 250—>320 1.50
CIDC-3H Horizontal 250—>320 1.95
CIDC-4v Vertical 240-—->2300 1.69
CIDC-4H Horizontal 240—>300 4.54
CIDC-5V Vertical 250—>440 1.00
CIDC-5H Horizontal 250—>440 1.02

winewms; A&/ AE, 3 horizontal specimen




al CN
NN 5 NANINAABL triaxial test

Direction of soil movement

, Direction of soil movement in
in bender element test

bender element test

In-situ vertical direction

In-situ vertical coincides with

difectlo{w coincides proximity transducers
with LVDTs Proximity
Proximity transducers
transducers
7 ~r_ Direction of
Direction of measurement
measurement of LVDTs
of LVDTs
Y
//
(a) Vertical-cut specimen (b) Horizontal-cut specimen

3UN 52 MsRAENTYLL local strain measurement WAz bender element




UNi 5 NANIAGeY triaxial test

Axial strain, ga (%)

Axial strain, ga (%)

o o
<N -]
<
R
N
\,
\
N
\
\
o
(=]
\
\
\
\
N\
\J
<

1
P

(=]
o~
\\
\\
\\
Axial strain, ga (%)
g )
(2
\\ \
\\
N

=3
)
e
\
\
=]
N}
N
N
N
N\,
\
N\
N\,

N\
\

~——CIUC-2V I -——cxoc-zvl
0 + 0 -

0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Radial strain, ¢, (%) Radial strain, &, (%)

(a ) Vertical-cut specimen (Test CIUC-2V and CIDC-2V)

25 —~ 14 =
e CHIC-1H P l v CIDC-2H '/’
o 1.2 = 1
2 k(. S - § A //
s 4 g L /'/ -
15 ) 2 %08 y i .
£
. © .
. e 5 06
4 = e
> 3 0.4 A -
2 e L7 L
e L - // 0.2 4— - I PPt S
/, ’ /—"‘ /, /
0 e 0
0 0.5 1 15 2 25 0 02 04 06 08 1 12 14
Radial strain, &, (%) Radial strain, ¢, (%)

(b) Horizontal-cut specimen (Test CIUC-1H and CIDC-2H)

31 53 na@egUuuy anisotropic s2i919N1IMARAL isotropic consolidation
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unil 5 wanIedey triaxial test

average=2.14
. i
14 L JEnm e =
— I
E hadB Y °
3 = |,
2 12 g "
a . |
3 :
10 - ", 19 e
1
1
8 1
0 1 2 3 4 5

Vertical-horizontal strain ratio, £,/¢;

A o’ 1} ’ 2 . . .
51U% 54 dmadan Ag/Ag, sxninanismaaau isotropic consolidation

5.2.3 A1 bulk modulus 9¥#ININETNAFAL isotropic consolidation
FENTINNINAGDL isotropic  consolidation #1N190U1AN secant bulk modulus WALNN3
nl‘ U o/ . . ¥ dll b3
wWasuwdasaiu  volumetric  strain - LAiiesanniflunisnagay constant-rate-of-stress

consolidation 1aeMAN secant bulk modulus ATNITDAIUIUAINANNTGT (5-1)

Ksec = (54 )

Tnesi K., A8 secant bulk modulus, Ap” Aenisulasuuilatses mean effective confining
pressure War AE,, Aensuaenulacaas volumetric strain

gﬂ?i 5-5 uams normalized secant bulk modulus degradation curve TB4AMATLIINTINHY
Fauanadndn secant bulk modulus @1ansadalEteranadwdnminiy 0.002% 189 volumetric

strain - agelsiAuNANIMAGELVBILAIBLENAL L T NI TAtsLaLi AN e Betiatal

8 volumetric strain fATenndn 0.01% #1197 5-3 ag1len small-strain bulk modulus 71 &,

vol

WU 0.001%
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unil 5 HANTVNARAY triaxial test

Normalized secent bulk modulus,

Normalized secent bulk modulus,

Ksed/Po'

Ksec/Po'

600 -
+ ClUCV
Ny = CIUC-2V
500 \ CIUC-aV [
1.  CIUC4V
x CIUC-5V ||
¢ CIUC-1H
+ CIUC-2H
- CIUC-3H [[]
- CIUC-5H
| i i [ P11
0.001 0.01 0.1 1 10
Volumetric strain &% o (%)
(a) CIUC test
600 TTI
+ CIDC-1V
500 | = CIDC-2V | |
L K i ciDC-4V
= < CIDC-5V
el M | % CIDC-H ]|
L] el : * CIDC:2H
300 obel e gtig + CIDC4H ||
] [dads
Bt s - CIDC-5H
[ g
x 1% |3 ,
200 {
o 4t 90
" Lt ] ﬁ.tl ; b
100 T U ;
o L :& g
0 ek 1 [ 11 I N o 5 5
0.001 Ui 0.1 1 10

Volumetric strain,[7yo (%)

(b) CIDC test

gﬂﬁ 5-5 Secant bulk modulus degradation curve

Q'h
©



unil 5 HANTARRY triaxial test

< , : , . ——
AN MN 5-3 Small-strain bulk modulus $EUIMNNITNAADL isotropic consolidation

Test No. Isotropic consolidation
Initial mean effective Small-strain bulk K, ./ Py
stress p, (kPa) modulus K .
(kPa)

cluc-1v 80 7000 88
CIUC-1H 80 6000 75
cluc-2v 100 9700 97
CIUC-2H 100 13500 135
cluc-3v 130 40000 307
CIUC-3H . 120 14300 119
CIUC-4V 120 45500 379
CIUC-4H 120 50000 417
CIUC-5V 200 10000 50
CIUC-5H 180 16750 93
CIDC-1V 90 10000 111
CIDC-1H 90 6000 67
CIDC-2V 100 15000 150
CIDC-2H 90 16000 183
CIDC-3V 120 - -
CIDC-3H 120 17300 144
CIDC-4V 100 15800 158
CIDC-4H 100 16000 160
CIDC-5V 240 25000 104
CIDC-5H 240 36000 150

53 AN¥UEARY small-strain stiffness

A1 small-strain stiffness 1esAuminangunneliAnminavenismageuuuy static sz
dynamic Taguuy static "qui"ﬁ triaxial test ﬁﬁﬁ‘:uu local strain measurement LWATLUL dynamic
1% bender element test luvirdailazuansnanismagansn smallstrain stifiness WATWOANTIN

anisotropy
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uni 5 HANITNIAGRY triaxial test

5.3.1 Small-strain shear modulus 1N bender element test

LWINUNINNADL isotopic consolidation az3AAT small-strain shear modulus &a8l bender
element Treilsaazidannisaniiunisasunaluuni 3 #n shear wave velocity 31A1EHAINNIS
fan0un arrival time 109ARUBRUTIHIUAIBLNAL A1 small-strain shear modulus §11790

AuradlFainaunis (5-2)

2

Gmax = pl/;z = ptL” (5'2)

P4

s

Taad P A2 total density 199R% Uay V, A shear wave velocity TaaiAMuanINANAN effective
length L fndudouldlunsBuneuas travel time ts

oI isotropic consolidation azliANNENRUSIYUING small-stain shear modulus WAY
isotropic confining stress ’Lm')ufs'ﬁ'ﬂﬁwﬁ’] G '7;15@’11‘1 vertical- Wag horizontal-cut specimen /%
i G, uay G,, MUAAL gﬂﬁ 5-6 UAANAMNENWUTITUINAT normalized G, /F(e) Wz p 184
Aumflangamny aung empirical equation Tuguuufiuuziintan Hardin and Black (1968) 1414

o -3 U o J
lunmsdszanamanimeaay Tasazlfanuduiussenine G uaz p mail

G,,=1700F(e)p ™ (5-3)

4

G,,=1450F(e)p * (5-4)

Ioew G, waz p " Hmisenily kPa uas Fle)=(2.937-6)/(1+e) (Hardin and Black, 1968)

100000

+ ClUC-1V
= CIUC-2V
cluc-3v
- CIUC-4V
lagbstta =T T | oucay

10000 L s CIDC-2V
=  — . + CIUC-1H
- CIUC-3H

e - CIUC4H
o CIDC-1H
o CIDC-3H
s CIDC4H

W
R

\
\

o
o

modulus, Gmax/F(e) (kPa)

Normalized small-strain shear

10 100 1000
Mean effective stress, p’ (kPa)

3UN 56 ANANRUSTENIN9 small-strain shear modulus WAZ isotropic confining stress




UNH 5 wanINeany traxial test

5.3.2 Small-strain Young’s modulus {10 triaxial test
N1INAARLY drained triaxial compression MU vertical- way horizontal-cut specimen A%

141 small-strain Young's modulus E, uas E, ammlsiann isotropic confining stress 31 5-7

a t

UARIANANWUSIZNINS small-strain Young's modulus £, /Fle) waz p” 19a3humilaoangamnne

o

3} 4 1
Wavaniidayares £ Aaudineariasniudslianunsonsunsuldauulases £, /Fle) fu
p Wrethasiugdninasanyilfinuduiuissming £, Fe) ~p Tidaningdses p/ wlieuduy
v & /7 & o‘/’ o & 4 o / ¥ o
ANNANNUTIDY G, Fle)~p  AMIUAINANNUSTZNIN E, uas £, MU p” az@nunsouanaling
aun1e (5-5) uaz (5-6) uazuanslugih 5.7
E =2850F(e)p ** (5-5)

0.4

E,=2250F(e)p (5-6)

oW £, E, uny p " Tmdaenilu kPa une Fle)=(2.937-6)/(1+e) (Hardin and Black, 1968)

Tonad ety
0 T T -
g’ = — ® Ev
= o o Eh
QO X 1
> : Best fit Ev/F(e)
g g:_ 100000 == - - - Bestfit ENF(e) = :
ES g

E . ! -
g uj s TR
g4 B a2
HS 10000 = me=trle 3 L0 O
;.3 = = — s, osa T

o
EE 1
Q
=

1000 :
10 100 1000

Mean effective stress, p’ (kPa)

d 9 s g 1 .
g‘i.hn 57 AMNANNWURTTUINW small-strain Young's modulus WaY isotropic confining stress




UNA 5 HANITNAABY triaxial test

ﬂ’li"lsﬂ‘?.l 5-4 Small-strain Young's modulus

Test No. Isotropic consolidation
Initial mean effective | Small-strain Young's E ./ Po
stress p, (kPa) modulus E . (kPa)

CIUC-1V 80 27900 349
CIUC-1H 80 15500 ' 194
cluc-2v 100 36800 368
CIUC-2H 100 55000 550
CIUC-3V 130 91000 700
CIUC-3H 120 80000 667
ClUC-4V 120 120000 1000
CIUC-4H 120 42000 350
CIUC-5V 200 50000 250
CIUC-5H 180 65000 361
CIDC-1V 90 23100 257
CIDC-1H 90 18000 200
CIDC-2V 100 25550 256
CIDC-2H 90 18000 200
CIDC-3V 120 32900 274
CIDC-3H 120 43000 358
CIDC-4V 100 23500 235
CIDC-4H 100 20028 200
CIDC-5V 240 65000 271
CIDC-5H 240 30000 125

5.3.3 ‘wqﬁﬂsin anisotropy 284 small-strain stiffness
Aﬂ' v a o -::; 2 28 3 & - .
aunsildanmisinmziluiadeiudaas ilunsiwseingiinssu anisotropy 299 small-
strain stiffness  HAWARIIAMMTEANgUN stiff nanlunuaRennelfianiw isotropic confining
stress nesmsau G,,/G,, way £,/F, Aadinaan
G,/G,, = 0.85
E,/E,= 0.80




UV 5 WANITNAABL triaxial test

534  NITIATIEAUIAN cross-anisotropic elastic parameters
L J U el  J . . . . .
Wdetiarna1nfanisimsnzian cross-anisotropic elastic parameters nMalianin isotropic
confining stress aasAumiaanganny  laaflauyAgundnai shear modulus WAz Young's

v
1 ' 3 5 § Z i A
modulus IUBETUANINANLAL §IUAN Poisson’s ratio JANAIN

5.3.4.1 Small-strain modulus

v
A small-strain shear modulus WaT Young's modulus Aataszdldneuntiriiudouasls

LamaFadingsinail
G,,=1700F(e)p ** (5-3b)
G,,=1450F(e)p ** (5-4b)
E,=2850F(e)p ™ (5-5b)
E,=2250F (e)p ** (5-6b)

5.3.4.2 Small-strain Poisson’s ratio

A1 small-strain Poisson’s ratios V,, uay V, amsnlilasnssannnismaaau drained

hv
v ¥
triaxial compression 11U vertical- WA horizontal-cut specimen AMNAIAL HIRLLBIAINNIFIA19

IRITTUU local strain measurement N9 LWL AMAZ I NLLINEY mmaﬁ 5-5 HAANHANITNAZDL

small-strain Poisson’s ratio #1%3UAN Poisson’s ratio Vi ANNITOATUIURINANIN isotropic 11

srunulINauAILaasluannisi (5-7)
E,

AR - (5-7)
’ 2(1 + th)
Anadaes v, uaz V,, ildanmmageuarlfifludunusesnusuifvesfumiian
o’ J
NFPINNUAL
Vv, =0.088
V,, = 0.084
v, =-0.224




UNA 5 NANITVAABY triaxial test

M1979N 5-5 Small-strain Poisson’s ratio

Test No. Mean effective confining | Poisson’s ratio v, | Poisson's ratio v,,
stress (kPa)
CIDC-1V 80 0.115 -
CIDC-2v 100 0.038 -
CIDC-3V 120 0.100 -
CIDC-4V 100 0.058 -
CIDC-5V 120 0.127 -
CIDC-1H 80 - 0.309
CIDC-2H 90 - 0
CIDC-3H 120 - 0
CIDC-4H 100 - 0.057
CIDC-5H 120 - 0.055
Average 0.088 0.084

5.3.4.3 Original elastic compliance matrix

o/

AN original elastic compliance matrix w"lﬂmnm?mmmﬂumaumm (5-8) m‘n‘lmum
Joywnr 2 dsznisha () Avwlianumsaas compliance matrix WAz (i) W8 E/V,2E/V,,
wananien V,, tauilupmnay

G,,=1700F(e)p ™

G,,=1450F(e)p ™

E,=2850F(e)p

E,=2250F(e)p ** (5-8)
Vv, =0.088

V,, = 0.084

V,,=-0.224

5.3.4.4 Modified elastic compliance matrix
lunsUFuuiian cross-anisotropic elastic parameter ARansanfazlfuen v, inalils

ANNAANIATIBY compliance matrix (E/ V,,=E,/ V) {HaanHansnndnatinaziinaufianane
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unii 5 waNTIARRY triaxial test

annden v, a1 v, dldiimsdfuudufaatindu 0073 WeusuAwAnAmaty  0.081

b4
wanAINk Hardin (1978) uuz1in91An Poisson’s ratio 189AuUNAiiAag7E1919 0 UaT 0.2 uaZA

v
o &

1ﬂ°7';'a§iswdwﬁziwzuziuéﬁLﬁmmémé‘”umsﬂs:qnﬁl&i?fﬂﬂ AatiuRsRasunLiusn v, Wil
0.15 anAuusidIng1n aztius modified elastic compliance matrix a¢lEfsannnsi (5-9)
G,,=1700F(e)p **
G,,=1450F(e)p **
E,=2850F(e)p **
E,=2250F(e)p (5-9)
V, =0.088

V,

hv

=0.070

V,,=0.15
< k7 " 4 R d' b o’ !/d” 3 e | P
DNUNA1 cross-anisotropic elastic parameters ‘w‘lmmnmsﬂmunmz‘lummmum isotropic

5 VG ) o % dlciy-d; 5 d'r-\ & ° ° =
4 horizontal plane wsifitasaundreeniulaluniiliasandidiasedlfazinluA g Anssy

melsinsmaganlugann triaxial stress Wity

5:3.5 n’liﬂﬁzqnm’ff cross-anisotropic elastic parameter
o J b 7 i N " . n‘-‘!. b3 o~ s
‘Lummfau%mmmms:qnsﬂm A cross-anisotropic compliance matrix ldannnnsdiasnei
HANNINAADY drained triaxial test TUNNINNUIBAY undrained shear stress path direction Wag

undrained small-strain Young's modulus PlHanuani1smeaaeL undrained triaxial compression

5.3.5.1 N19YNUEIAN undrained stress path direction Wa% undrained small-strain Young's
modulus 184 vertical-cut specimen
&M% vertical-cut  specimen UANN1501T 81 cross-anisotropic  elastic  constitutive

equation TAAIANNIN (5-10)




Uil 5 wanITAdey triaxial test

ol | L Y Y o o o [0 ]
E, E
se, | |-Ye L Yoo o o |so
Ev Eh n
se | |-Xe ¥w Loy g o s
s Ev Eh E}' (5—1 O)
1
0 0 0 — 0 0 s
5}/07' G‘h Tdf
1
0O 0 0 0 — 0|
5yra Ghv ra
1
o 0 0 0 0 —|g
b§}/rr - i th - z-rr_.
1089 2 WAT r ABWNUAILATUBUTIAIFIAEINAY §9U v LAY h ABUNUAILAZUAUIRIaN WAL Y
Au
IINANNIT (5-10); og, = %9, =2v,, 00,
Ev Eh
oc!, ool oo’
8¢, =V, + Van
E ' E E,
ananwliszuneln; e, = Je, +25¢, = 0
0=2% 3y, %% 49 _y, %%, 9. _, 00,
E, E, E, E, E,
o(;:zgl[ ~1+2v,, } AT
oo, E,|2(0-v,,-v,)
o u’/’ X Yo il = ! 5 .
PNUU stress path direction; X _ 3(f50“ ber) = o",,’ (5-12)
& b0 +260° 5o,
a 1+ 2—~_*
oo’

4 : . .

LHBAUNUATYRY cross-anisotropic elastic WUl original was modified aMNdNN1e (5-8) way (5-
9) avluaunis (5-11) uas (5-12) azan1ralé undrained stress path direction FIATAIANIALLA
agulumsne® 5-6

Undrained small-strain Young's modulus;

(_Ea)u . fi] _ (SO'a‘-é"O'r
o€ o€

o
_ bo0,-6o. oo, -
%o, o 1 _ 2,50 G-
— V o—— o SR ... ..

E, "“'E, E, E, &c

¥




U 5 HANITNAABY triaxial test

WHaunuan cross-anisotropic elastic parameter 19UV original L&y modified flAanannis
(5-8) Uz (5-9) asluanng (5-13) AzANITNAINIUAN undrained small-strain Young's modulus

lamagunng (5-14) way (5-15)

8

Original: (E, )u =3459F(e)o * (5-14)

&

Modlified: (E,), =3762F(e)p” (5-15)

Toad (£,), waz p’ Hmioenilu kPa uaz Fle)=(2.973-6)/(1+6)

5.3.5.2 N19NIUIEAT undrained stress path direction LaE undrained small-strain Young’s
modulus 2849 horizontal-cut specimen
#1915 horizontal-cut specimen @m’m’)fmL%u@umﬁ‘cross—anisotropic elastic constitutive

. Yy o d,/
equation AR

e, 1 | L Y Y o o o [60
E, 4 E,
8, | |- A R So’
Ev E/I Eh
e, | |-Yw Yw Lo o o | s
- Ev Eh Eh (5_1 6)
1
y 0 0 0 0 0 &
é}ll'l' th OTIT
1
0 0 0 0O — O
5yar Ghv 5Tar
1
5 0 0 0 0 0 —
0 7
L Y va N th | ~52-ra R

Lol

&
e/ 1

Tneh a AounusTesrant Ry, r, AaunuueuasmetingfuifaIndu bedding plane, r, Aaunu

UBUINAIDE NAUNTUURL bedding plane UaY v WaT h ABUNULBLATWNAIIBIRU lEY

) . v, Vv, oo’
NANNNT (5-16); 08, =—Eﬂ§cr; ——E'i"—daﬁ +-l~:—“-
v i “h
éo’ v, v, -
dg, =—+ - 50! -2 50!
Ev Eh Eh
% oo, v
Ja.,, = -~E”i50'; +~l—j~’~—7€’—’i§a;
v 1h h
Avduaniwliszunei; 0¢,, =08, + 0, + 58, =0
Ve oy W oo’ Sc. v, v . ool v, .
0=—200, - 5o, + —L 4+ —L - 55! — I 55" G5ty S5t
Ev Eh Eh Ev Eh Eh ‘v Eh Eh
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ol e
UNN 5 NANIINaaaL triaxial test

o, E, ~{1 =V, ~¥y)

oo, £, = E, Vi = Vo ¥ 5 ~Vey —Eivhh)

E, E, E,

-i o = . - . y . Ay
\aunuAn parameter Tungilaas original uaz modified elastic compliance matrix il

(5-17)

aun1g (5-8) WAz (5-9) a3luannis (5-17) WAz (5-12) AZATNITOATUILAT undrained stress path
direction Taenadwsliaglumssi 5-6

Undrained small-strain Young’s modulus;

& oo, — o0,
(E")” TS 0 v rv
Ca — b Sl — S
Eh Ev Eh
i- (‘;"
o )
1 v, b0, v, o0 B

HRUNUAN parameter 189%an3EL original way modified elastic compliance matrix 7144 1u
anng (5-8) uaz (5-9) asluanunis (5-18) Az@INTAAIUINUAN undrained small-strain Young's

v
modulus 1A%l

Original: (E,), =4087F(e)p** (5-19)
Modified: (E,), =3106F(e)p ** (5-20)
Toeit (E), waz p’ Anvaendlu kPa uaz Fe)=(2.973-e)/(1+¢)

A1 undrained small-strain Young's modulus ﬁlﬁ’lmm“\'\nﬂumﬁ‘ (5-14), (5-15), (5-19) uay
(5-20) WBaudautuaildannuanimagen undrained experiment WgU# 5-8 uas 59 uazly
s1af 5-6  wansuBuifiauugasiniivauieann original W& modified elastic compliance
matrix aziiAnAanaRauLszIN £60% way F£40% ANHANINAGEL NI % iy
LanugadAInuIENnnd iR R nnmagen Tuaned % TiuauuassiinTiiunstien

Vo Ay
ﬂ’)'lmw‘lm’mﬂ’]?ﬂﬂ@@u
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uUnn 5 Wan1vagay triaxial test

Eumax (KPa) (prediction)

140000 b » fy// 79910{/0
120000 / v /9:/;'/
100000 {— / :
©, = ’
80000 / / /o sl '/w"‘?o/
— ///‘/ ////‘/ y AP cueiedl
i / Z& —ogOn inal (vertical)
%/ o Original (horizontal)
20000 1 » Modified (vertical)
+ Modified (horizontal)
0- : — 7

0 20000 40000 60000 80000 100000 120000 140000

E ,max (kPa) {(experiment)

3UM 5-8 n19vwILAY undrained small-strain Young's modulus

80
2 4 Vemcal—cut (experiment)

& %  Horizontal-cut (experiment)
o — — Vertical-cut ( O(gmal)
= - = Horizontal-cut inal)
[3} 40 Vemcal—cut(Modt ed)
- I R It Horizontal-cut (Modxﬁed)
s ® &
- a
VW Qe e I e T ] RN —_
Q. S 0
2 %‘ & ®
g 5 et 5 o e g . P
7
£ :
E _40 = O ROV S
©
5 I

-80

50 100 150 200

Mean effective stress, p’ (kPa)

317 5-9 n9inueAn undrained stress path direction
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unil 5 WANIINARDY triaxial test

a ° ! "
AN 5-6  WANITNIUIEAT undrained small-strain Young's modulus

Test No. Specimen Effective Void Undrained Undrained stress path Undrained Undrained small-strain
orientation mean ratio stress path direction (Aq/Ap§ small-strain Young's modulus E,
confining e direction (prediction) Young's (prediction) (kPa)
pressure (Ag/Ap modulus E,
p’ (experiment) (experiment)
(kPa) (kPa)
Qriginal Modified Original Modified

ClUC-1v Vertical 80 1.69 -26.1 9 25 27900 12215 13284
ClUC-2v Vertical 100 1.27 -6 9 25 36800 27884 30325
CIUC-3v Vertical 130 0.06 22,2 9 25 91000 78121 84959
CluC-4v Vertical 120 0.76 22.2 9 25 120000 65323 71042
L ClUC-5v Vertical 200 1.3 -6.7 9 25 50000 35045 38112
CIUC-1H | Horizontal 80 1.28 -30 -18 -51 15500 29648 22529
CIUC-2H | Horizontal 100 0.62 -60 -18 -51 55000 88128 66966
CIUC-3H | Horizontal 120 0.62 -40 -18 -51 80000 94795 72032
CIUC-4H | Horizontal 120 0.66 -59 -18 -51 42000 89392 67927
CIUC-5H | Horizontal 180 2.16 13.4 -18 -51 65000 6823 5185




UNAl 5 HANTNAREY triaxial test

54 WOANGTHAMNLAU-ANLATEATIANLATEANIN

1uﬁo%@§y@:ﬁnquﬁmm non-inearity Tugnwhissuneiiuazszineth Taafazuansli
diuimgRnssupnaEu-anAisadmiuanwissnaiuazssnmihaiidudunsdagiian
stifiness  AXAAANTLILALIBIAIINLATEA Ium?ﬁmsmwwqﬁmsuiﬁ@m%umaf@mmiﬂﬂ

normalized stiffness degradation curve

S : & 5
5.4.1 Non-linearity Tugmazlaiszuneiiuazszunein
A1 undrained Waz drained secant Young's modulus, E, o0 WAT E'sec amnsnaiAszilsann

ANNANRUS deviatoric stress-axial strain N31W normalized stiffness degradation curve £, .. /o,”
97N undrained WAT drained triaxial compression test ”Lr’ﬂ’mm‘lugﬂﬁ 510 WAL 5-11 AMNAIAL
Tanaziiuding wl normalized stifiness degradation curve aInNn1sMAdeY drained test axiinng
nerangFanndliaInnismaasy undrained test atelsfisnulaidanmiuanuuansitalase
2 v
w39 normalized stiffness degradation curve annsaagNaluLUIALas LRI LIUTIaRINS
¥
NAREL UBNAMNUNANIINAFBLIIMAAIAIINUANAINTBINGANSTH non-linearity Tuanwliszune
v & ¢ 3
wuazszunewn tnafen average normalized stiffness degradation 484019MAKA8U drained test ﬁ
¥/l small-strain HAHaand R lFvINN1IMAZEY undrained test
a " o o o X [% <
54.2 WHANTTN anisotropy YAIAMNANNUGTEUINIAMNLAU-AINNLATEA
o Y d" a A v G o ] z
T detiazuanenisuBeuifisungfnssuainuidu-aauiasansessiat e lunul fuas

wwaneuniianudndgaiuazganassuluanmifaasuiiadnsingfinssy anisotropy 184

woAnssuAIAu-ANIATeR TnaviatsanmgRnssuluanwhiszunesiuazszunaiiuaniu

5.4.2.1 WeAngs) anisotropy Jusamwlsiszuneii

ﬁ'ﬁ@f':@nlﬁﬁm%mam?wM'ﬂmmu undrained 84N1TNARBLT] CIUC-1V uaz CIUC-
1H wqc?lm?umsm?{@uﬁnmﬁq'afj'xﬂmmwiaLmumqumﬁmm‘mgﬁﬁ 512 Ipuanadn
undrained effective stress path m@aﬁqmm'luumt;\zwmgimﬁmLﬁm’i@mmﬁmmﬂmmqu@u
ifiaeanmesngluuuaai excess pore  pressure ANANNTGUENTRE HATBINTIWANNLAU-
mmm‘éamlugﬂmm deviatoric stress-axial strain W8z normalized secant undrained Young's

modulus degradation curve finansdnsaagnaluiwifa stiff ndrmegnluugIueu
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YN 5 HANISNARDY triaxial test

5.4.2.2 WeAn3sH anisotropy TuamMwszanein

FadieflasiBauifitunanmaseuuuL drained 189nMIMAGRLT CIDC-2V uAz CIDC-2H
wqﬁnsa*umsm%uﬁwmrx%m;i'mluummzqLL@:LLuquau1é’LLamdlugﬂﬁ 513 HRUBINTINAULAY-
ﬂﬁﬁutﬂ?‘ﬂmlugﬂﬁmd deviatoric stress-axial strain WAz normalized secént undrained Young's
modulus degradation curve ugnsinFaesnaluuuas stiff ndrdaegreluuuauen na vl volumetric
strain curve TaeeanliszinetuasssneiiarAeuinandeufuaunszita E=1% ndaaniy

satineluwunfaazl¥iAn volumetric strain N9nN9LaNTiae

= [ TTIM
o + CIUCAYV
£ 1200 |5 5 CIUC-2V [7]
- x y cluc-av
B . 1000 =5 » CIUCYV ]
£ 8 * CIUC-5V
@
‘-‘5; u.'?h_ 800 e CIUC-1H ]
3% + CIUC-2H
ik el
53
B & 40 CIUC-5H
N
T
E 200 |
g L de (s 00 J .
0 | |~.[‘Tl‘fi‘lr TGN il 1]
0.001 0.01 0.1 1 10

Axial strain, ¢, (%)

]
gﬂ‘n 5-10 Normalized stiffiness degradation curve aMNN1INAK/AL undrained triaxial

compression
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UnA 5 HANITNAABY triaxial test

1000
» 800
g) 3 » CIDC-2V
3 800 # CIDC4V |||
i - 700 P - CIDC-5V ]
2 g b, % CIDC-1H
G 8 600 v x CIDC-2H 1]
oS W 1°% 'I
£ g 500 bl dgd * CIDC-3H |}
g 3 o1 + CIDC4H
g 40— - CIDC-5H []]
o i i ] | 1
he] = T X ! | d
S 300 | l VVVVVV S
- b4 i Nio.
g 200 _‘;‘@ o LG
S e
z 100 T 1 S
o W i "
0 H St ! I | s o s ) e
0.001 0.01 0.1 1 10

Axial strain, £, (%)

gﬂﬁ 5-11 Normalized stiffness degradation curve aInNnN1snA&aL drained triaxial compression
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UNT 5 HANIINARBY triaxial test

Deviatoric stress, g {kPa)

Deviatoric stress, g (kPa)

70

60

30

20

70

60

50

30

20

10

10 ~1 e \ertical-cut specimen (CIUC-1V) \

~===Horizontal-cut specimen (CIUC-1H)
l

20

T T

40 60 80

Mean effective stress, p’ (kPa)

100

e I

/4

Axial strain, ¢, (%)

<t - ' 0”
319 5-12 wgRnesu anisotropy Twanwlsissunesin

/
’é —=Vertical-cut specimen (CIUC-1V)
‘:’ v Horizontal-cut specimen (CIUC-1H)
, | I -
0 1 2 3 4 5 6 7 8

Normalized secant undrained Young's

Excess pore water pressure, Au (kPa)

modulus, E, s../po"

60

40

o

30

—

20

- \fertical-cut specimen (CIUC-1V)
==~ Horizontal-cut specimen (CIUC-1H)

10y
0

; o | | i
0 1 2 3 4 5 6 7 8
Axial strain, £, (%)
600 . RN 1 51 5§ 2 S s
® Verticalcut specimen (CIUC-1V)
500 © Horizontal-cut specimen (CIUC-1H) | ||
400
° .d:‘
J L
300 o
200
100 |2 fo by &
0 T
0.001 0.01 01 % 10

Axial strain, €, (%)
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UNA 5 WANITNAABY triaxial test

Volumetric stress, gvor (%)

Deviatoric stress, g {(kPa)

12

10

8 -

e
6 o] .
o7
/,/‘
4 W /-
2 L - Vertical-cut specimen (CIDC-2V)
J =~ Horizontal-cut specimen (CIDC-1H)
0 { S § T
0 1 2 3 4 5 [
Axial strain, ¢ (%)
120
q I l [
= \ertical-cut specimen (CIDC-2V)

100 -~ Horizontal-cut specimen {CIDC-1H}

80 /‘

60

40 4 s

20 g j ]

0

0 20 40 60 80 100 120 140 160
Mean effective stress, p’ (kPa)

Normalized secant drained Young's

Deviatoric stress, g (kPa)

modulus, E'.Jp,’

120
100 /'/
80 /
60 o M
!
w » M
.
20 s -~ \ertical-cut specimen (CIDC-2V)
/ === Horizontal-cut specimen (CIDC-1H)
o L& . L |
0 1 2 3 4 5 6
Axial strain, £, (%)
400 S T
# Vertical-cut specimen (CIDC-2V)
350 © Horizontal-cut specimen (CIDC-1H)
300
250 |
L]
200 )
®
150
g
%W
100 | =
° Z ) h:
q
50 IO o TN
EE}Q&];‘ I
0 - - -
0.001 0.1 1 10

] = o
31% 5-13 wyfinssy anisotropy Tuanwszunein

Axial strain, g, (%)




unil 6 uan1smadsy Torsional Shear Hollow Cylinder Test

UNN 6 wansNARaU Torsional Shear Hollow Cylinder Test

6.1 uni
@

UNTIAYUAAINANITNAGDY torsional shear hollow cylinder test LL@zﬂﬁ‘:LNuWQﬁlﬂﬁ‘ﬁ‘m anisotropy
‘Ilmaumﬁmﬂg‘dmwﬂugﬂ‘nm stress-strain Waz strength parameter NNINARALAANUULILADANT
NANTENULBY O UAT b Iﬂ'a‘wqﬁm‘ﬁ‘u stress-strain, stiffness, WA strength ?)ﬂdaumﬁﬂ’sﬂg‘dLWWﬂ u
nanagautliNin1snagaL torsional shear hollow cylinder 9 N1INARBLAAT b HN9|A8 0, 0.5, UAY 1

0 ) = o o ° o ' = < » oy
uazA1  feae 0°, 45°, uax 90° Tnesetnsnugniasuluaninliszunaiy

lun19ne saturation fuAaatinaAuld back pressure Windu 200 kPa @aliAn Skempton's B

¥ ]
parameter’ 41NN91 0.95 A8t NANNIMNAYN isotropic  consolidation  lLAAMMIAWYINAL in-situ
v © ]
effective vertical stress (p,ﬂ JUADUNIT isotropic consolidation @muqmﬁa excess pore water
¥
pressure IHaARIANUNARL (Au <1 kPa) #a9aINNILLIUNAT isotropic consolidation ﬂuy’srﬁﬁmdw
@ 4 i Ov ¥ 4{‘:{ [ ‘J L N
Auazgnideuuuuiissunainnalfan il o, b uar p AR Teesianismageu torsional shear
hollow cylinder 9 NsNAABLTAN b fiNaAB 0, 0.5, uaz 1 uazA O AeAe 0°, 45°, uaz 90° AILAAS
Tum15190 6-1 Faeie A UAT B Munededn & uay b MINATFL FLaIMaaInenes A uay B UARIAN
PPIUARENINAGOU (W1 AOOBO5S MHNEDINSNARDUNNAY (=0° uaz b=0.5) luITUININITRBUAN

total mean stress azinu1 131N A AT

A919% 6-1  Tsunsnnigammeaa torsional shear test

AN b NAN19283 major principal stress ()
0° 45° 90°
0 AO0BOO A45B00 AS0B0O0
0.5 AQ0BOS A45B05 AS0BOS
1 A00B10 A45B10 A90B10

6.2 Wan1InadaU isotropic consolidation
6.2.1 Compressibility UBIAUUTEINGINNC

AIBENRUMLLINIMNIULUAIANINAZYN isotropic  consolidation 147 in-situ  effective

vertical stress wazlfinnuduiugszning edn p” fuanalugu? 6-1 lne e Aa void ratio uaz p’ Ae




N 6 HANIINAARY Torsional Shear Hollow Cylinder Test

1 H L 4 H
mean effective stress (HUaIaINFIaENAUGN consolidate LR p,” Anlunanismaseunifazianim
overconsolidated uazag/1iiéw virgin consolidation line TaAMMTRtINgINNRTEUTAY Kuwano &

Bhattarai (1989)

2.5 1
- L«w —— ADOBOD
3 e, ~a— BOOBOS |
\”\, ADOB10
\ — AASBH0
g Sl M5810
®1.5 i 2o |
S - S —=— A90BE0
® \\ —— A9OB10
3 1 .
> N " \\
A ﬂ‘\‘\
0.5 A — /
VCL of Bangkek Clay
:. {Kwwano and Bhattarai, 1583}
0 | | |
2 3 4 5 6 7 a

Mean e‘facthze%tress, Inp' (kPa)
g‘ﬂﬁ 6-1 Compression curve Mgl e-in p”

6.2.2 m’i@ﬂgﬂtmu anisotropic $¥#914N19 isotropic consolidation

FEWINNIINAGDL isotropic consolidation fuAAatNa hollow cylindrical specimen #3135
mstpAeuAe L Aaz ey TaaniaalausaluunaslEunann dial gauge @IUNSLAREY
AluuuaneuliannnisinBunasiwAsuuasliaesdaatnaduuas inner cell Taeld differential
pressure transducers (D.P.T.) o%“mfu%ammsn?f;%ﬁnmma‘ﬁﬁgmmn anisotropic 199F18E19AY
FENTNNNINAABL isotropic consolidation 14

AINANWUTIZNIN vertical WA horizontal strain $¥W9NINARSL isotropic consolidation 14
melugﬂ?i 6-2 #1 strain 1LUIAY (&) 16ann axial strain (&) lusausiian strain Tuuuouey (&) \ilu
a9 radial (&) wax circumferential (Eg) strain NANINARBLIANITINTIAFUTOIAIDEINNAY
aul isotropic consolidation shufimanuuansaiuluaesfianng faetsasipmuudusasnnndly
weu ARsaIutes Ag/Ag, aziipnszming 1.55 wax 4.29 TaeiAednlssan 2.34 (@Jgﬂ‘?‘i

63  Ardadan Ag/Ag, nlaanynnimaseuldagiluaised 62 (laadunpiniieRuge
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uni 6 uan1snadey Torsional Shear Hollow Cylinder Test

N§TUIUNIT isotropic  consolidation aZLiim shear strain %mﬁnﬁ@a) HANIMARDLIANAUNANTT
¥AB2UANNS consolidation WMsMAgeL triaxial test HluandlFluund 5 lneilnadnrassnaaon
winnu 2.14 ﬂ"}L@ﬁmmﬁmmz«iqumﬂ%‘ﬂgﬁtmu anisotropic 7l¥ann1smAAsY torsional shear hollow
cylinder test WANNGAHLEANN triaxial test idntieniiipasnannamautiRtesdaetnaduiuansaiu ua
ms'nmaui‘fﬁamaﬁumams*nmmumﬂﬁﬂgmmu anisotropic mmﬁumﬁmnqqmwnﬁmmmim

Kuwano & Bhattarai (1989) @ann1smagauiy true triaxial test NelHaNIMNITIRAUULLITZLNEN

Aeen 62 dndau Ag/Ag, szwinanag isotropic consolidation

Test No. o b p '; End of consolidation Average
) kPa) | & g &g ve, | Ag/As!
) | @ | | (%)
A00BOO 0 0 105 - - - - =
AD0BO5 0 0.5 100 0.27 0.23 0.12 -0.09 1.76
A00B10 0 1 100 0.26 0.13 0.06 -0.09 4.29
A45B00 45 0 85 1.34 1.17 0.64 0.07 1.88

A45B05 45 0.5 75 - - 2 - -

A45B10 45 1 90 1.71 1.70 1.01 -0.07 1.71
A90B00 90 0 85 1.563 0.08 0.44 -0.07 6.00
AQ0BO5 90 0.5 65 2.53 0.81 0.86 0 1.85
A90B10 90 1 45 1.85 0.39 1.01 -0.05 2.86

winewe: Ag/Ag=AsNAE, AEg)/2




unil 6 uan1Maday Torsional Shear Hollow Cylinder Test

2
=15 / ;“fi ‘
-
5! 72
S ra
t e
@2 0.5 -
= W — 45800
// — A45B10
¥ e ASBB10
0 L
D 05 1 15 2

Horizontal strain, z; (%}

51l 6-2 nsi@agUuLL anisotropic $2119190"7 isotropic consolidation

16 .,

‘average=2.24
e 4
14 1

L] H ®

= i
E s !
2 o
o 1
o 1
=10 A +
@ i
o 1
t
8 )

¥ ™
{
s A Y

0 1 2 3 4 5

Vertical-horizontal strain ratio, 2,/

sU9 6-3 dnsdau Ag/Ag, fumnudnszudng isotropic consolidation
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1NA 6 wan1INAAaL Torsional Shear Hollow Cylinder Test

6.3 ‘wq?\nisu stress-strain WAL pore pressure

6.3.1 HANTETNUARIAT & AANQANTTH stress-strain WAL pore pressure

v
o =)

afelazafunaiaNan1sNAREULDY stress-strain characteristic AMNNINARAVNAT O HN"]

) . . . ” Jo = o . o
A1 deviator stress WA strain invariant Turan1snaaauiAwnilag 193e1u299 general invariant £9
uamaluauna® (6-1) uaz (6-2)

(6-1)

1 ' ’ ] 2 7 2
g =+3J, 27—"2"\/(01’"0'2)2“"(0'2_0'3) +(03‘51)
43

2
]

& = kgl —& )2 + (82 ~— &4 )2 + (83 - & )2J ' (6-2)

51I7 6-4 AR stress-strain relationship I o/p,’ WAL g, (3% 6-4(a)), effective stress

paths (g/p,- p f/po') (?ﬂﬁ 6-4(b)), WAL normalized excess pore water pressure (Aw;oo') Uaz &, (gﬁﬁ

U

)

t 1 L4
6-4(c)) A b ANLAZANTIANIEBY major principal stress ¢ SANFauA 0° Ba 90°

HANINARDLUAPINANIENLIBITANIITBS major principal stress AawgAnssunIa@aunyly
srunatizesRunieangamnyg Taefiad b laAumilaangunnuaziingfnssudeusadia major

. . ~ dg' 1 dy dgj 4‘ 1 ﬂl ()
principal stress HRANIUWLALBUNINTY (A1 & 37NTW) TrenansenuRazuIniled & Winan 0
3 4

W 45° nansznuaesdn o dennRnesu stress-strain Ainulunismagavinssiudayaain TSHC fu
quartzitic silt (Zdravkovic & Jardine, 2000) WazNL sandy silt (Kumruzzaman & Yin, 2010)

717 6.4(b) uang effective stress path &5 b sieaeliuaninansznusesen & A stress
path 881UAUTR stress path #A1 =0° (AQOBOO) UARINEANSINULL dilative URIANAN excess

=R 4” o @ dg‘ d{' ' . . n::.' :ﬁw =

pore pressure mmqaqmmmh stress path e lunea9niiiarn deviatoric stress WANTY WEANTTH
dilation #ifilfuanalilny Shibuya et al. (2001) arnn1smeaay CKUC fusatinamumiiaangamnns

AINANAN 18.5 1 TaaAsaTuanIw & = 0° waz b = 0 auwmAeaLiesnanNdfetnsduaINng

nagauvisaasiuegludu stiff clay

717 6.4(c) uamdn excess pore water pressure 1A b 1a7azUAAINGRNTTH contractive (iln
¥ 2 ¥ ]
major principal stress HANNlULUINAUNINTY (A1 @ 1Y) et lsfimunansznuiazunniiani

o nan 0° 11 45° nansznunsAn O A excess pore pressure Anulun1sAnEmHauiung
nIaaau TSHC AU sandy silt (Kumruzzaman & Yin, 2010) WAXHANNTNAZAU TTX AuRuwwtian

ngunne (Kuwano & Bhattarai, 1989) uazniu reconstituted kaolin (Prashant & Penumadu, 2005)
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unil 6 wan1smaaey Torsional Shear Hollow Cylinder Test

£aly

Normalized excess pore water

B2
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'g: 1.6
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g L~ (a)
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T 04 "/ ~—ADDB00

N ==~ A45B00
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.& 5 Deviatoric strain, ¢, (%)
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d (b)

© 1.6 A

g fﬂ
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N 0.4 11 - A45B00 g
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§ 0 — —
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Normalized mean effective stress, p’p,'
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6.3.2 HANTEINUURIAN b E'l’emqan‘a“iu stress-strain LA pore pressure
gﬂﬁ 6-5 WM stress-strain relationship $¥1I9 ap, waz &, (gﬂ“?} 6-5(a)), effective stress path

(op,"- p'/po’) (g‘ﬂﬁ 6.5(b)), war normalized excess pore water pressure (Au/,oa’) uar &, (gﬂﬁ 6-

—

1MANI999 major principal stress AIIWATAN b parameter WaguuLlasann

=b.

5(c)) AMFUNINAZAL
0D
A1ngU# 6-5(a) uamadnAn b wnuarlifinansznuse stress-strain curve TIMFIFUNANINAGEL

TTX U reconstituted kaolin clay (Prashant & Penumadu, 2005, 2007) gﬂ‘f"l 6.5(b) WAAY normalized

undrained effective stress path §195UN1INAKBUNNAN Q& PINLALEAN b parameter 1Thi 0, 0.5, LAY

1 HANIINARBUUAAYTT stress path  Nuwslfiufiazlinnafrudnetinsainnisiia excess pore

pressure MNNTUENIUNSIIIEY O=45° wananaswungfnesu dilation e & winfu 0° e

1
= i

nmsnagauiienn a=0° uazA1 b=0, 0.5, LAY 1 WARY stress path NNALAITULIAITLAY mean

effective stress AI¥iAa p 7o, =1 aunszia g/p,'=0.4, 0.9, LAz 0.95 AMNAIFU WA effective
H d” { -~ U i J
stress path Hkudliiunaziaea91liasanwgAingsy dilation WANTTNLTRIAT b A stress path Ainu
¥
lumsAnmiimsaniunanismasaey TSHC AU sandy silt (Kumruzzaman & Yin, 2010)

i U o< o & i U ﬁ’l J
7% 6.5(c) waRIINRUUTEINGINNIUAAINOANTIN contractive  NNTWEAAY b HANTUWA

al

pansenuandAn b arbiatunsodunaiulfiiliesn @=45° wansynuIa9AN b 69 excess pore
pressure NnulunsAnsdmilaununanismaaay TSHC AU quartzitic silt (Zdravkovic & Jardine,
2000) wazAu sandy silt (Kumruzzaman & Yin, 2010) wazeamseaiunaniIsneadaay TTX My

reconstituted kaolin clay (Prashant & Penumadu, 2004, 2007)
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6.4 NOANTINATUNIAG
6.4.1 Undrained shear strength
6.4.1.1 HANTENUUABIAT & MA undrained shear strength
HANIENUTDIAT & FiA" normalized peak undrained shear strength (s/p,”) (Iae% s,=q,_/2)
#en b e ldagt3lugin 6-6 warenseh 6-3 wansmadauuandNlia major principal stress §
o = & = ' ] < :
fanaluiuouauIny (A1 @ Nna) Aumiltangannaaziisn s/p, anae atalsfimunanseny
v ] U
Haziitieeniiar o Wisan 45° 1w 90° A s /p, anmsmeaan TX azléfunansznuains  fiae
ndn (HwgEngsu isotropic 11NNd1)  kansmagey CKUC seduwwmiaaudingammwaiisaaulae
Shibuya et al. (2001) uarnan1snAgau CKUCE rafuwuisangamnaiiudaunansisnsanulag
s i o = P g
Seah & Lai (2003) fAuamsnanasatuiinyulunns@nemis
d‘ =t ' ) . A o
sun 67 wanInSREUWaUNaNszNUT8IAY & da undrained shear strength TaaAUMTEn
o & dl. a o = d' ' d' d' i ]
NTUNNALANENT  WOANTINIDIAWAULINFUNWANNUTIN b=0.5 MaAauuilasaadat & e
< v = ' U 4 os/, I o a Aﬂ’ o]
\anipeaziinansznusiani s/p, duwileuiungAnssuanuly London Clay annisnaaal TSHC A
91e97ulme Nishimura et al. (2007) nisulasuulasaasan s/p, Huuliinansuiies a finann 0°
s 45° uaziinauBnAiuiles o Winain 45° 11 90° edndlsinuAumilaangaunnaaziidasnng
a £ ' % ' a4 a & o = 0 w !
WNTWIDIAT s /p, 1BENTG1984 London Clay Wea1 o iinduann 0° 1T 45° §hsin1sanasaassn
H 9/ ] 1 17
s/p, AldannisAneiimileniuaes decomposed granite e o Wnduann 0° fl 45°
(Kumruzzaman & Yin, 2010)
d’\ ¥ as ~ @ sy R . . ‘ﬂ' al
m@m?‘wm@mLmﬂuﬁanmaunuqmauum anisotropy 183IN13NAAAY K-consolidation auIn
mnsmaaaulnag TSHC % Imperial College A®: Ham River sand (HRS) (Porovic & Jardine, 1994);
clay-silt-sand (KSS), uaz clay-sand (HK) mixtures (Menkiti, 1995; Jardine & Menkiti, 1999); way
dense silt (HPF4) (Zdravkovic & Jardine, 1997, 2000) /i1 undrained shear strength N
. g M s 3 ] U 1 1 ¥ s d‘
normalized A98f initial mean effective stress A & sinelaeliiAn b parameter iy 0.5 Lia
¥ ] 1 2
ARBIANTIN plane strain WBNAINUTINUINAUIZEAUUBANNANININARBLAAY O HINTU NITAARY
1 : , - e o e S o
PIAN normalized undrained shear strength ﬁxfamumumm;\‘]mw%wwu‘lummnmumu@unmm
clay-silt-sand (KSS) mixture $95A % 283 clay material ANINAGA (50% kaolin — 25% silt — 25%

sand)
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- 1 ——TSHC DD
2 09 ~5~TSHC b=D5 H
S =T 5HC b=1
- 038 o TXb=B -
’g ‘& ;\ > TXb=0{Shibuyaetal, 2004}
= ST’ s TXb=0{3esh8lal 2003} H
- ] = & TXb=1{3=2sh8lai 2007
= £G.ﬁ e
= v [ M 2
- = ”“‘*&“‘“m
n o2 B
bl D T . .
= v 0.4
&
s 03
=
0.2

@ 45 90
Major principal stress direction, « {deg}

317 6-6 mANIZNUTBIAT & slaA1 normalized undrained shear strength I89AUMTaINgIMNe

e BUK Clay b=035
« % =London Clay b=05 {Hishimurs et al,, 2007}
= & = Decomposed Grantte b=0.3 (Kummzzamen & Yin, 2040}

g 4.6 ] " ® ~K5S b=D3 eniti 1285}
£ ‘ aoe; o HK b=G.5 { Menkiti, 1585
'1?; 1.4 4 =% ~ HRS b=0_5{Hight, 1538}
3 ; - - HRF4 b=0.5 {Zdravkovic & Jardine, 2006}
% 12
g J
B 4 B
= & e
L I, o
s &G.u
5 on
o
El =06
: £
= So4
T B
= TUp.2
=
=
e 0
2 0 45 90

Major principal stress direction, & {deg}

al)
E.
=)
S
~

NANTENUABIAT & ABAN normalized peak undrained shear strength

M990 6-3 A1 s/p, AN b UL & e

b a 0° 45° 90°
0 0.76 0.45 0.41

0.5 0.65 0.45 0.52

1 0.60 0.42 0.43

WNBE;  s/p, AMNINNANT £,=8.5%
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UNAl 6 wan1IMAaeL Torsional Shear Hollow Cylinder Test

6.4.1.2 WANITNUARIAT b AAAN undrained shear strength
NANFTNLTBIAT b 8 normalized peak undrained shear strength (s/p,’) 1A o sineldagulls
1 ¥ H v )
Tugi¥ 6-8 wazmsei 6-3  manIasELLARIIN @=0° WuA s/p, Huudliinazansauiias b
o , ’ ;oA = & ' 12 A & o
Winaw el s/p, 8989 21% Wedd b thinain 0 dlu 1 udnansznusesl s/p, 1 a=45° uazy
90° azuansan? @=0° laeinisulaeuulasaasen b liflnansenuusaenglanies s/p,’ wa
n1snAagy CKUC safawmiaongumwansioeiulag Shibuya et al. (2001) WATHANIINARAY
CK,UC/E sapwmliaangamnauialiunaranlisieaulas Seah & Lai (2003) uanauainseiuiny
<R d”
9INN3ANETL
7% 6-9 ulauiisunansznuvesdn b IesRumlnangumniauiuAuduy walinia s/p,”
& R d o & e A gt
anaUNBAY b WnTUINUAWFLAMMBIngunweie a=45° Wuupnsnudntisaainfiwudmiy
decomposed granite (Kumruzzaman and Yin, 2010) Tnen decomposed granite nagaulaeld TSHC
HAILANTANI9I29 major principal stress (=0°, 23°, 45°, 67°, uaz 90°) uazaruAuliiA b=0.5

) H =3 i U Q. & ' Jl
A s/p, Huuslliuazlasuulsadntiesfies a Winduann 0° 1§ 90° waanns@neilen s /p,”

= o a P
Ao liinaviiAAan

=t T EHC alpha=0
i 1 =&~ T5HC alpha=45
- ~de~TSHC alpha=35¢
e 8.9 O TX alpha=0
@ & T alpha=3a
s 0.8 2 TA alpha= {Shibuya =t al, 259}
5 - D h & TX zipha= {Sesh&Lai, 2603
£ §§. 0.7 r— & TX aipha=30 {Seah8Lai, 2003}
5 2 T """‘"-+5._.. )
- -
£ g08
R = ; O S
§ g 0.5 % F m,_,,‘,‘uﬂ' ‘M"""“‘“’Mum
® 004 e : ~«—%§
E
5 03 S
<
0.2
0 0.5 1

intermediate principal stress parameter, b

31N 6-8  HANTTVUAIDIAT b FBAN normalized peak undrained shear strength 189AUEN
NgUNN
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=

e

? 1-" 1 1 4 4 i i i i 4 i o
o i BKK Clay alpha=45

?n' =~ & < Decomposed Granite alpha=48 Humruzzaman, 2010}
E

T o242

& K

= &

z & ;

£ 8 4 et & -

ﬁ ?’ »J ”'M'”Wv.q,m

= 8 i J e |
= o= * L - F & BRSO
= § A -

3 402

-

=

£

s 05

= 0 0.5 1

Intermediate principal stress parameter, b

719 6-9 manszvUIBIAT b FEA normalized peak undrained shear strength

6.4.2 Friction angle
6.4.2.1 HANSENUUBIAT & M4 friction angle
31N Mohr-Coulomb failure criterion @M0150A1UIMAN effective friction angle A1NAY maximum

mobilized effective principal stress ratio a1NN1INARALAIGNNITN (6-3)

! ?
. 4o -0o
¢ =sin ‘(~————‘ !

’ !
g, + oy

N

(6-3)

/

P d‘ g [} ) P " Vi d’ { 1 4’
77 6-10 UALAN919N 6-4 UAAINANIINUTBNAT & FBA friction angle @7, TAN b 6ine e

/7

A b= 0 f1 @' avanailad @ Wnduan 0% 1{lu 90° SRsinnsanassnsen ¢

o 4
max JoUBHLNDAN
/
max

o winawan 0° il 45° Weudullesn o Windwain 45° 18 90° A @7 amng 10% Uz 20%

Wer o Wnan 0° 11 45° uazann 45° 1l 90° muandu

atinlsimunanssnuresnsfeuulassesen o siedn @7 lad b 1l 05 uay 1 axll

/

max

waltuuansinseantuiliaiauiunsdidin b=0 Taefiilad b=05 uaz 1 A1 @7 Huualliuazanas

/

wea o Wnauauwiy 45° vasanniuan @7, azfinduilenn o finduann 45° 1u 90° nvsanas

7

1e9A @7, Wad b Wiy 1 azuansdmsiFandniia b Wiy 05 Aliaageaes @

max

PRIAU

9 ] b 4 ]
ngawmnATWNeAY @=45° uaz b=1 Wan1IMAGRL TX INN1TANERsINiansesulag Shibuya
et al. (2001) uaz Seah & Lai (2003) siunsaiuNani1sAaey TSHC annisAnuil usaziingdnssy

isotropic 8NN

<
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]
o ol

7% 6-11 WisuiWeunansznum Q sed @7 sesdumiiangamwiiuAuaiiagu wuallivg
\ 1 ¥ ‘Q‘ g’ &) : ° o £ ] U :;
A1 @7 azanauiedl @ wnavann 0° du 45° finudwiuRwmilaangamweniiasn b=0.5 1iu
mHautuuw HuAnulufy decomposed granite (Kumruzzaman & Yin, 2010), London Clay

(Nishimura et al., 2007), Wwa¥ K, consolidated silt (Zdravkovic & Jardine, 2000) ARNTINTAARITAIAN

! L Uszans 11% wilauruinuly decomposed granite uaz London Clay ustaztiaeindnfinulu K,

consolidated silt l@nsiae atlsfimundsaIniar a wasuan 45° Wy 90° wualiuinuaz

/
max

wWasulillewFauiieuiy decomposed granite ing1zA @7, 989 decomposed granite H9AIRARY

' 3 2 3 '
Turousiidn @7, resfumileangamnsasiinduiies o Wnan 45° (i 90° A @7 289

London Clay uaz K, consolidated silt azuandAsafsduiitesnd e o finduann 45° iy
90° |

m@ma‘wm@@umnmaﬁnmﬁi{ﬁuﬁ?ﬂuLﬁﬂuﬁquﬁniau anisotropy  189N1SNARRY K-
consolidation 1asianuanaaiafiinnismaaaulas TSHC 7 Imperial College A2 Ham River sand
(HRS) (Hight, 1998), mixture HRS was 10% kaolin (HK) (Menkiti, 1995; Jardine & Menkiti, 1999),
artificial clay mixture 50% kaolin + 25% silt + 25% sand (KSS) (Menkiti, 1995; Jardine & Menkiti,

4
max

1999) waz dense silt (HPF4) (Zdravkovic & Jardine, 1997, 2000) @R31N198ARILDIAN ¢ S NG

willgangamneaziiaandiaes HRS uay HRF4 dntiaeniiorn & wdauain 0% 18lu 45° atnelsfinnug

R 7/ 'S P Y ' 5 v
HANTNARDULLAAIINAN ¢ max DENAUVBINTUNWIHAATINITRANININININ HK way KKS 1aniat

/
max

AN5199% 6-4 A1 @7 DA Quaz b

b a 0° 45° 90°
0 30.4 27.3 21.8

0.5 45 40.2 459

1 59 34.6 45"

wnewn @7 Uszanmi £=8.5%.

/

max

Uszuoun £,=6%.
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——1 SHC b=2
70 wBieT SHC b=D.5 —
wagen T SHC b=t
- & TXb=D
= 60 0 TXb=0{Shituya et st 2008} [T
] # TXb=0{3eahlai, 2063}
= &g P 4 THb=1{Sesh&lsi 2003} | |
n; %WM”:&‘ = ,_..,«-M’"‘",_‘,MM”"""
=
=
29 L .
§ -‘-h'\-n—“'\—\*h__“’
5 20
o
10
]
D 45 90

Major principal stress direction, « {deg)

g1 6-10 uansTVULRYAN O in friction angle TBAWMTBANTINH

< BKK Clay b=0.5

~ ¢ ~ London Clay b=0.5 (Nishimura et al., 2007)

- 4 - Decomposed Granite b=0.5 (Kumruzzaman and Yin, 2010}
~ & ~ K88 b=0.5 (Menkiti, 1995)

=3 = HK b=0.5 (Menkiti, 1995

o 1.2 771 —x - HRS b=0.5 (Hight, 1998)

3 <=« HRF4 b=0.5 (Zdravkovic & Jardine, 2000)
’E ==\ = KO consolidated silt b=0.5 (Zdravkovic & Jardine, 2000)
~ : | ,.,-.
RS 1 % : : . !
N g‘%w b SRy
\> s “)VS;{;‘ -~ Ty . ,,,M’WWM
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,-‘3 %) RN P A"-m:::;q L S 4
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2
b
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= 04
0 45 S0

Major principal stress direction, o (deg)

719 6-11 wansenuvaddn & fas friction angle

6.4.22 HANTTNUARLAT b BRAN friction angle
U7 6-12 UATA191N 6-4 UAPINANTYNLTBIAN b Raen effective friction angle AT o B4
¥ TN T Y | . '
HanINAARLLANIINAY @7 nTuledn b iiudulasannzifiedn b induaan 0 8 0.5 Wadew

ffuan 0.5 1w 1.0 niainauresdl @ dedr @=90° uamsshsunndinsiinaesdn @

max




UnAl 6 HaNIMAAIY Torsional Shear Hollow Cylinder Test

Slar 0=0° uaz 45° i @, Fadu 15, 15, uaz 2.1 wiidlesn b Wsan 0 1 05 dem
0=0°, 45°, uaz 90° mudndy ledn b iiuan 0.5 1 F @7, fuwnlinaiuiuled a=0°
WsiAN ¢;axﬁLLquﬁu@:@mm§@ﬁq Q=45° uaz 90° Sasmstisdwilenn @=0° A 31% smsnas
anaaLiiaAn =45° uaz 90° A8 14% UAT 2% FNSAL HANNIMAGAY TX AINN1sANMTsINTaaIN
fisenulag Shibuya et al. (2001) Waz Seah & Lai (2003) WAAIHATATITINANNINAGEL TSHC UA

WARIWGANTIHA isotropic N1

U7 6-13 uamanisuBuuiisunansznuaasen b As friction angle TaRwmiluangunniuAy

£
max

= d’ 9 Q‘ ‘sg/ ) sa; L =i d; 3 o] 3 <4 [
1inaw] walliinsinaueesd @7 iwuludumisongamnailes @=45° dumiiaudunanis

nAAAUN LA decomposed granite WA b Winan 0 1y 1 (Kumruzzaman & Yin, 2010) &Y

decomposed granite neaaaulag TSHC ﬁmuauﬁﬁmwm principal  stress (=45°) uay

wasuwlaes intermediate principal stress parameter (b=0, 0.25, 0.5, 0.75, W&z 1) 317 6-13 €

o a dy ' / d' ¥ e
wansdasmMsis@usesen @7 AlnfiReeiy

/
max

nansmagauAl @7 seshumiiaangunnenile a=0° lEufauiauiunailian Kaolin Clay

Inaaaving true triaxial (Prashant & Penumadu, 2005) A1 intermediate principal stress parameter
Wulen b=0, 0.25, 0.5, 0.75, uaz 1 1AEANANI9TRI major principal stress A1 A=0° Had" b

a‘ & [x3 1 @ .:: J, Q. i 4 4
Wandwain 0 Wy 05a1 @7, resRuwmilaangunwraziinduludnafuinninees Kaolin Clay

b 7
P

& v 3 23 g a4 o af ) Ve d. ~ ' Q‘ 4”
tanidagl @mﬂmmum@mmmmmmmmmumummgommmﬂwm ¢ max MPANTULNAAT b LAY

1

a1 0.5 111 1.0 Tuanuei Kaolin Clay A1 @7 fiagh
70
.. B0
g il
% . oy
o M,..n-""‘ o w-—mwm_‘m%%
-4 20 S =T SHC zlpha=1 ||
= Lo ~2~T SHC 2lpha=45
= wedenT BHC 2lpha=50
2 20 o TXalphs=3 -
G A TX alphe=3p
T . O TX alphe=1 {Shibuyz et al, 2004}
3 10 2 TX alpha=0 {S3ezh&Lai, 2003}
4 TXslpha=5¢ {SeahiLai, 2023)
0 . 8 d 'L % 3 i N L i
0 0.5 1

Intermediate principal stress parameter, b

519 6-12  uansTLTRIAT b Bie friction angle TavRABMTEANTUNHY
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e BRI Clay alpha=0
et B K T lay alpha=45
=~ & =»Kaoclin Clay alpha=0 {Prashant & Penuwmadu 2005}

= 24 T1- » -Decomposed Granite alpha=25 Kummzzaman & Yin, 2010}
¥
— g
T1.6 -
-‘?-f | o™ — il 4
e e
= Rl

- 0.8

=

©

=

504
E=]

=

s 0

¥] 0.5 1

Intermediate principal stress paramster, b
319 6-13 waNTTVULLIAN b Bl friction angle

6.4.3 Excess pore water pressure
6.4.3.1 HANTENULDIAT O 1D excess pore water pressure

o ¥ di’ U ) .:{' ) 1 dl
VIBUATUAAINANTINUADIAT (X FID excess pore water pressure YA b AN AITNN 6-5

= . . X
LLﬂ:gﬂw 6-14 mem@ﬂ’)?wm@@‘lﬂugﬁ normalized ultimate excess pore water pressure (Au/po)

0 4“‘ v " 5 B dg/ [ Q‘ d’l R V4 A' E{’ '
Inewudniie major principal stress agluiuauauundu (A1 & Wnaw) A Aup, "asiiniu aeals
=3 g 2/ = ' PN O & fo] a 4
ARNUNANIENUUR IR EAINaAT O AN 457 1111 90° NaANTUL8Y excess pore water pressure
d‘ b Q' dﬁ’ :/l (<1 = Az{l vy s ) : .
Wedtr @ WwnIwdudunginssuinulaagidanaieving iy Nishimura et al. (2007)  wae

Kumruzzaman & Yin (2010)

6.4.3.2 MANTENUUBIAT b FiD excess pore water pressure
A319% 6-5 UazgUil 6-15 LARINANTENULBIAN b A excess pore water pressure AN O AN9]
1 tﬂl ' Ql &91 i " 7/ A’ nﬂ,’ t 1 ¥ d’ g
HANISNARBULAAITNNSAY b 1ANTUAY Au/p,” aviindu uinansznuaess b artiaauiniiiasn

1 ) H 4 1
a=45° Taaidlarn =45° fn excess pore water pressure MARTUAZNAIAIT
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A15I9% 6-5 AN u/p, AN QAL b FeT

b a 5 45° 90°
0 -0.24 0.18 0.04
0.5 -0.07 0.20 0.20
1 0.02 0.16 0.36
B u/p,” Ransanh £,=8.5%.
0.8
wn
i3
S, 0.4
g '§ . wwﬂ“'ﬂﬁ‘
B - MN"”W‘
® < 02 el ;
g e it
E 5 *a*ww“’“j"‘gwd e A XY M"h._‘_‘
& g 2
,::_ a M//ﬂ/ &
= o 5T SHC b=0
£ 5 0.2+ =T SHC =05
59 i T SHC b=1
= ® TX b=0
"‘G.4 | | 1 i
0 45 80

Major principal stress direction, « {dey)

3UN 6-14 WANTINUIBNAT (X 5id excess pore water pressure

0.6
w
N
S - 04
8 3
& ™
gém
3z
2s t
N &
g S o2
'52.
=

0.4

~&=—TSHC alpha=0
i T SHL alpha=45
fr=TSHC alpha=30
& TX alpha=0
2 TXalpha=90

| g™

e
L ontt
PR L™
-
ot

|

0.5

1

Intermediate principal stress parameter, b

519 6-15 uansynuTadAn b fia excess pore water pressure
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unil 6 wansmeaay Torsional Shear Hollow Cylinder Test

6.5 HANITNARAUAYU stiffness
&
luidiallazuanInanssnLI89A1 O uaT b e stifiness degradation curve Taefien octahedral
shear stiffness (G,,) uummmmmumsw (6-4)

_lag | (6-4)
oct 3 gq

Taeh Aq WAy Aé‘q A9 deviatoric stress WAY strain invariant 11 general stress space

6.5.1 HANSTNUARIAT & AB stiffness

gﬂ“n 6-16 wam3 normalized secant shear stiffness degradation curve 1R9N1INARRUTITAN b
AafiuazAn @ lAeautlasann 0° §a 90° A stiffness anansadaldauiia strain GNWINAL 0.01% wa
NMINAGBLUARIINAY G, ﬁ@mj@mmﬁ@m g, Lﬁﬁ”wﬁmmanﬁnﬁu non-linear 19941 Auazil
anw stiff fgauladn ar=0° uenaniislefiAnienes major principal stress atluluiuey (A1 &
) Aumizangammeaz soft uwsuu lidlandiulidaaudies b =05 #1 octahedral shear
modulus Suuatinanatethsdnnuiier o Wnduann 0°
ﬂ‘ﬁ; 6-17 Ltmmﬁw 6-6 LAPMNANITNUTANAN O AaF1 normalized octahedral shear stiffness
(G, /0,5 7 £,70.01% laeiflAn b 6197 uANINARBLLAAINAY G, (&ZOD,%_,/,DO’ﬁmmnﬁ@mﬁ’@m
Q=0° §wFumnnsdivese b A1 shear modulus avamaaiiied @ wWinain 0° 1y 45° A1 G,
Ea=00me/Po AABYI 41%, 19%, UAT 38% AWFUAT b=0, 0.5, 1Az 1 MuRIAL TaedRsIN1TaARININGA
aifluilesn b=0 nansymuresdn o axfienauiler o Wuan 45° W 90° Tnewudnn G,
PRRNE RE T Aawdnansdi

WWaAnEuanszNLIaIAn O slawgfingsy non-linearity 489 normalized stiffness degradation

curve AIATITLAN Goctttg=0.1%1 Coctiga=a.01%) &% Cooygg=1967 Coctiamo.01%) mu‘ﬂmf\ non-linearity index
u,a"°L°1imu“lunﬁa‘wms?m’mmw non-linearity *v1 strain 0.01%-0.1% uaz 0.1%-1% AMUAAL 1uﬂ'a‘m*n
A" non-linearity index Wi 1 UAAYET normalized stiffness degradation curve WaAIAMANTRLLL
Thadunse 719199 6-7 uazgUn 6-18 uax 6-19 uapednan @ Tuansznusedn non-linearity index 1y
nnnadal (b=0, 0.5, uax 1) ‘ﬂ strain = 0.01%-0.1% Waz 0.1%-1% A1 non-linearity index aMA
cﬂ’ i ¢ﬂl [o I = O d’ g 5 a g

a1 o wasuann 0° 1y 90° Janunaa Nl degradation curve WAMINEGANTIN non-linear 1N

¥ 1 '
Fudier o Winan 0° 1l 90°
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AN 66 AN G,y m00m/D0” AT QL UAZ b BINSY

b a 0° 45° 90°
0 255 150 150

05 185 ' 150 125

1 200 125 150

AN519N 6-7 AN non-linearity index 294 stiffness degradation curve

Test No. o b Non-linearity index
) Goctygg=o.1%Y Cocyga=o01%) Gocttea=19%6/ Coctgq=0.01%)

AOOBOO | 0 0 0.46 0.12
AOOBO5 | 0 | 05 0.50 0.16
AOOB10 | 0 1 0.55 0.15
A45B00 | 45 | © 0.41 0.12
A45B05 | 45 | 05 0.42 0.13
A4SB10 | 45 | 1 0.43 0.13
A90BOO | 90 | © 0.35 0.09
A90B05 | 90 | 05 0.40 0.11
A90B10 | 90 | 1 0.33 0.09
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S TT1
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<
gﬂ‘ﬂ 6-16 Normalized octahedral shear stiffness degradation curve
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—5=T SHC b=
~E=T SHC b=0.5
300 ~#~TSHC b=t |

200 ’?I:: ]
H o L. \

ol
i
-y

Normallzed octahedral shear
modulus, {Gose)ege0019/Po’

] 45 50
Major principal stress direction, « {deg)

gﬂﬁ 6-17 WANTIVUIBIAN & fid normalized octahedral shear modulus # strain= 0.01%
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= & & ARBE 00
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g‘dﬁ 6-18 Normalized octahedral shear stiffness degradation curve
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0.8 op T I
—5—BKK Clay b=0
~5--BKK Clay b=0.5
—zs~BKK Clay b=1
> 06
T° 4
a E_\M“"*- N\
. 'w"‘--__ g&-& r4
=04 4 s {41
g B - ;Q:’z—" Gocl(a]=0.l%)/ Goct(sq=0.01%)
=
o
S o021 i L
D 2wl
el B o R (R ' o s y o il p
T gr " sus ks T—' Gocitag=126)Goci(eg=0.01%)
0 T 1
0

Major principal stress direction, a (deg)

311 6-19 uANsTNUUR3AY O S| non-linearity index 7 strain = 0.01%-0.1% WAz 0.1%-1%

6.5.2 HANTENUURIAT b A stiffness
1% 6-20 uam normalized secant shear stiffness degradation curve 184N1INARAUTIAN O
asnlaediA b Wasuwlasain 0 G 1 wanimedeuuansdmumiangunwalian stifness AT

foins . . . a P ' '
WORNTTN  anisotropic WAZ non-linear gﬂ‘w 6-21 WRZANTINN 6-6 LAANNANTTNUIBANAT b FD
normalized octahedral shear modulus 7 strain = 0.01% A & #e A1 G, (Eamo0ree/Po” ATARR

t i b | +

dntieaiilad b Winau Wer o Wiy 0° uay 45° MafineesAn b aan 0 B 1 aziiliidn G,
74 & o/ o iy ° o v ' o Q 7 =
E-oom/Po DABALTTNING 21% UAT 17% AINAIAL Usililad @ Windu 90° AN G, jgpmorms/Po N
3 P . = P v . v i - o
W THNAZAITINEAT b IANTWANN 0 9 1 Nanseynuiedniien1addn b sadn < fnulunnsdneil

' n; o t da .d' i dll 3 q‘ Aﬂy o ¥ . .:: ! 1
LLIﬂﬂM'N’Q’]ﬂ‘Vl‘W‘UiGﬂ?JQQ@HVI’]H@N%\??’]EN’]UQ’]LN'E)ﬂ') b NNz 1A stiffness NN (194 Kuwano
& Bhatarai, 1989; Kirkgard & Lade, 1993; uas Prashant & Penumadu, 2004) W3aanad (11U

Zdravkovic & Jardine, 2000)
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gﬂﬁ 6.20 Normalized octahedral shear stiffness degradation curve
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B
3

TN T -
~8—T SHC alpha=0

~-~T SHC alpha=45
~Zr~T SHC alpha=80 |

8

i
r‘“U?

Normalized octahedral shear
modulus, (Gbcr)aqu.UWi/pﬂ '
ik ]
8 8

0
0 0.5 1
Intermediate principal stress parameter, b

7% 6-21 uansTNUIRIAN b sl normalized octahedral shear modulus i strain= 0.01%

0.8 I I [ [
~&=BKK Clay alpha=0
-z~ BKK Clay alpha=45
x =e=BKK Clay alpha=90| |
5 06
©° I
c o
» - 4
g q ;J'A H—> Goct(eq=0.1%)//Goct(&1=0.01%)
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Intermediate principal stress parameter, b

7U% 622 manszuratAn @ fa non-linearity index 7 strain = 0.01%-0.1% W8z 0.1%-1%

717 6-18 UAT 6-22 LAAIBNTTNLLBIAN b FlaWGFINgsH non-linearity 484 normalized stiffness
degradation curve # strain= 0.01%-0.1% Uaz 0.1%-1% HNANITNARAUUAAIINAT b HuansznuLies
W@nileeaAn non-linearity index MMN111AT84 strain - 8AIN1aIABULLAITBIAINON-linearity index

avtiaalnaanziile strain= 0.1%-1 A1594% 6-7 wARIA non-linearity index HauuA
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6.5.3 WANSTNUUBIAT & AAAT Young's modulus

gﬂﬁ 6-23 udms normalized secant undrained Young's modulus (E, . /o,) degradation curve
d’ ) t (o] O ) © d' o i | o =; v
WaA1 b=0 uazA1 Q=0" uar 90° A1 £, AUIIRIN O/E, MRansaudniiunisatuamngneies
Qo o d‘ﬂ. g O o] d‘ o ' o e o
gufunsinan @=0° uar 90° Wasannlunsiiaingnn O, WAL &, HNANNANNUY NANITNARBL

oo ) e a &, = S )

TSHC ugmaaiile maijor principal stress fnAnnaluduaneusIndy (AN X NINTU) AN E ATARRY AN
AndIN E, 4o 7E, 00N £, = 0.01% SlAlszann 0.66 317 6-23 uamananismagay TX AGnIwREaTY
d‘ ] 0 ) ¥ i . Aﬁ'v % =3 i d‘l =l k4
BILAANINAN Eu'Sec INMINagan TX Aauinndiuazan strain ndaldazidnnitiiasanniinisld local

strain measurement HANMINARABL TX WARIANIN anisotropic NutauiuLae TSHC lnaliArdndau

E,007E, 00N &, = 0.001% Uszainng 0.58

1NN |
5 * TX{CIUC -3V}
5 1000 A i = TX (CIBC-4v) HH
i 5. § | TX (CIIC-3H)
> %300 -1 » TK{CHUC 4H) |
E S A s o« ADOBOO
P 8 (56‘&0':?}|'3 o ABOBOO l
» 3 4
3 3 !
B 40D
= E
E
- 200 -
=
0 , : ittt
0.001 0.01 0.1 1 10

Axial strain, 2, {%}

gﬂﬁ 6-23 Normalized Young's modulus degradation curve

6.6 Failure surface
7% 6-24 wamamsiasuntasaesdn @ uaz M, fue b 415y 2 nedife (a) =0°890° uaz

(b) a=45° A @' uar M, lFannuuLAngea failure criteria MuitisnlfuaninisuBaudauiae

wuudsauvallidrainnismeaay triaxial compression SBATIBEAYA failure criteria UAZAN
parameter 114 1#agulun15197 6-8 nan mareLLanIdNITReuLITRIAY @ uar M, 8190

Uszanouliidiag Drucker-Prager failure criterion m1sWH 6-9 uansdn @’ uar M, #ldann failure

surface F19°  1BNAINY failure condition F8sAumMlaangIMHagsaunsauanslu deviatoric plane i
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#ifin mean effective stress of p'=100 kPa Aaudmalugi 6-25 d1wiu 2 nacla (a) =0°890° uaz

~

(b) =45" 31N 6-25(a) (@=0°890°) uamIsn failure point ANNIMIALUNY vertical axis (O]

\WeaanauyRgruidndulusuiufianin cross-anisotropy failure envelope Miluiifian (uaziden

49

A o L U
uamlum1san 6-8) uassulBauiiauiunanimagey nan1siLFauiisutingudn Drucker-Prager

failure criterion UszanunanmaseauliRnga vurBwmRdmaNIIMAGaY A0BOO (Bt O~ UAY

q

Ay Y

0,-axis) HAYenadn failure criterion ¥ §U7 6-25(b) ((=45°) Tdeyaiias 1/6 103 failure

LY
1

Re

envelope Yamuau failure point gniansauiily six-fold symmetry fuqaaudnataiiiasainauyigiu
isotropy fugneannnsdins @=0°890° azifiudy Drucker-Prager failure criterion ngaitlunig
Usznnufiafiqn n1ewudn Drucker-Prager failure criterion wnnzaNguiuAumdaIngannely
mMeAnmTinsetuRisneaulng Kuwano & Bhattarai (1989) mifmlsﬁmumﬂmsﬁnmﬁﬁamﬁm%ujﬁn
a9 failure envelope Aviilunuy Lade-Duncan Ua¥iNg#AngsH anisotropic (W% Kirkgard & Lade,
1993; Callisto & Callabresi, 1998; wav Callisto & Rampelio, 2002)

7119 6-25 wams plastic strain increment vector Ul principal strain axes F9919%UAILIY

U

principal stress axes A1 plastic strain increment A0 AN g, ~ 5% VAN AL IHANIEN LTS
strain  non-uniformity  WATANYAINAT  strain AT plastic Fanun NANIINALDLUAAIIN strain
increment vector ﬁﬁﬂﬁ%mﬂﬁ'u Drucker-Prager failure envelope %‘m@m’i’l failure envelope WAL
plastic potential fummﬁ’u%uﬂuamwmm associated flow rule mﬁ"mﬁ 6-10 aza_!ﬂ'w Lode angle 483
stress WAE strain increment %a;ﬂa‘fﬁmﬁmam?wM@uﬁ’naumﬁmﬂgqquﬁﬁmmima Kuwano
& Bhattarai (1989) mi’misﬁmumsﬁnmﬁuﬁuémmmdﬂ plastic flow rule ¥inazitlu associative
(viy Callisto & Calabresi, 1998) uat non-associative (114 Kirkga. = & Lade, 1993 waz Callisto &
Rampello, 2002)
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m'a"w‘vil 6-8 Failure criteria (after Potts & Zdravkovic, 1999)

Failure criteria

Parameters

Mohr-Coulomb model

f=+3J, —M(@O)p'+c'cotgd') =0
3sin ¢’

V3 cos O +sin @sin @'

Failure criterion:

lneil - M@=

¢'=0
¢ =32° (da a=0°890°)
=27° (Wa =45

Extended Tresca model
f=+J,co80-k=0
V3k

p'cosd

Failure criterion:

Thef M) =

k =65 kPa (e @=0°890°)

= 54 kPa (ila =45°)

Drucker-Prager model
f =37, ~M(¢)(p'+c'cotd) =0
3—-sing'

Failure criterion:

Thefi M($) =

c'=0
¢ =32° (dla a=0°890°)

=27° (5ia a=45°)

Lade-Duncan model

f =37, =M (O)(p'+c'cotd) =0

Tned M(6) Tlunaansanas:

Failure criterion:

2M () sin30 + 9M(0)* —10.67 = 0

¢'=0
¢ =32° (e a=0°890°)
=27° (W =45°)

1 = 27.40, m = 0.40

Matsuoka-Nakai model

f =3, —=M(O)(p'+c'cot ') =0

Tnen M(O) Tlunadnsaes:

Failure criterion:

24.25M(0)’ sin30 +82.11M (0)* —84.32 = 0

c'=0
¢ =32° (fa a=0°890°)
=27° (e @=45°)

wnewms:  @= Lode angle

| 3IM

@'=sin" —
6Vl—b+b* —(2b-DM
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A U .
A15199 6-9 agUA @7 uar M 194 failure surface

TestNo. | « b "o | Mo Extended Tresca Dracker Prager

) ) Ora )| Moo | 970 O) | Mo
AOOBOO 0 0 30.4 1.22 32.3 13 32.3 1.30
ADOBOS 0 0.5 45 1.22 40.55 1.13 48.64 1.30
A00B10 0 1 59 1.33 56.08 1.3 56.08 1.30
A45B00 45 0 27.3 1.10 26.54 1.05 26.54 1.05
A45B05 45 0.5 40.2 1.1 31.70 0.91 37.32 1.05
A45B10 45 1 34.6 1.00 39.52 1.05 39.52 1.05
AS0B00O 90 0 21.8 0.85 28.85 1.15 28.85 1.15
AS0B05 90 0.5 459 1.24 356.57 1.04 41.60 1.16
AS0B10 90 1 45 1.15 45.34 1.15 45.34 116

M1919% 6-10 Lode angle 194 stress WA strain increment

Test No. 90 O; ‘ Q_L(extended Tresca) QL (Drucker Prager)
©) ©) ©) ©)
A00BOO -30 -31.90 -30 -
A00BOS 0 0 0 0
A00B10 +30 +30.96 +30 -
A45BLY -30 -30.67 -30 -
A45B05 0 +0.17 0 0
A45B10 +30 +30.19 +30 -
A90B00 -30 -29.48 -30 -
A90B0OS 0 +0.05 0 0
A90B10 +30 +30.90 +30 -

af

Waeme; N £,=5%
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70 3.0

 — .
A 202020202 Frtidsameswg e - N

Friction angle, ¢'max (deg)
XUy ‘opel ssals 1BoYs Head

0% - = Extended Tresca Drucker-Prager
= = = = Mobhr Coulomb — - — Matsuoka Nakai tos
Ao TEEIES DR |
® TSHC mhi) ®  TX-H{M)

- A TSHC (M) i
0 0.5 1
Intermediate principal stress parameter, b
(@)

60 3.0

Friction angle, ¢'max (deg)

Xeu ‘ol sSau)s JeOYS Yead

- = Extendad Tissca - Drucker-Prager |+ 0.5
-10 + - - - - Mohr Coulomb  — - — Matsuoka Nakai
== = Lade Duncan ® TSHC (phi)
A TSHC(M)
0 0.0
0 0.5 1

Intermediate principal stress parameter, b

(b)

/
max

5U% 6-24 maulasuuilasresan @7 uar M % failure fUFn b & (a) 0=0°&

90° uaz (b) =45°
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\'\
\\
'y
P
. iOl 120
i 3
\o. 7
— Extendedxrresca

~======Drucker-Prager
* ~ *Mohr-Coulomb

=== = Matsuoka Nakai
Y wmemmee | ade Duncan
420 A TSHC
TE ® TX
(@)

» 7
Oy
~—Extended Tresca
=== Drucker-Prager
= ~ ~Mohr-Coulomb
~= = Matsuoka Nakai
456 - Lade Duncan
hiad A TSHC

31U% 6-25 Failure surface sesnumlaangamngly octahedral plane (p =100 kPa) (a) =0°&90°
ua (b) a=45°
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il 7 umagl

]
UNN 7 unsgl

J' ' & = 3 » .
namsﬁnmummsmm«ﬂuz AURINTTATRININAKALAR Triaxial test wax Torsional

shear hollow cylinder test

7.1 msidaglaasiiunels isotropic consolidation
nan1snaaaulugifu recompression #ildiaansaatramsaninaedduntiaangannii

L 4
uTuiaue L& recompression curve azliifudunsausainisaifieudu Cam-Clay swelling
parameter, A=0.093 @aauanian K=Ae/AIn  p’ WIeAN RR=2.7% FIAIUIEIN
; "J} U o * H
c=Ag, /DNiog p' nawildarnnisAneniifiarlndiResusn RR=2.77 aann1snaaaL oedometer 7
r

s1a97ula Shibuya & Tamrakar (1999)

7.2 Cross-Anisotropic elastic parameter m@aﬁumﬁﬂ’an‘guw%ﬂ
AURIUNINAINEITNTIAALNAAINNINUNNUAIANAE one-dimensional  consolidation
1% o o -3 o

nald overburden pressure luatenauiy luanmiaunusssugfasidudugluuowanly

v 1
4NN microscopic scale WaY/4i#a macroscopic scale avtiuAIRuaTHLRAUANEITNINRaZR
i v ]
anNW anisotropy WU cross-anisotropy el vertical axis (Fa@nfiu bedding plane) fiqnlaT
Wuwnudl radial symmetry n3ANE cross-anisotropic elastic parameter ﬂlmaumﬁmn?\‘)mWﬂ

WUANUANT
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PREFACE

Signs of abnormal weather and climate change are evident nowadays, including rain-
triggered landslides, riverbank and coastal erosions, flooding, rising sea levels, and many more.
Geosynthetics are now being increasingly used for many applications in civil/geotechnical engi-
neering including road and railway embankments, retaining walls, slope and erosion protection,
drainage/filtration and seepage control, approach embankments, waste containment and lining,
geocontainers, geobags, etc. In addition, ground improvement and geotechnical enginering tech-
niques have been very much applied for mitigations of geo-disasters.

This International Symposium on Sustainable Geosynthetics and Green Technology for
Climate Change (SGCC) held from 20 to 21 June 2012 at Grand Centara at Central Plaza Ladprao,
Bangkok, Thailand. SGCC is hosted by the Asian Center for Soil Improvement and Geosynthetics
(ACSIG) in the Geotechnical and earth Resources Engineering Program (GTE) under the School
of Engineering and Technology (SET) at the Asian Institute of Technology (AIT), the Southeast
Asian Geotechnical Society (SEAGS), the International Geosynthetics Society - Thailand Chapter
(IGS-Thailand), and Suranaree University of Technology (SUT), under the auspices of the Interna-
tional Geosynthetics Society (IGS).

SGCC also serves as the Retirement Symposium for Prof. Dennes T. Bergado who started
his research on probabilistic analyses of geotechnical properties and structures. Subsequently, he
branched out to Ground Improvement and Geosynthetics. He established ACSIG and initiated 1GS
-Thailand. He published 2 books, more than 100 journal articles, and more than 200 conference
papers. He pioneered the use of prefabricated vertical drain (PVD) in soft Bangkok clay with sub-
sequent combinations of vacuum and heat preloading with notable applications in the Secong
Bangkok-International Airport as well as the Outer Ring Roads and Motorway Projects. He also
did sustainable research work on recycled and lightweight geomaterials such as rubber tire chips
mixed with sand. Currently, his research projects involve new creative ideas regarding deep ce-
ment mixing method (DMM) such as optimum mixing water contents and fundamental parameters
as well as reinforced DMM called SDCM piles. His recent research works consist of risk reduc-
tion, sustainable mitigation of rain-triggered landslides, root reinforcement and soil erosions as
well as ecological ground improvement and limited life geosynthetics (LLGs).

Prof. Dennes T. Bergado
SGCC Conference Chairman
ACSIG Director .
SEAGS Secretary General
IGS-Thailand President
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ABSTRACT

Numerical analysis in geotechnical engineering requires efficient soil models in order to provide an accurate
prediction of ground movements. The soil model should offer a nonlinear stiffness at small strain level as well as
anisotropy. This research aims to study the nonlinear and anisotropic behaviour of Bangkok Clay at small strain.
The stress-strain behaviours at small-strain range were studied in the laboratory using triaxial apparatus
incorporated with local strain measuring systems and bender element system. The local LVDTs and the
proximity transducers were used for local axial and radial strain measurements, respectively. A bender element
systemn was employed to measure the shear wave velocity and then convert to shear modulus. The experimental
programme includes isotropically consolidated undrained and drained triaxial compression tests on vertical- and
horizontal-cut specimens and isotropically consolidated unload-reload undrained triaxial compression tests on
vertically-cut specimens. The results from vertical- and horizontal-cut specimens can be used to model the cross-
anisotropic elastic parameters. On the other hand, the results from unload-reload triaxial tests could indicate the
nonlinear stiffness of unloading and reloading as well as the hysteresis behaviour of Bangkok Clay.

Keywords: nonlinear, anisotropy, elasticity, stiffness; Banghkok clay

INTRODUCTION strain (> 1%). The stiffness degradation curve as
shown in Fig. 1 presents three zones of soil stiffness
In the past, geotechnical analysis mainly focused behaviour: small, intermediate and large strain
on the strength characteristic of soils which is levels. The common method to investigate soil
refereed to strength design concept. However, stiffness is to conduct stress path triaxial in the
geotechnical design has recently moved to laboratory. However, the limitation of external
serviceability limit state concept which needs an measurement in conventional triaxial cannot reach
accurate ground movement prediction. The the small strain range. To examine the whole of the
prediction of ground movement requires well stiffness-strain curve it is necessary to use local
knowledge on the pre-failure stress-strain behaviour. measurement which can measure displacement as
There are several research concerned about the small as 1 pum. Another technique to evaluate the
stress-strain behaviour of soils at small strain level. small strain stiffness is to calculate the shear
One of the most well-known papers presented by modulus from the velocity of dynamic wave. The
Burland (1989) summarised that the large ground small strain shear modulus (Gy) is given by

mass beneath and around structure experience direct

stains of less than 0.1%. For example, in case of G :pV2 (1)
wave loading, earthquakes, deep excavation works v o

near an important structure, the evaluations of

liquefaction potential and in the design of dynamic where , is the velocity of shear waves through the
foundation;  allowable  vertical and lateral soil sample and p is the density of the soil. The

deformation is very small, approximately 0.05% or
less. Therefore, the stress-strain behaviour of soils at
small and intermediate strain ranges is essential
input to obtain more accurate prediction.

1t is well-known that the stress-strain behaviour
of soil is highly nonlinear and it depends on strain
level. The stiffness of soil is nearly constant at small
strain (< 0.001%) and gradually deceases with
increase of strain until approaching to failure at large

most popular equipment to measure the shear wave
velocity is bender element.

Apart from nonlinear characteristic of soil
stiffness, the soil also exhibit anisotropy. This is
because the soil sediments are under gravity in one-
dimensional, natural soils are believed that their
response depends on the direction of the applied
stress or strain. It is conceivable that under one-
dimensional deposited condition, many natural soil
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deposits would be horizontally layered in either
microscopic scale or macroscopic scale or both. This
suggests that natural soils should have a form of
anisotropy, called transversely isotropic or cross-
anisotropic, in which the vertical axis (normal to the
bedding plane) at any points is an axis of radial
symmetry. Therefore, it is often assumed that soils
have equal stiffness in all horizontal directions but
have a different stiffness in vertical direction.

<+—TField strains——l
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Modulus of soil
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~0.001%

~1%

Fig. 1  Characteristic ranges of stiffness in the field

and in laboratory tests.

It has been demonstrated that consideration of
elastic stiffness anisotropy is very crucial to obtain
accurate ground movement prediction using finite
element analysis. For example, the analysis of
embankment on soft clay (Zdravkovic, et. al,, 2002)
and the case of ground deformations above tunnels
(Simpson et al., 1996).

As an important role of nonlinear anisotropic
stiffness at small stain in numerical analysis, several
experimental research ftry to investigation the
nonlinear anisotropic elastic modulus of clays and
sands. However, the experimental research on
Bangkok Clay is very limited (e.g. Likitlersuang &
Teachavorasinskun, 2007; Yimsiri et al., 2009) but
the numerical analysis in geotechnical engineering
dramatically increases especially related to deep
excavation and tunnelling. Therefore, this paper
presents a comprehensive experimental study on
nonlinear anisotropic stiffness of Bangkok Clay at
small strain. In this study, a triaxial apparatus, which
is equipped with local strain measuring systems and
bender element system, is used to measure the
stiffness at small to intermediate strain of Bangkok
Clay. A set of isotropically consolidated undrained/
drained triaxial compression tests (CIUC/CIDC) is
performed on vertically- and horizontally-cut
undisturbed specimens (Rattananikom, 2011). The

anisotropic stiffness parameters obtained from both
undrained and drained triaxial tests.In addition,
another set of isotropically consolidated undrained
triaxial compression with two cycles of unload-
reloading (CIUC) was conducted on Bangkok Clay
(Kongjeep, 2011). The unload-reload triaxial test
aims to study the hysteresis behaviour of Bangkok
Clay as well as the unload-reload undrained
modulus.

INVESTIGATION PROGRAMME

The stress-strain behaviours at small-strain range
were studied in the laboratory wusing triaxial
apparatus incorporated with local strain measuring
systems and bender element system. The local
LVDTs (Cuccovillo & Coop, 1997) and the
proximity transducers (Hird & Yung, 1989) were
used for local axial and radial strain measurements,
respectively. The resolutions of local LVDTs and
proximity transducers were approximately 1.2 pm
and .17 pm, corresponding to strain of 0.0024%
and 0.0023% for a 50 mm gage length, respectively.
A bender element system was employed to measure
the small-strain shear modulus (G,,). More detail of
the equipment is described by Yimsiri et al. (2009).

Vertical and Horizontal Cut Specimens

Undisturbed Bangkok Clay specimens were
taken by a fixed-piston sampler from Lad-Prao area
in Bangkok located at latitude of 13°48.50'N and
longitude of 100°36.52’E. The sampling depth was
between 10.5 and 14.5 meters, which corresponds to
medium stiff to stiff clay layer. The mean in-situ
effective stresses are in the ranges of 80 — 100 kPa
and the OCR values are approximately 1.2. The
index properties are reported as in Table 1.

Isotropically  consolidated undrained/drained
triaxial compression (CIUC/CIDC) tests were
performed on both vertically- and horizontally-cut
specimens. The specimens were isotropically
consolidated to their in-situ mean effective stresses.
At the end of the consolidation stage, the rest period
of 24 hours was applied before shearing. During
shearing stage, the compression loading was of
strain-controlled condition with external axial strain
rate of approximately 0.15%/hr and 0.02%/hr for
undrained and drained conditions, respectively.
These strain rates were slow enough to allow pore
pressure changes to equalise throughout the
specimen for undrained test and allow fully drainage
for drained test. During final-stage shearing, the
small-strain Young’s moduli were derived from the
elastic regime of the stress-strain curve.

Table 1 Index properties and triaxial testing programme for CIUC and CIDC
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Mean in-situ

Depth  effective stress Void Water content, w, LL PL Specimen

o, (m) / " ratio, e %) %) (%) direction
Dy (kPa) e '
CIUC-1V 10.9 80 1.69 59.62 - - Vertical
CIUC-1H 11.7 90 1.30 48.40 735 27.3 Horizontal
CIUC-2V 13.1 100 1.27 44.72 - - Vertical
CIUC-2H 12.9 100 0.64 2325 42.3 15.6 Horizontal
CIUC-3V 14.5 130 0.66 27.67 - - Vertical
CIUC-3H 13.7 120 0.57 23.49 51.0 17.6  Horizontal
Cluc-4v 13.7 120 0.76 29.33 - - Vertical
CIUC-4H 13.7 120 0.64 24.99 51.0 17.6 Horizontal
CIDC-1V 11.7 90 1.48 51.92 61.1 323 Vertical
CIDC-1H 11.7 90 1.43 55.99 73.5 27.9 Horizontal
CIDC-2V 13.1 100 1.21 45.80 51.8 25.0 Vertical
CIDC-2H 12.3 90 1.45 43.75 53.3 179 Horizontal
CIDC-3V 13.9 120 0.51 17.77 39.1 15.7 Vertical
CIDC-3H 13.9 120 0.55 19.27 50.4 18.4 Horizontal
CIDC-4V 12.9 100 1.17 41.62 - - Vertical
CIDC-4H 12.9 100 1.00 32.96 42.3 15.6 Horizontal
The set-up of local strain measurement and Direction of soil
bender element, on specimen of 50 mm diameter and movement in bender
100 mm height, is shown in Fig. 2. For a vertically- element test Tcsiii verticdl

direction coincides
with LVDTs

Proximity
jj; transducers

\;‘\

N
€, (measured by the proximity transducers) is P -_
parallel to the bedding plane and coincides with the Direction of
in-situ horizontal direction (see Fig. 2(a)). For a et measurement

cut specimen, the direction of the axial strain, €,

(measured by the LVDTs) is perpendicular to the
bedding plane and coincides with the in-situ vertical
direction, whereas the direction of the radial strain,

horizontally-cut specimen, the direction of the radial of LVDTs

strain, €, (measured by proximity transducers) is

perpendicular to the bedding plane and coincides ) )
with the in-situ vertical direction, whereas the () vertical-cut specimen

direction of the axial strain, €, (measured by the Direction of soil
movement in bender

LVDTs) is parallel to the bedding plane and ru— In-situ vertical direction
coincides with the in-situ horizontal direction (see - coincides with proximity
Fig. 2(b)) transducers
5 S8 < Proximity
It can be seen that G,,, measured from the snglneers
vertically-cut specimen is G,;, whereas G, from
the horizontally-cut specimen is Gy, Therefore, the
results from vertically-cut specimen give E,, vy, Gy o
3 . u 4 ~d4]  Direction of
from drained test and E,, G, from undrained test. ) P s
The results from horizontally-cut specimen give £, of LVDTs
Viv» Grp from drained test and E, Gy from
undrained test. The notations £ and E] refer to the
undrained Young’s moduli in vertical and horizontal e B

directions, whereas £, and E, refer to the drained

- e g ; - ! (b) horizontal-cut specimen
Young’s moduli in vertical and horizontal directions.

Fig.2 Set-up of local strain measurements and
bender element system

Table 2 Index properties and unload-reloaded triaxial testing programme

293



International Symposium on Sustainable Geosynthetics and Green Technology for Climate Change (SGCC)

(Retirement Symposium for Prof. Dennes T. Bergado)
20 to 21 June 2012 | Bangkok, Thailand

Atterberg Limits Wa ;

No.  Symbol D(‘fg;h S e Ton. PIge. USCS  en @ Pelda)
1 CU-7 7.0-7.5 83.17 36.14 47.03 CH 63.3 1.7 44.74
2 CU-8 8.0-8.5 91.30 35.59 55.71 CH 62.7 1.56 54.09
3 CU-9 9.0-9.5 90.12 41.22 48.90 CH 60.1 1.57 61.03
4 CU-10 10.0-10.5 55.14 25.74 29.41 CH 68.1 1.78 72.78
5 CU-12 12.0-12.5 87.78 35.09 52.70 CH 61.6 1.64 97.86
6 CU-14 14.0-14.5 51.80 28.50 23.30 CL 24.9 0.67 132.55
7 CU-16 16.0-16.3 58.89 46.06 12.83 CL. 29.5 0.78 172.84
3 CU-18 18.0-18.5 82.06 59.05 23.00 CL 26.6 0.67 213.13

Unload-Reload Testing Specimens

In addition, another set of unload-reloaded
triaxial compression tests were conducted on
vertically-cut specimens of Bangkok Clay. The
undisturbed  specimens  were collected in
Chulalongkorn University campus. The sampling
depth was between 7 to 11 meters, which in the layer
of soft to medium stiff clay and the layer of stiff to
very stiff clay. The index properties of all testing
specimens can be summarised as shown in Table 2.

The isotropically consolidated undrained triaxial
compression tests with two unload-reloaded cycles
were conducted. The testing programme was started
with isotropic consolidation to the mean in-situ
effective stress ( p;) and then two cyclic undrained
shearing to 30% and 60% of compressive strength
(9, ) as illustrated in Fig. 3. The two unload-reload

cycles were performed to investigate the hysteresis
behaviour and unload-reload stiffness characteristics
of Bangkok Clay.

{a) Stress path

(b) Deniator sress-steain corve

Fig. 3 Typical stress path and deviator stress-strain
curve of two unload-reload cyclic undrained
triaxial compression test

During isotropic consolidation, the shear wave
velocity of specimens was measured by bender
element. In addition, two LVDTs and a proximity

transducer were connected to specimens for local
measurements of the axial and radial strains during
unload-reload shearing. The set-up of local
measurements and bender element are the same as in
Fig. 2(a).

NONLINEAR STIFFNESS FROM VERTICAL
AND HORIZONTAL CUT SPECIMENS

From triaxial test results described in Table 2, the
Young’s moduli were determined from the deviator

stress versus axial strain (¢-€,) curves at g, =

0.001%. Figure 4 shows examples of the undrained
stress-strain and stiffness behaviours from CIUC
tests. The horizontally-cut specimen (CIUC-2H)
shows somewhat stiffer behaviour than the
vertically-cut specimen (CIUC-2V). The observed
values of small-strain vertical and horizontal
undrained Young’s moduli of these two examples
are E =42,000 kPa and E; = 55,000 kPa. Figure 5

shows examples of the drained stress-strain and
stiffness behaviours from CIDC tests. The vertically-
cut specimen (CIDC-2V) exhibits slightly stiffer
behaviour at small strain than the horizontally-cut
specimen (CIDC-2H). The observed values of small-
strain vertical and horizontal drained Young’s
moduli of these specific examples are E, = 25,550
kPa and E, = 18,000 kPa. Figure 6 shows an
example of the shear wave arrivals as detected by the
bender element from CIUC-1V test. The calculated
value of G,; of this test is approximately 10,000 kPa.
The ratios of radial and axial strain (-¢,/¢,)

represent Poisson’s ratio terms; v, and v, obtained
from vertically-cut and horizontally-cut specimens.
The measured values of v, and v, were derived at
different axial strain of 0.2% and 0.1% which
represented the constant Poisson’s ratio values. The
experimental results are summarised in Table 3.

Table 3 Measured values of elastic parameters
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Mean Measured values
Test No. stress E, E, B E G G v -
(kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) A &
CIUC-1V 80 30000 10001 - -
CIUC-2V 100 42000 15018 - -
CIUC-3V 130 92500 32592 - -
CIUC-4V 120 110000 26203 - -
CIUC-1H 90 15500 15528 - -
CIUC-2H 100 55000 - - -
CIUC-3H 120 80000 30614 - -
CIUC-4H 120 42000 37120 - -
CIDC-1V 90 23100 - 0.115 -
CIDC-2V 100 25550 16520 0.038 -
CIDC-3V 120 32900 - 0.100 -
CIDC-4V 100 23500 - 0.058 -
CIDC-1H 90 18000 14282 - 0.309
CIDC-2H 90 18000 - - 0
CIDC-3H 120 43000 27598 - 0
CIDC-4H 100 20028 25762 - 0.057
120 80000 FUETR o ETTET I 9 O E P |
@ » Vartical-cut specimen {CUC-2V)
i ot | 2 70000 - « Horizontal-cut specimen {CIUC-2H)
& 1 — I g 50000 :
= P 1
. cRr 50000 o
i 1/ LR
£ aty AR B i
2 / 2 3 x4y
3 . ¥ g d00 Ny
3 p § 20000 h
° 20 ) —=Yertical-cut specimen (CUC-2V} :é 16000 \%
we Hotizontal-cut spacimen (CIUC-2H) &
04 2 ! R— o
0 1 2 3 4 5 3 7 8 0.601 2.01 2.4 1 19

Axial strain, ¢, (%)
(a) deviator stress-strain curves

Axial strain, g, (%)

(b) undrained Young’s modulus degradation curves

Fig. 4  Undrained triaxial compression testing results of vertical and horizontal-cut specimens from CIUC-2V
and CIUC-2H tests
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Fig. 6 Shear wave arrivals detected by bender
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CROSS-ANISOTROPIC ELASTIC PARAME-
TERS

Following linear elasticity theory, a complete
general anisotropic elastic model can be described
by either compliance or stiffness matrices which
comprise up to 36 possible unknowns. Based on the
requirement of Thermodynamics, these matrices
must be symmetric and the unknowns are reduced to
21 independent elastic parameters or known as
aeolotropic (Love, 1927). However, due to cross-
anisotropic or transversely isotropic nature of the
soils, the relationship between stress and strain
increments can be expresses by 5 independent
parameters as shown by compliance equation as in
Equation (2).

de,) |~ XYmoo o o |(do,
Ev Ek EI:
e, | |- L Y 5 o o |ldo,
: Ev Eh Eh
de, | -2 Ymo Lo o g |4e,
= Ev Eh Eh
aryl [0 o o 2 o ol
it
| |0 o o o L olla,
g G/n'
I
dy, h 0 0 0 0 ¢} — I 1d7t h
L G | ®)

where subscripts v and A denote vertical and
horizontal directions, £ is Young’s modulus, G is
shear modulus, Vv is Poisson’s ratio, and

Vol B, =V, /E  from the symmetry of the
compliance matrix, Gy, = E,/2(1+v,;,) due to
isotropy in the horizontal plane, and Gy, =Gy,

In practice, these five elastic constants could be
considered too many; for example, two triaxial
compression tests and one torsional shear test are

required to determine E,, E,, G, Vi, and v,
Accordingly, Graham & Houlsby (1983) proposed a
simplified cross-anisotropic elastic model that
required only three independent parameters, instead
of five parameters as for the ordinary cross-
anisotropic elastic model. In their model, the
ordinary cross-anisotropic elastic model in Equation
(2) is simplified as shown in Equation (3).

&, 1 —V; la O wddy
P I R B
w| —~ é é o0 0 |l
&, Elo o Ztl;v) o o0 Kdgh
ay, 0 0 0 0 e 0 |45
o
-
Wl 1o 0 0 0 o 2(:;)- ) 3)

where the three independent parameters are defined
in Equations (4) to (6).

Modified Young’s modulus, E = E, ©)
. . Ey "
Anisotropy factor, o= = (5)
EV
Modified Poisson’s ratio, vi=v i (6)

From the symmetry of the compliance matrix and
the isotropy in the horizontal plane, the other
parameter linkages are forced as

Vv /vvh = Eh/Ev &= 0‘2 ’ Vb = th/(l and
Gy, =Gy Jot= aE*/2(] + v*) . Therefore, the all

cross-anisotropic elastic parameters can be computed
by three independent parameters as listed in
Equation (7).

E,=E (7a)
E,=o’E" (7b)

Gy = aE'/z(l +v ) © (70
G =u2E*/2(1+v*) (7d)
I (7e)

Von = v’ ,/a (79)

Viy = QV (72)

These are automatically adopted the assumption that
the anisotropic factor (o) can be determined from

. PO e
A=Vpy/Vpy OF Ot"'(’llh/("vh .
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Graham & Houlsby (1983) used this model
successfully to interpret the anisotropic properties of
Winnipeg clay obtained by performing triaxial tests
with different stress path ratios (dq/dp'). Many

researchers also support the model of Graham &
Houlsby (1983) (e.g. Lings et al., 2000; Yimsiri &
Soga, 2003); therefore, it is assumed in this paper
that the cross-anisotropic elastic parameters of
Bangkok Clay comply with this model to reduce the
number of independent parameters for optimisation
process.

In this study, all moduli are assumed to be power
function of mean confining stress (Rampello et al,,
1997). Therefore, the drained vertical Young’s
modulus can be assumed as in Equation (8).

’ (®)

where 4 and »n are dimensionless parameters and p,
is the atmospheric pressure (approximately 100 kPa).

Based on the assumptions of Graham & Houlsby
(1983), the constitutive law in Equation (3) is
adopted and other drained elastic parameters can be
calculated according to Equations (7a) — (7g). It can
be seen that all parameters from drained test can be
written as functions of four parameters A4, », «, and
V.

Due to the constraint of no volume change in
undrained test, the undrained Young's moduli
measured from the vertically- and horizontally-cut
specimens are functions of other elastic parameters.
For vertically-cut specimen, the directions of soil
deposition are identical to the triaxial directions (see
Fig. 1(a)); therefore, the constitutive relationship in
Equation (3) can be reduced to Equation (9). Taking
into account of the undrained condition,
de,=de,+2de, =0; the vertical undrained

Young’s modulus can be derived as Equation (10).

1 2y
de 1 o fds!
{d a}:__; - ) {1 f’} ©)
81’, E v (‘—V ) (Gr
o az
pu _ 49 _E*|iav*+v*~l} (10)
v "d - *) *
€ 2v ity -1

For horizontally-cut specimen, the directions of
soil deposition do not coincide with the triaxial
directions (see Fig. 1(b)); therefore, the compliance
matrix can be written as in Equation (11).
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1 v v ;
de, —p | ey da,
o o o’
1 * v‘
v
dg,, pmivmp] = 1~ ildol
L2
v v 1
de, , s el do,
' | o o o |

where de,, and dg,, are the increment of radial
strains associated to vertical and horizontal direction
of soil deposition, respectively. Considering the
undrained condition, dg p= de, +de, , +de, , =0;
the horizontal undrained Young’s modulus can be
expressed as shown in Equation (12). The measured
shear moduli in case of undrained tests still follow
Graham & Houlsby (1983) assumptions, i.e.,

Gy =Gy [o = aE'//z(l + v') . Again, it can be seen

rh

that all parameters from undrained test can also be
written as a function of four parameters 4, n, o, and
v,

g

Be oy _ 2F WV +av v —o—oC (12)
# * *
o2 4200 +v2 1V o

All of the elastic parameters from undrained and
drained tests are optimised by least-square method to
obtain the best parameters 4, n. o, and v for all test
data. The obtained optimised parameters are
A=460, n=052, a=098 and v’ =0.086.
Consequently, the  cross-anisotropic elastic
parameters of Bangkok Clay can be derived from
Equations (3) as shown in Equations (123).

. , \0.52
. 460[39-J (13a)
Pa Py
,\0.52
Er _qan (ﬂ.’} (13b)
Pa Pa )
G i \052
Svh 208( L (13¢)
pa \ pa /
. , £0.52
G _ zos(ﬁl J (13d)
pa pd
V= 0.086 (13¢)
vy =0.088 (13f)
Vi = 0.084 (13g)

For numerical example of the Bangkok Clay at
the depth of 13 m with the mean in-situ effective
stress of p’ = 100 kPa, the calculated elastic

parameters are E, = 46,000 kPa, £}, = 44,178 kPa,
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Gv; = 20,755 kPa, th &= 20,334 kPa, Vi = 0086,
vy, = 0.088 and v,, = 0.084. The numerical

optimisation results (Table 4) can be compared with
the measured values (Table 3) in terms of Young’s
. moduli, shear moduli, and Poisson’s ratios as
presented in Figs. 7, 8 and 9. respectively. The
results show that the calculated values are within
+60% of the measured values. It is noted that the
positive percent of error means the calculated value
is higher than the measured value, whereas the
negative means the calculated value is lower than the
measured value.
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Fig. 8 Comparison between measured and

calculated values of shear moduli
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0.2

0.1

Vvh and Vhy (caleulation)

0.05

between

measured  and

® Vvh
° Vhy

L 43
R

0.05

0.1

0.15

VYvh and Vhy (measurement)
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calculated values of Poisson’s ratios

Table 4 Calculated values of elastic parameters

between

0.2

measured  and

Mean Calculated values
Test No. stress E, E, B E," G G

(kPa) (kPa)  (kPa)  (kPa)  (kPa)  (kPa)  (kPa) " Vi
CIUC-1V 80 37795 18481 - -
CIUC-2V 100 42445 20755 - -
CIUC-3V 130 48649 23789 - -
CIUC-4V 120 46666 22819 - -
CIUC-1H 90 38477 19256 - -
CIUC-2H 100 40644 - - -
CIUC-3H 120 44686 22363 - -
CIUC-4H 120 44686 22363 - -
CIDC-1V 90 43548 " 0.088 -
CIDC-2V 100 46000 20755 0.088 -
CIDC-3V 120 50575 - 0.088 -
CIDC-4V 100 46000 - 0.088 -
CIDC-1H 90 41823 19256 - 0.084
CIDC-2H 90 41823 - - 0.084
CIDC-3H 120 48572 22363 - 0.084
CIDC-4H 100 44178 20340 . 0.084

298



International Symposium on Sustainable Geosynthetics and Green Technology for Climate Change (SGCC)

UNLOAD-RELOAD ELASTIC STIFFNESS
AND HYSTERESIS BEHAVIOUR

The results from cyclic undrained triaxial
compression tests illustrated in Fig. 3 can be used to
determine the unload-réload stiffness of soils. The
secant Young’s modulus is defined by setting up a
new axis of unloading and reloading curve as shown
in Fig. 10. Figure 11 presents an example of cyclic
undrained triaxial compression test (CU-9). It can be
seen from the results that the variations of loading,
unloading and reloading stiffness are similar (Fig.
11(b)). The initial undrained Young’s modulus could
be simplified by the secant Young’s modulus at
0.001% of axial strain. The observed initial
undrained modulus (£/) and undrained shear

strength ( s, ) for all tests are summarised in Table 5.

The hysteresis loops from two unload-reload cycles
found that the first loop at deviator stress of 0.3q,,,.

correspond to €,=0.1% which is already in the large
strain. The opening of hysteresis loop dramatically
expand when the deviator stress level increase from
0.3, to 0.6g,,,. as shown in Fig. 11(a). For more
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(a) deviator stress-strain curve
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detail of other testing results, it is reported in
Kongjeep (2011). However, the results can be well
fitted with the Hyperbolic and Ramberg-Osgood
models as shown in Fig. 12.

v
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Fig. 10 Definition of unload and reload secant
Young’s modulus
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Fig. 11 The result of cyclic undrained triaxial compression test from CU-9 specimen
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Table 4 Initial Young’s modulus and undrained shear strength from cyclic undrained triaxial compressions tests

No. Syibol D_epth Eo = Eec 2t 0.001% (Initial undrained modulus) (kPa) Average S,

’ (m) Load Unload1 Reload1 Unload2 Reload2  Eq(kPa)  (kPa)
1 CU-7 7.25 20,000 20,000 23,000 18,000 20,000 20,200 25
2 CU-8 8.25 35,000 32,000 30,000 40,000 50,000 37,400 22.5
3 CU-9 9.25 22,000 20,000 25,000 22,000 22,000 22,200 26
4 CU-10 10.25 22,000 N/A N/A 22,000 20,000 21,333 32
5 CU-12 12.25 22,000 24,000 24,000 N/A 25,000 23,750 31.5
6 CU-14 1425 95,000 105,000 105,000 110,000 95,000 102,000 77
7 CU-16 16.25 70.000 NA N/A 80,000 80,000 76,667 95
8 CU-18  18.25 70,000 80,000 75,000 70,000 80,000 75,000 126

Remarks: N/A = Not Available

CONCLUDING REMARKS

This study investigated nonlinear anisotropic
elastic stiffness of Bangkok Clay. The cross-
anisotropic elastic parameters of Bangkok Clay
under isotropic confining stress by the advanced
triaxial apparatus with bender element system. A set

of isotropically consolidated undrained/drained
triaxial compression tests on vertical- and

horizontal-cut specimens was performed in order to
determine the cross-anisotropic elastic parameters.
The elastic moduli of Bangkok Clay were assumed
to be power functions of confining stress and the
cross-anisotropic elastic assumption of Graham &
Houlsby (1983) was applied. The optimised cross-
anisotropic elastic parameters (4, », o, and V') were
then determined using a least-square method. This
may be the first occasion where the complete set of
cross-anisotropic elastic parameters of Bangkok
Clay is presented. Another set of isotropically
consolidated unload-reloaded undrained triaxial
compression tests was conducted on Bangkok Clay.
The results of unload-reloaded triaxial tests indicated
that the stiffness degradation curves with are rather
similar for loading, unloading and reloading.
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