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ABSTRACT

This research project studies the geotechnical properties of soft Bangkok Clay as follow: (i) small-
strain stiffness, (ii) non-linearity, and (iii) 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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stress history, stress state, ageing, chemical processes) Hardin and Dmevich (1972) "lﬁ'i'ﬂumﬂﬁw\'nq

o oA o o o w g o w Y ~“
i 3 nqu fie diAnn, draies, uas ludy Awaasluaised 2-1
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M 2-1  Jesuniinansznue shear modulus tag damping GAVCERT! complete stress reversal.

(Hardin and Drnevich, 1972)

Factors

Importance to"

Modulus

Clean sands

Cohesive soils

Strain Amplitude

\Y%

Effective Mean Principal Stress

Void Ratio

Number of Cycles of Loading

=< |<]|<

Degree of Saturation

Overconsolidation ratio

Effective Strength Envelope

Octahedral Shear Stress

Frequency of loading (above 0.1 Hz)R

Other Time Effects (Thixotropy)

Grain Characteristics, Size, Shape, Gradation, Mineralogy

Soil Structure

Volume Change Due to Shear Strain (for strains less than

0.5%)

c|l=|®|® | ® || m® R

Al AR < RmI< <

a . . . . .
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.

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

Hardin (1978) 1AANYIWQANT5Y small-strain ¥94 clay UAZ sand HAZWUIIA small-strain shear

‘3 XY Yy . N s
modulus 9EYUDYN current stress state (Tﬂtﬂ‘lfm mean effective stress), current void ratio, L0 stress

’
3 a ' B3t . O, ' i
history ¥93A (Tﬂﬂi‘l’f’ﬂ‘l overconsolidation ratio OCR (= —"“{“—"— )) A1 small-strain shear modulus
O

ansaesune ldadaums (2-1)

(2.1
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o) 2 ) aX To > .
Taoh G, 719 small-strain shear modulus, F(e) Aina2ulshyuagiuni void ratio, p’ 710 mean
effective stress, p, D reference stress (An1¥MANUALVITMA), S, n uae & Aemasii ldan

ATNANDY

o A d'

1 v o d o d a
AouIANuFURLEAd W Auaums (2-1) A lagniauelasdIsuduqioel unonanisnaans

o v a a & o o Jda U ;Y = v Y o Yy a
dmsvauriadug anvdunuingnmueundulduaaslumisieh 22 ludedaliee 1desune

DaNanszNUYeISUA1IABNGANT T small-strain YBIAY

24
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! " od G Y a
M3 2-2 AININYBIAUNTS small-strain modulus Tugilves —m = g7 (e{—f-)—] (Goa 0110 p, fimiauiilu kpa) (Yimsiri and Soga, 2000)

Pa a
Soil type Test method S fle) n Void ratio range reference
Sand:
(2.174 - &)’
Round-grain Ottawa Sand RC 690 ——1———-——-—— 0.5 0.3-0.8 Hardin and Richart (1963)
+e
(2.973-¢) .
Angular-grain crushed quartz RC 327 S e 0.5 0.6-1.3 Hardin and Richart (1963)
+e
(2.17-e)’ :
Several sands RC 563 T 0.4 0.6-0.9 Iwasaki et al. (1978)
+ e
(2.17-¢)
Reconstituted Toyoura Sand Cyclic TX 840 -——1-————— 0.5 0.6-0.8 Kokusho (1980)
+e
Several cohesionless and cohesive (0.3 +0.7e? )_I
RC 450-14000 0.5 N.A. Hardin and Blandford (1989)
soils
(227-e)
Reconstituted Ticino Sand RC & TS 507 —1———- 0.43 0.6-0.9 Lo Presti et al (1993)
+e

2-5
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: P4 G 'Y "t
A1517 2-2 (cont.) AAINVBIAUATS small-strain modulus 1H5UU0I —2 = SF(e £ (G ,p'uay fimisuily kPa) (Yimsiri and Soga, 2000)
d p p max 3 P Pa
Soil type Test method A F(e) n Void ratio range reference
Clay:
Reconstituted NC kaolin RC —o)
327 @973-¢) 0.5 0.5-1.5 Hardin and Black (1968)
l+e
Several undisturbed clays (NC (2_973 . e)2 .
RC 327 -_— 0.5 0.5-1.7 Hardin and Black (1968)
range) 1+e
(2.973-e)
Reconstituted NC kaolin RC 450 ——T-—-— 0.5 1.1-1.3 Marcuson and Wahls (1972)
+e
(4.4-e)
Reconstituted NC bentonite RC 45 ——1———— 0.5 1.6-2.5 Marcuson and Wahls (1972)
+e
Several undisturbed silts and clays (2.973 _ e)2 .
RC 74-288 _— 0.46-0.61 0.4-1.1 Kim and Novak (1981)
(NC range) l+e
(7.32-e)
Undisturbed NC clay Cyclic TX 14 —T— 0.6 1.7-3.8 Kokusho et al. (1982)
+e

2-6




o - Ay o a
unn 2 nqyﬂ“ag"?u?ﬂﬂnlﬂ(/?{a\'

. L e Y .
M1311 2-2 (cont.) AAINVBIAUATS small-strain modulus Tugilyos —m= = gf (e{—p—] (G > P02 p, finiauiiiu kPa) (Yimsiri and Soga, 2000)

pa a
Soil type Test method A F(e) n Void ratio range reference
e™? (average
from
Six undisturbed Italian 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 e\’ 0.5 1-5 Shibuya and Tanaka (1996)***
Several soft clays SPCT 1800-3000 (1+e)> 0.5 1-6 Shibuya et al (1997)***

b4 RC: resonant column test
TX: triaxial test
TS: torsional shear test
BE: bender element test
SCPT: seismic cone test
*x from anisotropic stress condition

Kok k r . ’
use O, instead p

2-7



o = Aw od 3
UNN 2 NYEHUASINIUIVGNGIVON

2.2.1 Effective stress state

1 1 a 3 T ! - - .
NNANTANYINUIA stiffness VYDIAUITYUDYNUNT mean effective stress N30 principal

effective stress 11 2-2 UAAIAIDITIVBINANTZNUVDA stress level #D shear stiffness YOIAUFTIAAI)

(Coop and Jovicic, 1999).

§ﬂﬁ 2-2 WANIENUYDA stress level ADA shear stiffness "Umau‘lfﬁﬂﬁ"ld‘] (Coop and Jovicic, 1999)

Dog's Bay sand

decomposed granlte {(Korea)

Ham River sand

e -{3- Greensand {reconstituted)
i —[F - slate dust (Rampello et al., 1995}
a8 E —3— rhanetsand
3 —E&— decomposed granite (Hong Kong) )
4 ~—& - Rankin _/.’n
"; -
0- 1000
= 3
< 3
x 3
E -
15} 4
100 3
10 T T T T O
100 1000 10000 100000
p' (kPa)
(a) sands
———  sands
- === kaolin
— —  Fucino clay (Rampello el al., 1395)
———  London clay (Rampello et al., 1995)
] - - Bothkennar clay
10000 - -- - Vallericca clay (Rampello et al., 1995)
3 —9— Norh Ficld clay (Rampollo et al., 1995)
J —4— Boomclay
-
E 1000 -3
3 E
% o
E -
(0] .
1003 !
10 —L-rvq——'—r-rrrrrq——v—r'rrn'wr—r—r‘r‘rrﬂq
100 1000 10000 100000
p' (kPa)
(b) sands and clays.
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AUMS3 (2-1) WauYANMUAUIDY isotropic 881915AAY Roesler (1979) WU small-strain
stiffness 5148;1:5'11 principal stress ﬁllﬂﬂﬁhx‘lﬁu T 14%1n1339 small-strain shear modulus 910 shear
wave velocity 11.19'1”'.180'1&181‘!3 ﬂgﬂiﬂ?’(‘ﬂ "?immmﬂmﬂu principal effective stresse unazou'ld Roesler
(1979) WA shear modulus vx%uaqjﬁ"u principal effective stresses 1uﬁﬁﬁ shear wave AuUN1Laz 1y
ﬁﬂ‘?}aqmﬂﬂ“umﬁauﬁ Tm%z'lﬁﬁuag'ﬁ'um principal stress Tunaaminduszuui msdunui 14
QnouduTaudIvunaienuaeN (19U Yu and Richart, 1984; Stokoe et al., 1985, 1991)

717 2-3 LA shear wave velocity TiauMsly 3 Remaiidrariu (7, x> Veye WOT V) 1
vertical effective stress (o" ) vzcﬁn‘uu’lwmvﬁ horizontal effective stress (0' uay o" ) ﬁﬂ'm\iﬁ

(Stokoe et al., 1995) “"N'W‘U'J’lﬂ'l shear wave Vs mmwﬂmsmummamﬂmmmsmaaummaumﬂ

auluuun out-of-plane direction il::ilﬂ"lﬂdﬁ

A o', Change in Vertical Effective Stress
- 400 - — Direction of Wave Propagation
£ ¢ Particle Motion
n° '&‘;
= v 4 S$-x¥
5 LS V.
8 \/5“\2 \\ Y
s %o .. Q_;e‘:’;;;g
o D )
] s vz N
g \g E \
14}
200 | 1 IR W W O | i L
20 40 60 80 100 200 300

Vertical Effective Stress, ¢, (kPa)

Jin 2.3 msnfaoun)asA1vea shear wave velocity Tufismia 3 fismatandsdumeldanimwaa

Wuuy anisotropic (Stokoe et al., 1995)

o Y v o t:d o ) . A 0 " 3 "o
ﬁumﬂmawﬂumumuﬂ"leﬁﬁuﬂmmu elastic wave 89U A1 P-wave velocity 32YUBYN1

¥ '
effective stress TUMANIINITIAUMIMIIIUAIAAIlUZ1N 2-4 (Stokoe et al., 1995)
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A o’, Change in Verlical Effective Stress
g
600 [ 2 — Direction of Wave Propagation
“» r 1 Particle Motion
£ Hetr V..
= Vo W PR
=500 A P ”"” e
*g \lp');}‘ é: Q {71 st @ e
®
o -
© o ¢ *,1
> 400 F \1'-3",\-'
(5]
>
©
3
o
300 i i i [ LS00 N O | i ! >
20 40 60 80 100 200 300

Vertica!l Effective Stress, o', (kPa)

H 4 1 a a 1 L 9
s 2.4 msuldoumlasmiues P-wave velocity Tufisma 3 figmananaisdumeldanmanudu

LU anisotropic (Stokoe et al., 1995)

2.2.2  Stress history

stress history 1182 current state (5]1T0SuBNE UM THARBNGANT 5 stress-strain T small strain
Iﬂtj‘vf’ﬂﬂ stress history ﬂ$ﬂ§U1UﬁI’JUﬁ1 overconsolidation ratio Hardin and Black (1969) tef uawaﬁ
w1 lueums 2-1) o913 aHanszNUYe3 overconsolidaion ratio Tav1dWamsnaaoun
resonant column test AUAUIY HYINIANTNNA 0 ¥HA aumsiiannsnesinedeaums (2-2)

f11 overconsolidation ratio (OCR ) Tuaums (2-2) ﬂzﬁmn“lug /999 mean effective stress,

¢ [ I~ 1 [~ a a O-,
R=2< air9l5Anus1 ocR Aemnsaiivmlugy effective stress Tuiuans (OCR = —tmax )
p

v

Gmax =Sf(€{LJ Rk (22)
Pa

a
Tumaassnuduxams NANOU bender element LAY resonant column test 1A8 Jamiolkowski ef al.
(1994) ILE@A921A1 overconsolidation ratio WIUHANT LNUADAT small-strain modulus YDIAIDE1IAU
- 9 a a ' . . oa v v
muuamﬁmwmumimﬁmmmﬂauuuﬂawmm void ratio (38UIDYULLA Nﬁﬂ'ﬁ'ﬂﬂﬁﬂlﬂﬂﬂ

Tatsuoka and Shibuya (1991) 1@ Lo Presti (1994) #u6UNA1 overconsolidation ratio 1NUNANTENVAD

1 small-strain modulus Y93 sand A7

2.2.3 Void ratio

' . . a &oX &l - N s . a
A1 elastic stiffness YBIAUILINHVUUDAANUUUWUUINBUUYIIBAT void ratio AR Elh’\ 2-5

warAIAIBe1990IN 131 A0UNaeA1 shear stiffness AUA void ratio YBIAUFIAAY (Wolda s

2-10
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=) P=) 1 2 e LY v a a o o d' 4 1 1 @ Y o 1 =2 9

[TUUNYUA shear stiffness 7130 1A INAUFHARGITUAMAMURUILIUAIAY FIvoraronudald
o $ 1 < 1 . » 2 g 4

L8 normalizing function F(e) A3a§lum1s1an 2-2 881alsAauem void ratio function Hitlua

o L a d a a a o ¥ L% [
empirical FIAATIEHUIIINMINATD VAU FUALALAUN A FUA mumzﬁmszummﬂums

v
- tly . 1A
9N I¥AUYAIU
ov'=ch'=200kPa
2w r__A__,A___,___.,_ A s R e .f---——--i
: . i ;
i ; : ; i
180 o o s R e s = s - HAGINARICHER (1963
: ! ;e ——— Jariolkowski et al. (1991)
180 4 om e e Pofovic (1995)— - e
170 4 o e e e
: z | |
—~ 160 > . — |
© H 1  §
£ .l | |
< 150 ——— S
§ i i
O 140 _— ! 25, R PR A: . |
M i
130 bl s S e e e
¢  HRS (Ham Rivet Sand)
120 4-—X-pKs {Durkerkelsand)] ~ ~ T i T ’
1o g 530 (GassBatotm) | .40
ttgBEz T T T —+ ;
H + 1
| : ! i
00 3 sim s et s 1 B S e A R R
06 0.65 07 0.75 0.8
Void ratio
(a) isotropic eftective stress state
ov'=316kPa, ch'=142kPa (p'=200kPa)
2 e s i - m—— g s A 1
[dn&Richart (1963] ~
miolkowski et al. (1991)
fovic (1996} ——— ——~-1
w
o
£
=
>
]

0.6 0.65 0.7 0.75 0.8
Void ratio

(b) anisotropic effective stress state

d‘ 1 1 1 9 ol - . .
gﬂn 2-5  WANIZNUYDIN void ratio ABA shear stiffness A1 31 (a) isotropically consolidated sample

uag (b) anisotropically consolidated sample Y84 HRS (Kuwano, 1999)

2-11
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atin'lsﬁmumsﬁﬂyw%"qmnmi‘nﬂamuazmnnqyﬁ (Weiler, 1988; Houlsby and Wroth, 1991;
Viggiani, 1992; Rampello et al., 1994 ttag 1997) ﬁﬁ'umudwh small-strain shear modulus U84
overconsolidated clay 70 1danIMANMAUIUY isotropic ‘nx%uag:ﬁ"u current stress state, i1 state
variable, 11AZA1 mean effective stress Tﬂﬂ"lijif‘llﬂuﬁ’mﬁ‘aﬁmwh void ratio ﬁatfufh small-strain shear
stiffness mmsm):a'ﬁuwﬁ‘lumﬁ%ua;iﬁu 2 #1900 3 i F(e), p' waz OCR Suduaums (2-2) 92

gnisuliduaunms 2-3)

-

Gmax =S'(_p__) Rk. (2.3)
DPa Pa

{ 4 4 =1 1 o 1
TasnSaanune * e liiuaNuUANANA UM S, #, uas k

2.2.4 Stress ratio

Yu and Richart (1984) wuieruns (2-1) Tiannsal9iunanisnaasaiiiian stress ratios
(N=q/p") ’q\l‘lﬁ' NWANIINATD resonant column test L‘U”IWU’)"ILﬁﬂ shearing stress 1139 stress ratio 311
(UL ¥ IR shear modulus TAnaARa 814l AAMEIAN stress ratio 108N 2.5-3.0 HANIENUVES
1uDA shear modulus ¥1iBOAI 10% tazaunsafinsanldhegluanuamamiouvesmsnaaes
1un1511M1 shear modulus

nsfunuiigniudumondalaudiseonaturing Rampello et al. (1997) W1 elastic shear
modulus U84 reconstituted clay 3 YYINMINAADY drained constant stress ratio test ﬁ'u %:'lﬁ%uegiﬁum
deviator stress ratio (7]=g/p’) f11 elastic shear modulus Lﬁ'uﬁuﬂszmm 20% Lﬁ't‘)?h deviator stress ratio
winen 0 Tl 0.7 Aumensasusy Pennington et al. (1997) wuhlumsnaaswRsITUE
deviator stress ratio 13iiHan®A elastic shear modulus ﬂﬂﬁ'ufiv?ia"u“luumuau

uenNING: Rampello et al. (1997) Ieruoaumsdmiunumilvaduiiunsdaulasmnaums
(2-3) Auaas luaums (2-4)

G _ S;(LJ R Q.4

Pa Pa
a A " v v : .
Taod Rq IR stress ratio ma‘lmamwwnmﬂuuvu anisotropic

2.2.5 Rate effect
o Y A o =} <3 o & Ao J a a
8n3Ims limsindeudmseusuilutldonilaniinansenurengAnssuveIAy HanTENLUYDS
951013 17139ABAN stiffness YBIAUM T2 1AYIINIIANYI9IHANITNAADY resonant column LA
. . v % \ 4 o Q' J o [
torsional shear Y139 triaxial (Stokoe et al., 1994) AR UNDOATINS IHUTUNVIULY 1A shear

a 1 ° o (] o
modulus INNAUFIMTUN1INAADA resonant column TUAATNANUIAULVY compression 8819 15AAHE

2-12



unil 2 nguguazaudseineide

MInAaBaU A AN UARULEATIAN small-strain stiffaess Tiudusas s 1S Shibuya et
al. (1995) AN INANTZNUYDA shear strain rate @DA1 shear modulus INAITNAADY cyclic torsional shear
test taznuiionrmdveausaaouulaein 0.00s $h 0.1 Bz 1t hifnansznudes shear
modulus uﬂﬂﬁmf‘:ﬁ M3 shear strain ﬁlaﬂﬂ’j”l 2 x10” A stiffness 32 I ldtimansznuain shear strain
rate, type of loading, number of cycles, {10 cyclic prestraining

Teachavorasinskun et al. (2002) ?iﬂmtﬁmﬁuwaﬂs LNVYDA stress rate ABA stiffness VDI soft
Bangkok Clay 310113NAQB1 cyclic (compression-extension) triaxial tests APAIIMI Isatiow Tay
vertical stress rate 3351910 0.05 kPa/min 113115 1¥11390111 monotonic 881391 33 1000
kPa/min §115ums I3 8LV cyclic 81937 HAMINARBILEAITIAT secant Young’s modulus i
9179 strain 1hunan (g, = 0.02 - 0.2%) wavumlasaumsiouuasvesdniinislfuss

717 2-6 uaemsiAeunaveq elastic Young’s modulus Y8 9@ uwiinA 19 strain rate #1993
a2t uA clastic stiffness U2 T1FUFUA strain rate (wamsmamnﬁmﬁuﬁﬁ;ﬂiﬂa Lo Presti et

al., 1996 L2 Shibuya et al., 1996 A3t)

Ty TP T T T T YT T Ty Ty
Ultrasonic wave
10° .
= ° }H d rock core ]
X ard roc
™ ﬁ a E ﬁ 8 i o 1 e
i .,H \ / 1
(& ”"Q’ : Q‘ . N
Concrete \ )
. Monar Resonant-column
e 10°E <
E 1
S :
£ | i ftrock (U) -
o r o0 0O OO/Sagamuhara soft rock (U)
w
Metramo silty sand (U)
OAP clay (U)
10°F .
o o0 3
S &R 20 S Wet Chiba gravel (D)1
I ocoo0B0 Saturated Toyoura 1
H m sand (U)
vy Xi .
0 Alr-dned 4
Hostun sand (D)
103 - o [ ] .\ J
s N.C. Kaolin (CU TC) ]
sansmd vassud sl sl aased aauwl s xased o suwd ol

10° 10* 10® 107 10" 10° 10" 10* 10° 10

Strain rate, €, (%/min)

a i
gil‘n 2-6 WANITNUYDA strain rate ADA elastic normal stiffness (Tatsuoka et al., 1997)
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2.2.6 Aging ltas time effect

HANIENLYBAINAD stiffness UUTINF NI clay taz sand AMFANEITIUIUINAUAAINA
small-strain shear modulus ilzLﬁ'u%iufTunmﬁamwmwtﬁ'umﬁ (t¥Y Marcuson and Wabhls, 1972; Afifi
and Richart, 1973; Seed, 1979 (ta% Daramola, 1980) mﬂwaﬁtﬂu'lﬂ"lﬁ'ﬁa creep, msmé’auﬁﬂmmumﬂ
au, (TS IRIALYBS interlocking (102 cementation 581181 1AAY

317 2-7 uermanisi/Aoutiasyes shear stiffness (G) AUNMTLMN creep MNMINATOUAVAY
Dogs Bay sand il UM LA 1A poorly graded 18 Jovicic and Coop (1997) ;ﬂﬁ 2-7(a)
UAAIHANITZNUYDY ageing/creep TINTUILAY isotropic effective stress AL loading direction A149)
HONINATOUILYN normalized AWM G énﬁuﬁnmﬂmf HANINANBIUTAIIINANTZ NN

zﬁummxﬁ'us:huaxﬁmsn?in%wm shear stiffness 9494 15% luszoz13a1 3 34 Jovicic and Coop

(1997) BRI IMsERNT U stiffness (931 2-7(0)) Tavfidre619@10YM 613N loading Az

. . : e 4 oYy Y
unloading IV isotropic) ¥19INUsANYN130! ageing 11899105z I19UU 19T creep (1512 volumetric

strain flfiﬂﬂﬁ'ﬁutf)

1-20
% 500 kPa
S
It
- 1900 kPa
(‘DB 1-10 + o A
\O
U] ao
ke —a v
a @ 2900kP
a
1-00 LASRE SEE B 1 0 A0 ) ERENEN S B R R A | VT YT
1 10 100 1000
Time: min
(a) Influence of confining stress
1-20 —
First loading
115
5)
&
& 1-10 + .
\Q
© 1-05 Unloading
%) Reloading
1-00 T T T T T T T T
1 10 100 1000
Time: min

(b} Influence of current loading direction

d‘ 1 % 1 =Y
31]71 2-7  WANITNUUBIIA (creep) A8 shear stiffness YDINIDYIIAY calcareous sand

(Jovicic and Coop, 1997)
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227  yHAURAY

1135910321904 normalized shear modulus degradation curve mﬂaﬁudnquam‘lugﬂﬁ 2-8
(Kokusho, 1987) 051 modulus degradation Y®4 gravel 9£51UN10 sand LAY clay msﬂi’:ﬂzméﬂu
11]1/110'11’)1l.ﬁﬂ confining pressure tﬁ'uﬁuuax ﬁ‘lu"hl vlﬁl‘ﬁﬂi W degradation curve 171 confining pressure g

N8I3 g UBNUAUNUAAI WU 2-8 (Laird and Stokoe, 1993)

1.0

i %% Clay, 100 kPa

“~lsand, 50 kPa

Shear Modulus Ratio G/ Gray
o
(9]

0.0 1 1 1 -
104 10 102 107 100

Shear Strain y (%)

§ﬂﬁ 2-8 Normalized shear modulus degradation curves cumﬁwﬁmim (Kokusho, 1987)

2.2.8 Recent stress history (immediate stress path)
' L. - o . 4
A1 small-strain stiffness ¥9IAUIZIUAOUIYAITAY resent stress history M5i/aouni/asves
NANMIUDA stress path M3 032U NNYABYNTNINANMAUNAINILTINANTENUBEI1IWINAD stiffness
HRL LR
Atkinson, Richardson and Stallebrass (1990) finyufgInuransznuvssmslasunasiiema
UD9 stress path @0 stiffness YD overconsolidated soil A1INAABIYIIAY London Clay Tasmsnaaoy
v
drained constant effective mean stress ( p' ) 482 constant deviatoric stress q) HAZHIMIMINARDINNY
3 v ' . [ 1 '
AUFIADUARIL NMINATBUNIMUATUINAMNANMMAUTNINTOUFUUAAIITUR stress path N7
1 Y 1 s 1 L] 1

AMNANUIAUBUAUTUAIIN WANINARBAULTAII recent stress history HHANTLNUBIIWINAD
wqﬁnssu stress-strain 1UAWHAY HANTSNUVDINANIIVDA stress path ADA stiffness degradation curve
vl Y, 1 ﬂci 2 nl Yy . . A1 o oA oy ¥ o

ALTAIIUIUN 2-9 392 1A stiffness degradation curves NANAUNUIIIINITNATDUNIHUAILATENIN

= v = & dy A [ ' a o - 1 [ 1 =
stress path 1ABIAU (§3U1 2-9(a)) N3TIHIBININAIBYAU] stress path history A1aAUABUMIYAIRDY
a S, = X 4 a @

(40, BO, CO wag DO) azngANISUN stiffer ILINAVUILDNANIIVOA stress path SOUNAL

(D0 X) (@317 2-9))
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Deviator stress ¢ (kPa)

100 2 400
Mean Pressure p’ (kPa)

(a)

<
S
T
o]

30 [

20

(C-O~X
10 +

Shear Modulus G (MPa)

(B+0—X

0 i i
1072 107 10° 1
Deviator strain y (%)
)

Ly

gllﬁ 2-9 HWaNIZNUUDA recent stress history 0 stiffness degradation; (a) stress paths {tag (b) stiffness

degradation Y99 OX stress path (Atkinson et al., 1990)

2.3 Anisotropy

sﬁminﬂﬁusﬁmmmsmmﬂaumﬂ‘lﬁluﬂﬁudaaﬁaﬁuaqmﬂﬁuwﬁtjaéfmmn anisotropic
HAZAUITIWGANT TV anisotropic ﬁaﬁwqﬁnssuﬁuﬁnﬁﬁmwm stress 38 strain 713
‘wqaﬂi 3 anisotropic 1413 095110 1AY inherent 1A stress induced anﬂiiu inherent anisotropy (A
INWAYDINTTLIUM TN LAVUOLANHULVDIBYNIAAY ﬂ'ammfumsnsmwmsﬁuaﬁ'wmaumﬂﬁu
JZNTNNTS consolidation N30 stress process éuq a2 1¥1AA stress induced anisotropy 111?1’3‘]“1{'14 934
ﬁuﬂxqﬂﬂszﬁﬂﬂm‘?\mmmzuaumaw%’amﬁ'uc’fiqﬁuﬂ’h initial anisotropy

mﬁﬁﬁmaﬂﬂsqa%'nmafs‘mﬂssuﬂgﬁmmsmﬁﬂﬁumﬂmsgmﬁau’lu mode AAU 910
msAnBINnNoITAITIAMA uus ufeuiitalan compression mode ANsOTiAMIAATITIATAY
extension mode 8619110 AIMUANAITILARITINATNAIIRL (1F1 Tiraveq principal stress A

v ]
YUIAYDN intermediate principal stress) UHAADNEANTITHUYDIAU uennimslasuutasicnisves

]
[ a

. e [ v o w aa 1 o ¥
major principal stress 1uifadodnny luuua Tilune hiAves Inseaediuinn dAniumsesnui
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Tassadamednanssulgd (Fu 31usIn, Auyadn, Audu) AR UTIVIALAL AN 1Y0g
the principal stress axes 1ua1u3€ﬂi’:ﬁ1ms ANYINANTENUYDINT 1Y UVYDA principal stress direction
HaTYUINYDN intermediate principal stress ‘Ui’)\‘l‘wqaﬂﬁn stress-strain, pore pressure, (0 strength
characteristics 499 Bangkok Clay 510azi@saveinisnanesluriealfiianisuaznamsnaansldians
Tuumdi s uaz 6
TumsAnEINGANTIY anisotropic mmﬁuii'nfluﬁwﬁ'mﬁm‘%"mﬁﬂmsmamﬁmmsnquu
-

vy ¢ )
YUIAUAZNANYDA principal stresse 14 3 A11A 1u1U79031 191A3 09119 torsional shear hollow cylinder

(Wofinu (gHa1e 2.3.6)

2.3.1 Inherent anisotropy
WOANTIY inherent anisotropy M1V INFITUHIANT anisotropic YBIAUIHBININIINATLUIUMINY
OUAZANYULYDIOYNAAY Vaid ct.al (1995) ANYINGANTTN inherent anisotropic Y84 Syncrude sand
Taun1snaaoU simple shear test (NGI type) 18 torsional shear hollow cylinder test #1298 19AULLU
p Yp y

reconstituded QIR 1ABITNIIUUUAI)ADID moist taming LAY water pluviation HAZ/M3® air
pluviation HAMINAABILTAIINGANT TUNUANANNULITOLAI BUAIBH19AWITNAAY TF moist

. Yy a = . d' as | .. Yy a P> S v Aas
tamping 1HNOANSTUTN soft A brittle NGA 37 air pluviation 1HWaANTTUA brittle osas Tuvazn3s

water pluviation 1ﬁwqaﬂi JUUVY strain hardening ﬁdllﬁﬂﬂugﬂﬁ 2-10

80
(-
. \®
0w = 200 kPa oo
Fines content = 12 % ot o
: @ ©
&0 —

Pluviated
A o768

20

Shear Stress T, (kPa)
S

Molst Tamped
8, = 0.767

Q T T RS
0 s 10 15

Shear Straln v, ( &)

d‘ G o ' a 1
31]"(] 2-10 WAYDIITNTIATOUAIDENAUABNANIINAGD undrained simple shear Y89 Syncrude

sand (Vaid et al., 1995)
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unii 2 ngujuazaudveiineite

NANTZNUUBA soil fabric O small-strain stiffness YBIAIDHINAULILY reconstituted YD London
Clay specimen 1&tteraaluguil 2-11 Fauansm small-strain stiffness ufimmene (G, ,G,, and
G,,) muldanmanuduiRedni (Jovicic and Coop, 1998) HANSNAABILAAINAINSFY confining
pressure HHITUM G,, 12NN G,, ~ G fnfuAuezdl stiffness Tunnueunnnily

v .
UUIAUIIBIN soil fabric

)
£ |
100
6 ® - Cnh
A Ghv
8 ® Gy
100 2 4 6 84000

p'(kPo)

gﬂﬁ 2-11 ‘wqaﬂi 7Y stiffness anisotropy Y94 undisturbed London Clay moldammanuduuuy

isotropic (Jovicic and Coop, 1998)

HAMINARBILAAII clay MelRanmaNuRULDY isotropic 3¢l G,, MnATM G,
Uszanas 50% FauaasangAnssu inherent anisotropic liipanInmsAaidvaiaveseymaRumiles
(Pennington et al., 1997; Jovicic and Coop, 1998)

Tamiolkowski et al. (1995) 3185162304 shear wave velocity TUiLIUBUABILIRINAHANS
naovlumnuduaaslunsei 2-3
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. v
ﬂ]'ﬂﬂﬁ 2-3  BAIIAIUVDN shear wave velocity 1141!11'J'LIﬂuﬂﬂlluiﬂﬁi]'lﬂﬂﬁﬂ'liﬂﬂﬂﬂclu?ﬂﬂil

(Jamiolkowski et al., 1995)

Site Soil type ANE References
Montalto di Castro Silty sand and silty clay 1.00-1.10 Jamiolkowski and Lo
(Italy) 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 Sandy clay, silty clay, 0.93-1.12 Mitchell et al. (1994)
(Hall 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)
(POOT)
Pence Ranch Idaho Silty sand and gravel to 0.85-1.03 Andrus (1994)
sandy gravel
Anderson Bar Idaho Sandy gravel from loose 0.85-1-15 Andrus (1994)
to medium dense
Larter Ranch Idaho | Silty sand to sandy gravel 0.85-1.20 Andrus (1994)
Gilroy No.2 Treasure Quaternary Alluvium 091-1.14 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)

2.3.2  Stress induced anisotropy

a : . g a ; 4 : .
NWQANTIY stress induced anisotropy (JUNGANTTN anisotropy LB INNI5IABULAIv04 soil

fabric MIAAINANINAIUAUIVY anisotropic
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Wong and Arthur (1985) Anynans z‘nmquﬁns 34 anisotropy Y94 dense Leighton Buzzard
Y A oA . ) v - ' AN TR P o an
sand 1ng1%1A304il0 directional shear cell Muldnmsfouyliszinni MeteAugnisonlauis
pluviation 1ag lifiang@nssu inherent anisotropy TuszutuuuINBY (37 2-12) TEMIMsRoUm
' v b4 b4
0, 9:QnAUAUN b = 0.4 SNUULUDA stress path ITNIIMTROUT 2 Vunsy Tudunou A Wy
ﬁmdnﬁngmﬁauwﬁm effective stress ratio (0 ,3/0' /,) nnmua (Taolia major principal stress
(Y g; = @ ey 2 é’, o 1 a

direction = ¥/,) 4aEMAIINUUA unload NAY 1IN 0 Y0 =1 Tuduaeu B udieduduszgn reload

1 é 1 g/ Ld
Tauiis major principal stress direction = I/, Fauanaavinvesvuaeu A Tasfmuald Ay=o° uaz

[ v '
70° (A= -y, (9317 2-12) Tuduaeu A 921Ain axial strain AOUMS unload

P 2
For sample subsequently
- isotropic 1 plane of sirain
Alternative
directions of —~_
deposition Subsequent plane
ol strain
\ i
For inherentty V i L
anisotropic
sample
y @
Y
Deposition
direction
fer
inherently
anisotropic
sample

/ A = lya - v
" o Siress path A
4 s precedes stress
Va Ay path 8
~— : "\
e
x

(4]

o o 1 a = @ )
3N 2-12 - MIBoaveedI0819@Y, stress path, UAZTTEMYBIN15TA anisotropy TunsNATEY DSC

(Wong and Arthur, 1985)

= & '
3UN 2-13 uamawamInar B U WAAINANTZN VDY induced anisotropy 919 stiffness Uag

Y

" 1 o j 1w = d' o 2’« é . a 4
dilatancy po13FAIIU lAsYUBgRUA MR BANNIE I IuTUaou A FuSlhusrsmsifa anisotropy 14®
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mun"ﬂam;ﬂ nn Jﬂﬂlﬁﬂl{i’ﬂ"ﬂ

AUTUGY 13103 %.l;'z’;':'zﬁ 70 1507 2 nqufuazadseiideitos

L a 3 L ' a a 3 . E) a "4 Qs
YA pre-strain lWN‘UUﬂ')fJUNﬂN‘BZﬁWQﬂﬂiiU contractant 1YULLAY stiff UDYAY Wf]ﬂﬂiillﬁﬂﬂﬂu
o @ \ a 3 IS a
Tﬂf)mi‘ﬂl‘mﬂlm principal stresses (Al//=70°) 92711 11A70819AU contract VINVULDASUNANTTY stress-

& X £ o a ; doquva X )
strain 11 ductilelINYU HANITNADDIULTAITSAVVDINGANI TV anisotropy MM iInavUINIUADU A

8
7 For ¢, see inset
.6
& 52
'\— S § - - 90' - ——
- d [T~ 500
8 4 | Adthur & Ls®
@ Assadl (1977} i
3 R -
1 & 44
1 1 e 0 30 60 80
0 1 2 3 4 $: deg
i 0%
-1 P
- 2..
- 3-
ES
Kl

iy = 21°

vig¢ = 17° (angle of dilation)

vy = 18°
—7L

gﬂﬁ 2-13 ‘anﬂiin stress-strain Y83 dense sand ﬁﬁwqﬁﬂssu anisotropic (Wong and Arthur, 1985)

233 msdszgnal¥nnudinedi anisotropy 3 O 1 5 O 8

a . " &’, a 3 o) A ) a ~ -
MINYUYDINANIIYDA principal stress Hunavtulndlulnssadamadmnssulgi U0 2-

14 LAAUY contour mmmanmmﬁﬁmq principal stress Maqﬁuﬁuﬁgﬂa%’wwu overconsolidated

X a o ad > a 1A
clay®434n 5124 1AY7D non-linear isotropic finite element (Yeats, 1983) #amsinsievtaasnnld

v a 3‘; = o Q' &' =y §

center line YBIAUAUUUAUILYNNIZI IAUMITINUAUVD axial stress TUNNATIWAUNWIIVBIAA
a o ¥ v 3 & o v A ' =]
AUZANIENAWANUAL T UANIN unloading Feerunsamiu ldnansulasunasvesrva i

o o a % o e o a d a o
NIEMAVUUIAIYO major principal stress 910 0° TiTu 90° amanisTiaazd I ludiofuud lag

£

dis ¥
Hight and Higgins (1994) ¥111¥ Jardine (1994) Woan151864@2u04 principal stress Tuaniyaniisen

Yo &

o o a3 a 2 o 1
Awanaluguin 2-15 Tasanyaniisduiignad1alu@u Thames Gravel (K, & 0.5) 1199347198708
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Al Al
VUFHAUNUIUDI overconsolidated London Clay (K, = 2) vﬁwmwmmwmmsﬂqmm principal

¥

v
stress 843531219 30° uag 90° luguAumtien

et TTTTTF excavation ano
K,205 PROPPED WALL N
e Prop LONDON CLAY
15
" LoNG TERM
bo—Prop
London cioy
IK,=2:0

g 2-14  1&u contour yBaTiAMAYES o, TuuSnanIndauyalu gravel 1tag London Clay

(Jardine, 1994)

/

e

80
..... al-t- A : e

12 1 N\Z0

: : AN

ol w/ 2 3¢f 4 NS

I 1 & .

' ; = !

¢ G| o= G| o~ G| o=0°

L BRI . | ‘...Ac’ - ........... . before construction

a, ja=0" < 0.=40°

.9 H _________ B o H ___________ after construction

d' 9 a v a :’: a a 1
31]71 2-15 LY contour YBINANIIVDY major principal stress TAnuAvuFuAumiisIsouNMS

3n312¥ 1AY non-linear numerical analysis (Yeats, 1983)
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Tumal§iians Tinswlymimainnssulfivzauyanauiinganssy isotropic Tuns
ﬁmsmiwaﬂszwmmmsanqﬁfj Zdravkovic et al. (2001a) T@ANYIWANTZNUVBINGANT TN
anisotropic ADWOANTTNVBIFUANLUAUMIIT Tasiims sz I ludiedmuadouuusiassdu
LU isotropic (Modified Cam-Clay) 1@ anisotropic (MIT-E3) wonnhimamsA i 1d6uh
Wisuifvuiudoyaen full-scale test vosAuAUTinaTousLITAF1510911 1A La Rochelle et al.

v v
(1974) uag Tavenas et al. (1974) JUundsuazgiaavesnuautiuaasluzli 2-16

30.5mf

'bdﬁs IR a)

° Settlement gauges
* Horizontal markers

Cross-section A-A

§‘1]ﬁ 2-16 (a) gﬂuuasm iaz (b) gﬂcei"mlm Saint-alban test embankment (Zdravkovic et al., 2001a)

U1 2-14 rasmsedsud lunnuivihivesruau Tagain1sinaouAIgN normalized 420
Y

SN @ 0 a d
51Juuuuu’nwami'smﬂznmn

Y

mundeud luisnngandszna ldnounauauez g

[ '
a wada

(V1B anisotropic IHafiaNT1 MANUgIvsTUALATIRT AT oty s aesRuuyY
anisotropic tazramsnadouluaumAsIiuR 3.9 was msdnsedFlsdmiuuuusiana
anisotropic 1?’5"!’1'6)1'1";1 undrained shear strength 391AN1INATDY direct simple shear (DSS) 1A triaxial
compression/extension fINIBL1IANH isotropically consolidated lumandutumsdinszvaauls
dmsvuyusians isotropic ‘1‘1?‘170331‘6 undrained triaxial compression strength uaﬁmﬂzwﬁlﬁ'fhmmq 3
YOIRUAUTIIIAT 4.9 wias (3o 1 wasgentiAese) mauaiidnseildmadullideanvnms

(JAsunaanAN19uD4 major principal stress ATNTTUIUATILA
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unil 2 nguuazaIseingive

S5 1s SR T

3 ———— MIT !
IR B R MCC - TXC

5 — —MCC - 1.25xDSS

g

L

e 1 >
oy ; .
s (25 |

g .L o A // . 4

g 05 o

< ”,/

2 R

(3] P

2 | | L L= el |
S 0

2 0 05 1 15 2 25 3 35 4 45 S

Embankment height (m)

1 = v a daawa a Jd ' s
§1Jﬁ 2-17 ﬂ']illr%UUmUUﬂ'J'llng‘UfNﬂuﬂuﬂ'lUﬂil'lﬂﬂ'li')kﬂi'lxﬁlmﬂﬂ“"] (Zdravkovic et al., 2001a)

234  HenuveIM Quaz b
[ J Tt a = o Y a 1 [~1 1
YAYBIAIM5TNBUYDA stress vector YupgAURANIINRBNGMTDUNUE DY pe1elsNA M
- a 4:' l&l % - a L gl
principal stress 3¢ 3AANIAZ VAR THVUADTIAMIVRILNUE1IDY ARTUaN MYBIANUIRY

TWNI00BUIUAY stress tensor AITAUNT (2-5)

o-z sz sz
I, =|t, o0, T, (2.5)
Ty 7'-ch Gx

x xz

a o o 5 @ a
vnmsinsenanwangaoeld =7, 7, =7 uaz 7,=7, aniuladeamsaunlsdase ¢
@ 4 a 1 a Ia % yw o a
dueligan AN uABANUAAUYil yonnnlidiannIadiaunsoinuannaNudy

¥ [
AWM IMMUATHIALAL AN principal stress NI UA ﬂ“lﬂgﬂﬂ 2-18 LETANATYNUD principal stress

niw (@, Puas P

o 0 0
T'=|0 o, O (2.6)
0 0 o
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o
. y «

-7&» T, X V
tﬁ'
L,
‘i Ty
t \
A8 a,
a, B
G,
(a) Independent stress components (b) Major principal stresses

v [ v
3N 2-18 daulszneuvesnnuuiinssuueduaaY (2) dulszaouninua (b) major

principal stress

< a = g @ a a 3 a ) [

Tuanvia limadmnssudgiiumsiuouvesauaziiadulusirmause Trfuaaveslan
v ¥ a YY1 0O o o " a .
Asuesmamsal lday = B= ¥=0° d1m3Y normally consolidated clay 92iifi1 vertical stress

v

1 . Y Y L) [ 3

4NN horizontal stress AIUY O =0, la¢ 0,=0,=0, <0, Tumanssdnudmsy heavily-
. g s ; .
overconsolidated clay 3211lu 0,>0,, 0=0=0,uas 0=0, lun1505U10YUIAV0Y intermediate
o 9o . . i o ¢

principal stress 92 191115 intermediate principal stress parameter (5 ) A9UN1S (2-7) (Bishop, 1966)

! /
=G~

b 2-7

o) — 03
) E 4
@esTuwanmanAumsiusmariieg 181 5=0 uaz a=0° d 115V normally-

consolidated clay #azf1 b=1 1oz =90° §113V over-consolidated clay §1H5UAMNANUIAUULY

plane strain 3¢31A1 5=0.3-0.5

235  HWAM3IANYIHANITNUVES OL uay b ABNGANIINVBIAY

NH01L3T7 18ARNILAAIT shear strength 1A stiffness vaaauéuagﬁmummm
intermediate principal stress (@w%maﬁ"mﬁmﬂi b) uaz:gm‘émﬁuumﬁwm major principal stress
Gsosmnedaius o lulassadremeimnssinlgitdnnnnauszganssindasanmanudui
dudoulashi oo uaz b0 unz 1 anmanudunuuil iaunsesiassidTasmsnageuly
wouljiiamenaly

finsfnsnnmnuifeIungAnssu anisotropy vosauFiinaq Iavldins el iy

S e 5 5 . E 5 ' < A A v 2
triaxial, simple shear, directional shear cell, true triaxial, 1102 plane strain amﬂsnmmmmuammuu
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o w a 3 o a > a 4 ! 2y o o A o
dotnanuana1anu lunsAnEINGANTIY anisotropy ¥DIAY 193 DIIDAMINAITRTINAINGIN VNS
ﬂmqnﬁﬂmauazmmmmmmsﬁ'u'lﬁ'adn?mixuamﬁvﬁu stress/strain non-uniformity ¥30AA N

%’ =1 o 9 ‘;’ U ' =) 1 o 9
Msszoi swazdaveniveiliznanetazduaiulude 2.3.7
¥ H [
TuadeiivznantenuisuineanungAns sy anisotropic ¥09AU lasniunuIsuinuInuanw
' g ’o’ g t a A' ° Aaa 1 "
Tiszmeiuazszinnihvesdredduignsgyi lasanmanuduniinan19d199veq major

principal stress axis () HaziiyuIAA19 YD intermediate principal stress (b)

235.1 WansTNUves &
) amwszei

Symes (1983) 1@v1M3ANB WYY initial anisotropy 1ABNITNATBY torsional shear NUAIBLI
@1 medium-loose Ham River sand (HRS) $Ua30u&107% water pluviation meldnsdovusuuszunoh
ﬁ"JE)dNauQﬂ isotropically consolidated "lﬂﬁfh mean effective stress (p 4 MY 200 kPa 1azdl back
pressure (117 400 kPa 10 1#ifin saturation peaauysel Med1eRuszgniioudunt uay b s
BN AN ENUVBINGANTTY anisotropy MulAAAIZTZLINM MAnududouszmudust
monotonic WNTERIITALUY stress-controlled TuvUETIA1 p=600 kPa Lz b Hmasi yuBsve
major principal stress AouAUAIIzIAouIaaszI1a 0° Uaz 90°

3 ‘ﬂﬁ 2-19 WAOAAN stress ratio (O /,/((3) 1Y octahedral shear strain (Eoct) 11NN1SNATDY HCA

MR b=0.5 wazA1 OL Y3119 0° uaz 90° A1 Eoct o lay

£,, = —j—g—\/ (6,-&) +(e,- &) +(6;—¢,) wamsnaavaeasIm stiffness YOIAUIZAAR

4 A X a . ! < X y 2 X ' . .
(oA QLINNAU WOANTTU volumetric compression ILANUULEID O INUVY AN ultimate stress ratio 9%
AANBLEINNLIBNANIYDI major principal stress Myu lnAnuIAe 317 2-20 naasmslaouutlas

; 2 Taus fricti = : . ’ N V4
U013 drained strength FAULAAI LAUA friction angle 1 maximum stress ratio (¢ peat) Taguaasnm ¢ peak
) 4 o & o o o o 1
zaansednndie @ vyun 0° iy 90° wenvniinwr IWuwuu@odudwudmsua b=o,

: e
0.14 uaz 1 dauiHansznUINATAIIRAIUELS 5=0.5
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3 . a=0" . .
a @=225
x a=45°
. a=675" |
2 . a=9C"
1 vl i 3 A
0 2 4 8 8 10 12

Octahedral shear strain |, €,., (%)

31]‘?! 2-19 f11 stress ratio filJ octahedral shear strain 91INMINATOY HCA AU isotropically

¥ o
consolidated medium-loose HRS A8 1dn13@ouuiiusz eyt 5=0.5 (Symes, 1983)

60

s s ot o T S S

T SRR SR EINRL SRAPRFPRPRNS. -SSP R - DS PRTSEE

0 10 20 30 40 50 60 70 80 90
a()

§1Jﬁ 2-20 (I)' sk M peak stress ratio 9INMINATOU HCA A1 isotropically consolidated HRS
¥4
MoIAMIINOULVTT VWU 5=0.5 (Symes, 1983)

Wong and Arthur (1985) 11113 INOUAIDEINAUUIVDY dense Leighton Buzzard sand Taold
directional shear cell (DSC) 9111 5 1797 (b=0.4) ua:muquﬁﬁmwm major principal stress AUNANY

v )
voamsvivey O=0°,70° uaz 90° @redreAumariigairioudloms Issauaslunuuiesniuyin
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L?Juﬁmmﬁ‘a‘lﬁ'ﬁﬁwwumﬂmﬁﬂuﬁnguﬂ"uﬁﬁmwaqnﬁﬁunu'lﬁ'mm’fmmsﬁ«mm‘lugﬂﬁ 2-12
051 strain-strain 9INNTINATOU 3 AIDGUNINITINAIVE bedding plane @199 (0= 0°, 70° 1Az 90°)
TRuansluzilfi 2-13 siddssussdounuuszinnhiuanadis maximum stress ratio (@ 10" %
wavu a8 sznhaiemaves major principal stress (0" ) HazfiraenIndy bedding plane 11
stiffness zaARaAOA I O (AL Ay friction angle HIUTA (@) amauitou 5° diosm O nldoy
210 0° 1R 5=70~00° WanIMARBTATIRUHANIINARDIVDS Symes {1983)
Oda et al. (1978) ¥1A5NAABIAY Toyoura Sand l1iA304ile plane strain MoldMTIFoUULY

2o NSNABBINITAIUAUYUYD major principal stress ALLUIAL G 32N 319 0° Laz 90° (Tavayy
o ‘lummﬂaménﬁumﬁunﬁuqn  Tumsfnu1¥ea Symes (1983) 11as Wong and Arthur (1985) (1
ﬁ'\i'fl’ a=9o-5) ﬁaadnﬁugn isotropically consolidated 1ﬂﬁ mean pressures MY 50, 100, 200 (o
400 kPa uaziou Tasmsiiuaudulunnfmiia iz iinvgum o7, Wasfuazaiugua
o, 1Md206195ingANT TN plane strain (6~0.2~0.3)

‘Wi]aﬂiﬁll stress-strain 9INMINABAVOI deviator stress (4 /,-O' ,3) 4@g major principal strain (€))
dmfumaioudi 07=200 ka WRuansluguldi 221 FaudaaliifiuimeAnssy stress-strain 1 softer
tilom & anas (M QLA A1 stress ratio peak deviator stress 3zaAaiiom O anaslasiianian
gaiile 5=24° weNINTM volumetric strains 7 Tuza)) aziing@nssu dilatant Yovauiion J anaq
wnTdumuuReafuiiveanginssu stress-strain fivz ldninntsmaneafiszauauduiug
N

Py
. Plane strain test /
(0 =20 kg/em?) /' o

/ \
N e
10— /. '//‘/o”'\.\‘\-
Iy PN
S ///'/ ‘f“i‘.‘ O\ \
Wy
Tt /
:;: i o F //'
S 7
v s S
2y
k] n ’.f
§ % ' /'// o
P 4 ;
) .{/:gi" ey :
é '/4/1 e ] I
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= -
gﬂ‘n 2-21  WHANITY stress-strain INNIINANDY plane strain YDY isotropically consolidated dense

Toyoura sand (Oda et al., 1978)
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unil 2 nguHuaznuIseiinydes

UM 2-22 uarmamsnfaounilasvesn @7, dusy J vesnsnaaesfiszAuaIAY 50 Liaz 200

' o w g A ! d. a .3 A v 9 ~ U 1
kPa mimaaluanmszinohezmuduiie 0 winiulasilianiosgai O sendn 15° uaz 30° M

¥ .
HaANINgAveY @, Uszuar 6°-7° HamInAaoliuANA19INNT 18911 1AY Symes (1983) uaz
[ < o & 4 0 i . Sy

Wong and Arthur (1985) 9813150010390 M1IN13NAABA drained plane stain, true triaxial, 11az
torsional shear N1 Toyoura sand ﬁ"lﬁ’wqﬁﬂs 71 stress-strain (1Q strength Ad10AUNT10914 1A Oda et al.

(1978) (Tatsuoka et al.,1986; Lam and Tatsuoka, 1988a; Miura et al.,1986)

0 10 20 30 40 50 60 70 80 90
5()

gﬂﬁ 2-22 wqaf’lii 1 anisotropy U84 mobilised (j)’ i peak 31NNITNAADY plane strain pT] isotropically
consolidated dense Toyoura sand (‘ﬁi’)lql,ﬁﬂ‘lﬂ Oda et al., 1978) (Iﬁfj‘ﬁ (00 =90-6)

o b g o &

= ) ' a ’ L3 o a a ' a o
lﬂﬂﬁ\ﬁ’“ UABDIATHINNEFANITY anisotropy YD ¢,uuﬂluﬂﬂ‘b'uﬂﬂlﬂﬂﬂuﬂﬂ1ﬁﬂ1ﬂ auLle

a Y A A 4 & P 1 sa o a a ~
11811]111111’]114““{1%:1!?11 ¢ nanaduan alwquu1qum$ﬂﬂulnﬂaztﬂﬂﬂﬂ’lﬂﬂzuﬂ'ﬁaﬂa‘uwtﬁj

a & 2
@mToun3 oAy (Menkiti, 1995; Porovic, 1995; Hight et al., 1997)

i) ammbliszineh

Shibuya (1985) ﬁﬂ‘quaﬂi 3199 undrained shear strength Y89 water pluviated loose Ham River
sand (HRS) ﬁﬂﬁmu a danﬂﬂmsmam hollow cylinder ﬁ")ﬂthﬁﬂ%gﬂ isotropically consolidated
vhjﬁﬂ"l effective mean stress p 2200 kPa (az1ADUUUY stress-controlled Iﬂemuﬂn‘lﬁ'ﬁw total mean

stress, p UAIAINININY 600 kPa MITNAABINTZINNAM QL 1Az b A9
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717 2-23 usrasmanuiuion (Glonlao g=(0” -G”,)2) 1 octahedral shear strain (Y,) 018
msfeuiitinn b=0 uasiif @ 531313 0° UaT 90° WOANTTY stress-strain 9% softer UAT ductile A1
Qi waAnssuidiansadunal§in effective stress path wanalugilfl 2-24 uazazdunaciu
’i'lQQ phase transformation %znﬁm%’mw‘%mﬂ"lﬂsﬁeﬁmsﬁquﬂjmﬁﬂmwm major principal stress
msxﬂ?%ﬂuuﬂawm undrained shear strength, s, (f!U”IlJ’J"lﬁ?J maximum shear stress mobilized THYB YA
contractant) AUA1 O “lﬁ'uﬁm‘lug ﬂlaﬂﬂmgﬂ 2-24 M s, "lfr"l’gﬂ normalized 1A8f1 mean effective stress
APUMSIRBY (p /=200 kPa) A1 undrained strength anasedunniiient @ nldsusn o lug 600 ans,
sz 2.3 mdfe a=0° deududle a=90° W Tu@nduiinuile 5=0.5 uaz 1.0
wanszwuuumﬁmﬁuéﬁiawqﬁnssu undrained 484 pluviated loose Ham River sand (HRS) 18dnun

961903199219 1A0IA5 091J0 hollow cylinder (145U Symes, 1983; Symes et al., 1984; Shibuya, 1985;
Shibuya et al., 2002a)

100

T
P:peak
(’"7 R:residual
80 R ,
[0 "o
k . - /
] R /D
Q 4 c)———/
KPe P S e : ®10
aoffy —— | 4‘/
) \
e M3 %
20 i
[ 2 a [ ) 10 12
Yoct %

= a . : ; i g
31]7! 2-23  WHANTIIW stress-strain IINNINATDY HCA U89 isotropically consolidated medium-loose

HRS 1 5=0 taziln1 O A199 (Shibuya, 1985)
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g‘llﬁ 2-24 Effective stress path 31nN13MA003 HCA Y9N isotropically consolidated HRS 1 b=0 tazil

1 0L ¢I'N"] (Shibuya, 1985) (3 Uidnuaae normalized undrained shear strength)

Shibuya and Hight (1996) ita& Shibuya et al. (2002b) HARINIINARBIVLALINUNY loose HRS
uamel&anin K -consolidation (K=0.5) MetaauszwivylasiTinniduaznanssdionsesie

IR UN191au Symes (1983) 11ag Shibuya (1985) #29619AUILYA consolidated 117 mean

B-

Al o ] dy 1 Al xl Ll L] g
effective stress 11101 200 kPa uamsnaaovillFan 5=0.3 mniuszrnams@eouuuy luszinenids
v ¥
mRiingAnssulndnuanin plane strain WOANTTY stress-strain 1A% strength WUIINAITNAADI
o 4 & 3 . & a = a J q 1
milpununyluA2061910Y isotropically consolidated WANTTUN softer 1AZ weaker VzIRATULTIBAT
& e o Yo P> ' . . g = &
(AN TFURTAT uaﬂmnmzmu'lmmmgﬂﬂ 2-25 71 anisotropic consolidation ILINUWNANTENUND
undrained strength anisotropy fl1 s, N a=0° 311 3.8 (MINNNN A=90° g‘ﬂﬁ 2-25 uaaImsitou
eumsi/asunasuesan sp ;A 0L dmSUMsnAAOULLY isotropically consolidated iR a1AY

A1 5=0.5 (Shibuya, 1985) 1Ay K,-consolidated ones (#0A1 b=0.3)
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0 10 20 30 40 S50 60 70 80 90
al)

gﬂ‘ﬁ 2-25 wqﬁm— 34 anisotropy U84 undrained shear strength 91NN1INAWDY isotropically LaL K -
consolidated HRS sand 1a8N15Nad@01U HCA (‘l’l’ﬂyﬁi‘ﬂﬂ Shibuya (1985) 1482 Shibuya and
Hight (1996))

WQAN3TY anisotropy ¥89A 18TiN13ANU19619307 Imperial College M15197 2-4 313350
dN"]‘ﬁ Imperial College fi reconstituted clay uag silt ﬁfﬂlﬂﬁ]ﬁﬁﬂyﬂﬂﬂ%&ﬂémﬁa hollow cylinder
apparatus (HCA) fili1 @ uaz b #1199 31]*7’; 2-26 ULAAINITAABIVOIA undrained shear strength
&390 normalized §30A1 effective consolidation pressure s,/ %) 1o O futunnmsnaaes X

normally consolidated 11 reconstituted soil
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AN 2-4 MINAADY HCA N reconstituted KO recompression clay U silt AAUTUNITN

Imperial College London
Soils Author CF pg Kq b-ratios Inclinations at shear
(Year) [%] [kPa] considered al°]
HK Menkiti (1995) 7 400 049 0,05,1 0,225, 45,90
KSS Menkiti (1995) 44 300  0.585 0,05,1 0, 22.5, 45, 90
HPF4 Zdravkovic (1996) 0 200 05 0,03,05,1 0,15,30,45,60,90
HKI15 Rolo (2003) 15 200 05 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 K0 consolidation

o7

® KSS {peak), p,, = 400 kPa
A HK {peak), p} = 300 kPa
& HRS (paak]. p, =200 kPa
B HPF4 (PT). p,, = 200 kPe

8ulp's

R = p - ——

__________________

o1p

o 1 1 i i 1 1 1 1
Q 10 20 3% 4 s0 6 70 B @
«; dagress

§1Jﬁ 2-26 anﬂiin anisotropy Y94 undrained shear strength 15=0.5 493 normallyK -consolidated
soil (OCR=1) mngm%qavm Imperial College (Jardine et al., 1997) 11 S, 41911 peak

shear stress ttaz i phase transformation point (PT) d1115UA10618 HPF4

Nakata ez al. (1998) ¥111131Aa04 hollow cylinder (200 mm height, 100 mm OD @ 60 mm ID)
4 L) ] g 4 =) =)
tefin¥wgAnIsunuY Tisz11011Ye3 Toyoura sand 13N M3UYBITA major principal stress
720071961301 1ABIT air pluviation 1Az 19015 vibration 1 17 1dA1 relative density A199) (Dr=30% to

90%) ﬁ?ﬂd‘lﬁ@ﬂ saturated 1AN13 flush A0 CO, Uae de-aired water ﬁ"mdnqn isotropically
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consolidated 11/ p 2100 kPa mstfiounsziniuldn1snIunuYeq torsional strain Tavaauguida
b=0.5, A1 total mean stress p=300 kPa, uazflqm‘éﬂwmﬁﬂ major principal stress A9 Q&

317 227 uAAS effective stress path 1A% stress-strain curve YBINTNAABIAINGT? TAswun
AU 19TIUIN softer (DT INGANTTY stress-strain # small strain 92 lai¥a19u) LAz weaker i
. Y HANSENUYBIM void ratio (relative density) AongAnssuvasauiu ldsthasany
F00 Tl UNNINIINNT (relative density 110N SzudAINgANT Y dilatant TunnyuiBeves

el major principal stress M3 UAIDTIIHNANINUANIUTDYILTINGANTTU collapsible 1AE brittle 110

MY major principal stress NLBBNIINLUUIAY

q (kPa)

Toyoura sand{Cr=80%)
p=X0kPa, b=0S )

3 4 5 @
7 (%) :_

q (kPa)

ol GenlS
a @30
e 1 Gewds
v a0
9 : Gewl5
Toyoura sand{Dr=60%)

e‘-mdi’a, b=0.5 {d)

1T 2 3 & 5 8
T (%)

p=100kPa,
o arnts’
. u--:!‘g:

e Qe
03|} aeeso’
: ae=?5

Tovoua sandDr=30%)
b=05

q (kPa)

q (kPa)

4 5 6

3

T (%)

§ﬂ'?l 2-27  HANIZNUVOINANINUOY principal stress Ao isotropically consolidated Toyoura sand
(Nakata et al., 1998)

gﬂﬁ 2-28 IL@AYA1 maximum undrained shear strength 1) (05 dmsudalegAuNg D=30% %

' ' & & § 1 = g
WuNIMIaAaLvean s, Asailuiiom A ulfouuasnn 15iu 75
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* : ; / : s |
W *—uni s roridy e s s B
H :Toyoura sand, Dr=30%, b=0.5 :

e A B e v

LT S R i W
0.1 1

0.05 |

§‘ﬂﬁ 2-28 anﬂﬁ 3% anisotropy ¥ normalized undrained shear strength Y94 isotropically

consolidated Toyoura sand (m”auﬁamn Nakata et al., 1998)

2352 HANITNUVRY b
i) anmszuei

AroBunoudaluade 1.1 91 Symes (1983) 18115 nAABLYTLUIINAY isotropically
consolidated medium-loose HRS (OCR=1) Tﬂﬁm‘%mﬁa hollow cylinder msﬁﬂmifawamwmewu
1DUIVOINA major principal stress BOEUYUIAVDY intermediate principal stress (uaaslasaauils ) uon
AU M1INARBA hollow cylinder Y117 b =0, 0.14, 0.5, uAz 1.0 vaizfisn oL sxfmua’ly
ITHIN 0° 1AL 90°

N3 stress ratio 1132 octahedral shear strain 91nMINARBIAMI VA =45° Idleraaluguii 2-29
manaaeufifian 5-0.14 uaz 0.5 fif1 strain AR uT gALOZIIM initial stiffress 1AX stress ratio 1N
ﬁ’qﬂ NINATIY 2 é’uﬁyﬁ'\mﬁm volumetric strain ﬁ%‘lﬁﬁﬂﬂﬁ’c}ﬂ j“ﬂﬁ 2-30 LLEIASA angles of shearing
resistance (@) figadiAFwaashn @’ znlfounlasdndestumsn/ounlase s intermediate
principal stress fi1f‘hﬁ"w1ﬂﬁqmztﬁﬂﬁmﬁeﬁmmﬁauina"ﬁmw plane strain (5~0.3~0.5) i1

stiffness (LAY strength ‘Dzﬁmﬂ'ﬂﬂqmﬁﬂf’h b=0.1
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Qctgnedral shear strain | €oct (%)

g‘ljﬁ 2-29  WANIETNUYDIA b ﬂ'ﬂ‘wqaﬂi 74 stress-strain Y94 isotropically consolidated medium-loose
HRS (OCR=1) (Symes, 1983)

a2 T T T T
b
L0+ -
x
/ ,
i
B} $ ]
\+
s} H.
3¢ L 1 + ' §
Q 02 04 06 [oX:) 10

b

g‘lﬁl 2-30  WANIZNUYDIA b ADAT ultimate ¢' U4 isotropically consolidated medium-loose HRS
(OCR=1) (Symes, 1983)

Sayio and Vaid (1996) inn13 finy1 medium-loose Ottawa sand 1at1#iA3 9410 hollow cylinder
A8 19AUNIAS oL TAvTD water pluviation 32§ isotropically consolidated 11/ effective mean stress

L g‘ @ 1 o QA g o \
p =300 kPa dsnINuAIBgzgnReuIuTIAnwldanzszInei Taodmuas 5= 0,03, 0.5,
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unn2 nqygllﬁ&'\r)u’JWﬂ"an??la\'

uaz 0.8 Tuvaiziidmuan o asfiiiy 45° 30 2-31 udAgRns s shear 1A volumetric ¥89013
naaeundTH NoAnsIUR stiffﬁqmznﬁﬂﬁutﬁa 5=03 FuiluanmilndFuaniw plane strain
WOANIIUT soft TigAuaziAn volumetric strain 11'\ﬂ‘7i’cjﬂi)$tﬁﬂ%mﬁﬁ) b=0 1 ultimate stress ratio 9%
wnuasedrannidle 1<03 uazanuantornandinnil wanimeaassiinsesuiisisanlae

3 a ~ < 4 '
Symes (1983) 11 stress ratio 3¢idouiauiiouantionilon » uag OL 1A

D,=34%; Om=300kPa; a,=45"

00 02 0.4 08
€ o (%)

3N 2-31  HANTENUYDIAT b ABNGANTTN stress-strain Y84 Syncrude sand (Sayzo and Vaid, 1996)

717 2-32 uaradoya drained strength fiftne1 TauR3suMatuAY (Ochiai and Lade, 1983; Lade and
Duncan, 1973; Lam and Tatsuoka, 1988b) ﬁmam AUAY isotropically consolidated (OCR=1) ’& ﬂﬁﬁ 1ﬁ'mu
finufen drained strength siAio b AR 0.6 uazTmAsinieanaudntioondan
T ﬂmmsﬁny1md1ﬁﬁmﬂmad1ﬁmui1wqﬁnisn anisotropy 9ZAAAHNANIIVEY major

principal stress mgu"lll‘num any bedding plane
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60

¢ (deg)

30 . S W . .

/ / ¢ Lade & Duncan (1973) - dense Monterey No, 0 sand. Dr=98%, CP=60 kPa

& Ochiai & Lade (1983) - dense Cambria sand. Dr=93%, CP=100 kPa

X5 x Symes (1983) - dense HRS, Dr=85%. p"=200 kPa

/ ® Lam & Tatsuoka (1988b) - dense Toyoura sand, Dr=80%, CP=100 kPa
4

JUN 232 wanIENUYRIAT b ABNOANTIY anisotropy VAT peak @ (U5V1 3911910 Zdravkovie
(1996))

iy amwhiszuei

INNTANYIV4 Shibuya (1985), Shibuya and Hight (1987), tta& Shibuya et al. (2002a tlag
2002b) fait lRuaae 13udrluiade 1.2 uanwansznuvess » Aenganssuiuy iszunihves
medium-loose isotropically consolidated HRS Tasn1inaaoy hollow cylinder Iﬂﬂﬁ’lmiﬁﬂu1ﬁﬂ"l b=0,
0.5 uaz 1 uazilaouin/asain @ 53119 0° 1Az 90° 3 stress-strain 1AL effective stress path 91015
naaeuile a=30° 1§uanalugiii 233 wansTNUVBIMSINLTUYDIN intermediate principal stress T
Yoonndmium b 93U 0.5 SanfezuaamgAng s compressible 3NAWA large strain 1M b

3 = a M ’o’ d’ & J
mmm%:qumﬂﬁmmu"lmwwum soft, weak, LQZ brittle ¥1NUYU
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Shibuya (1985))
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wqﬁnssmﬁﬁﬁuﬂdﬁuﬁwm adwanalugUidnlugyii 2-33(b) 1 undrained strength, s, gn
normalized 1At effective stress ABUNTTIROU (p /=200 kPa) dwmium & ivfoondn 45e vz lifl
WQAN353 undrained strength anisotropy 1§10 5<0.5 8614 lsfimumsiauulasves s, f 40% v
Attt b 1nntu ndannar a=45° naves b wxindi Taoi s, sziiuiuda 1.5 wiuifor b it
9110015y 1

WansNAae U UL 1851091 1A Yoshimine et al. (1998) A loose Toyoura sand
A28619AUTIMIUNINABDY hollow cylinder 19563 1AYTT air-pluviation LA vibration A2DHIIAUYN
isotropically consolidated 1ﬂﬁfi1 mean effective stress p 100 kPa LLﬁZQﬂlﬁﬂuﬂ1ﬂiﬁlﬁ am'lis z‘uwﬁ%
Fi1904 intermediate principal stress 199 Taonaunum ar=45° uaz p Wnsfi

131N stress-strain LA effective stress path i’?‘l?’i%’llﬁ"lﬂthﬂauﬁ&ﬁﬂuﬁ b=0, 0.25, 0.5, 0.75, uaz 1
Ruanslugdi 2-34 Taswurun T Tania lmifeusuii 1desune luda dlesh b diudiuezyi i
NOANIIWAY weak 1A compressible wnty et lsimumansznuiivinnde b fantouiodion
#U¥03 HRS M3iAvnuasuesdt normalized undrained strength I8utaasliug it 2-35 Taw
nfvufsuiudoyaues HRS il =450 milouiu 1ngUNaAITINANTENUVOIM intermediate
principal stress vhannnhdmy Ts Wouiy HRS stravosfidmiua @ ftauledl f1 undrained

v 4 1 = <] & 1
strength ¥4 TS aAnd 1.8 tnudlon b 1/asuin 011 1 Fanauinniives HRS Ussuna 28%

200 T

ki T T T ——
& Toyoura sand, D,=31-34%, a=45° -
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31]7! 2-34 HWANIENUVBI b ﬁﬂWQﬂﬂiimmU11!53‘1]16111‘118»3 isotropically consolidated Toyoura sand
(Yoshimine et al, 1998)
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j‘dﬁ 2-35  WANSTNUYDIA b AD undrained strength Y99 isotropically consolidated sand NReun

o=45° (%y,mm Yoshimine et al. (1998) (482 Shibuya (1985))

23.6  AMMWINZANVDIUNIDIIIG torsional shear hollow cylinder !ﬁi’)ﬁﬂquaﬂﬁu anisotropy
VoAU
& a a Y 9 a o ¢§ Yt o :i A
msfinynganssuvesdu lasnnazldmsnaassludeslfianmsae laimswauinsesiie
anepeasaliuswuuaANgAuAIee19au 18 MInuniuideneinumsesiomnaasslu
%qﬂﬁu‘"ﬁms"lﬁ'ﬂfin"lﬁm Saada and Townsend (1981), Arthur (1988), Tatsuoka (1988), (% Menkiti
(1995)
2 a . a 39 & A Y a o <
TumsAnYINgANT I anisotropy YOIAULUABINIIIAT BeTIaNARB ludBFiAn s Rawse
¥ Y
AIAUNIVUIAUAZAANIIUBA principal stress szHIIMsimould uenvniididesannsonlugums
yyd qu o 2 ¥y H ! 3
5zmuuﬂﬂmiﬂ'nmmm‘w1ms'nﬂammﬂ101ﬂﬁmmzuwumas"lm:mam
& 2 . . [ A A da au a =
INIDIUD torsional shear hollow cylinder ﬂmmﬂumsmuaﬂuau'luum‘wmmmnssuﬂgw
vy a 1
WITATNITOAIVAN TAYRYUIAUASTIANIYD major principal stress 1AUAITAIVNUA1 axial load,
torque, LQ1T outer LAY inner pressure Hazdaaunsg amuqmtaxi’ﬂm back pressure 0 NNIDMIANT
-/ 4 1 g o a’l :l' o 1 o
naaoslanaluanmszinoiuas lissunih dniudrsnsnuguanutuiiveuasinazih
IWenans nmm;nﬁﬁmwm major principal stress HATYUIAYDY intermediate principal stress
k4

(A394il8 triaxial 3214 Taona I ludesdfiidnms Tavezawnsasassanmanuduning 14

d A P , & = ' O .S o v
WER 2 LIUUNB compression 0 extension F9922M3Insz Iaavosm & 910 0° 18U 90° uazA1 b 910 0
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d 2 Y1 Ao . — v A A 1 Jdoa
u]'u 1 D9uNNA b ﬂ$ﬁ11]15ﬂﬂ']1]ﬂn1ulﬂiﬂquﬂ plane strain (0% true triaxial (AATDINDIVATUNIY

Y o w ' 4 A ; a A a4 = a
dosralumsniuguet o 1n30sile directional shear cell (JuBNIATBTBRMINTOANV MG ANTTY

. 4 a Aqy v . v ) & o
anisotropy 11303191 1A AN INANUAULUY plane strain HAZA NI INUTIAININUALUT UROUTN

o 1 L4 LY g; Y U t
Audavedienglgnundn aniulsannsonuguals 3 (o, 0, uaz @) dwsznou
y da & . . v a 1 o g o = o

Y0 NUAUNAAYU 1Y directional shear cell Tauaasiugli 2-36 og1elsnaundanstidyminy

. 4 ] v
1139330110 non-uniformity Huovvoarlndiauaz liamsalimanudulunaasfiemanaraiy

y & » = 9 & - a
umvlmummﬂﬂmom side membrane 31]7\ 2-37 llﬁﬂ\]ﬁﬂ'\'ﬂ‘“ﬂﬁﬂ'ﬂﬂlﬂu‘lulﬂiﬂﬁﬂf)ﬂ'ﬁﬂﬂﬁﬂﬁ’ﬂﬂﬂ
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Plane strain condition ¢, = ) = 0 tan 2o =
) (TZ - 0;!‘
(a) (b)

jlllﬁ 2-36 Directional shear cell (a) & M152NoVYBINNUIAY (b) Principal stresses HAZNANI

1 T T T T T T
o (Po > pi)
S
E . @ b=sin®a
8 [ (Po = P
W06t .
g
g [rsc) / (s
B04F (DS J
@ /O~
s
%ozl
g 02 4
D
£ (Po < Pi)
o 1 1 1 RS, | > § 1 1 J:
0 10 20 30 40 50 60 70 80 90
Legends: Principal stress rotation angle, o [deg]

TC, TE: Triaxial compression (&t = 0°,56 = 0) and extension (ot =90°,6=1)
PSC, PSE: Plane strain compression and extension (under condition of €, = 0)

TTC, TTE: true triaxial compression and extension (Rangé 0<b<1;a=00r9°
DSC: Directional shear cell (0° £ o0 £ 90° under condition of £,=0)

HCA: Hollow cylinder apparatus at all possible regions ( p, , p; are outer and inner cell pressure)

‘; Yy A' A a 1
3UN 2-37 anmvssanudulunIselionmsnaaseriinnieg
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9619 15NAWT0IFBYDUAT BI1B torsinal shear hollow cylinder A1® stress (1@ strain non-uniformity
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2.3.7 Non-uniformity Tudeesdulumsnaaes hollow cylinder
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AUNAUINAD stress non-uniformity TiAANINAI IRIYEIAIBE19AY hollow cylinder iioANUAUT
vouwanszwetaaiuaeuaz il end restraint 927 I¥iRan1sAvunnlasvea stress uag strain
HuriwesdIeteRuiinn torque M3 89INANUUANAINTZN I inner 11T outer pressure FIILI
1/1AA stress non-uniformity HIUAITIYDIAIDEIAY ANUIANAIITENIN internal (40T external pressure
wihldiRamsufounaswes 0 oz oprimmiwesiaediedu wiialunsiive p, uaz p, fitim
WAUUA torque AGIIIAANTIBounacuea shear stress AMTIvBIRIBINAY aaHmATIIDE
¥11%iAA non-uniformity Y04 normal stress 0, O, waz O, AaiulumsTinszinansnanssazily
U984 average stress 1AUN1INTZII0%04 stress LAY strain ITUTaFUvDIFUNTIMAITNIATIAVDS
ModnAuInRuTuTRvesau Wademdiiadniduiadedaly

BnarunANilaves strain non-uniformity (AAKI8931910 end restraint RAYINAMUEFIANTY
3834 platen 11AZA0619AU 9V IWIAR radial shear stresses 7, idMuuIRzAUA V8R0S
au wieramnsaaanmiflaudaimilatithidssuiiulunsdionss orque ligaav0198u i shear
stress ﬁsﬁﬂﬁuwﬁﬂﬁmﬁﬂﬂmﬁuﬁwm circumferential stress (1% bending moment ‘%Wzﬁﬂﬁﬂi AT
A9 vertical stress I1AYNTNLUVD principal stress DONINTLUTIVYBINITINBIAIDEAY MINTEANY

s [ ] ° a =1 ' . 1
Y04 axial stress 0619 Tiaiuawe lAuanaluziil 2-38 iU HANTENUYOS end restraint ADAS
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Jii 2-38  damilszneuvesninnduludied19Au hollow cylinder 1Au#N915811 end-effect (after Saada

and Townsend, 1981)

238  QUIVYNGINY stress UAZ strain non-uniformity

VINHATINYDINANTTNUUDY wall curvature 1AL end restraint 92V IHAT stress LA strain 14
@ ' - ’ ' ) 1 "o a
A78619AU hollow cylinder N3z 98081 hidiuaue wansznulivusgiuznsamusvndiave
v
AN IHANTZN UM AT 1AEn1TAILIN

ADDU19AY, WOANTTNVBIAY, LIAZ stress path 1ATIRIVINAILN

CALRILLT
: v a s _a ¢ . . o 1
Hight et al. (1983) T&rwanunamsinsedt W ludieduudues non-uniformity Y9IAIDYN large

ICHCA Taguuus1ans two—dimensional axisymmetric 11/ linear elastic and strain hardening Modified
Cam-Clay (MCC) constitutive law Hight et al. (1983) 19@ausluaums (2-8) tie1lsziliua stress

non-uniformity WIUAINIVDIAIDE19AY hollow cylinder

2-44



unii 2 ngujuazadseiineides

(o) o
(b_a)'o'l,

Taoh  o(r) AvmsnszarsvesnnuIRUFRIUAIINIYDIRIBTSAY
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lo,|+ 1o,
2

o, feszavvesnnunu laoteman =4

a uag b Aesalmelutazmeuen

317 2-39 uamstionulunisiszidiun stress non-uniformity 1A accuracy U & ApfAIAY

. ]
oS A

14
A o a d o v W . A
MavH 14NMInAaes woNINTEITINTOAATIZHINUBUAIINUAY non-uniformity 18

Actua! distribution, olr)
real ave. §°

°_ \ calculated ave. ¥
g
& lolr) -a1
Inner wall ) Outer wall

gﬂﬁ 2-39  UYUUDY stress non-uniformity (Hight et al., 1983)

£ 4
< =3 a 1 o 1 a
MsAnEIANYINANTENUYDIIUNIIMUTVIASIAAD non-uniformity 1186198 Y hollow
cylinder AIDEWNAUTANMUNUIVBINIIA 25 1, SetTinrouen 250 wy, Fetiniely 200 vy, uas

aldouaimanugs @210619M5032 910V NUAUKIUMTIVEIAIBI1IAUTN 2/3 YDA failure stress
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TAuanalugilii 2-40 d188198 1A isotropicaly consolidated 1111 p*=200 kPa uazAm A WMsROULLIY
: 4 H = 1 H 1 = 1 1 o
211011 117 shear stress 100 kPa 1aziii p* Asfitazal b=0.5 Tavdin1 inner 1ag outer pressure (MIAU
udrdunansnszaged1a limitaueved radial (@ circumferential stress HLMTIYDIRIDEAY

v . *
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A
3001 -
o 119
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200
o e
% =
i ®
DQ 1
o £
o (0, + o, + 00730
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110 1-20 bra 1-10 1-20 b/a
Elastic analysis Etastoplastic analysis

Stress distributions at g = 2 g,
3

3T 2-40 MINIEIBVBIAIMAUAIUAITIVBIAIBE1 hollow cylinder (Hight et al., 1983)

3 a < . .
31]'71 2-41 UTAINDNTENUUDN end restraint VINNITUATITHUUY linear elastic Y94 fixed-end
a 3 o 1 o 1w

sample NANUYI 4 ﬂ1uaxnmtﬁ'umqutjﬂann101uuazﬂwuammﬂu 200 YU LA 250 WY Wasw
Y9IANUAUUTENBUAIY axial stress 400 kPa, inner pressure 350 kPa, t101¥ outer pressure 400 kPa Tav

ra a d [ Y d o a oo . 1
‘13111 torque Nﬁﬂ'ﬁ']lﬂi'lZHuﬂﬂQujulﬁu contour ‘umtﬂaiwu‘umwami'mmzﬁ linear elastic Tﬂﬂlhl'll

- ' . . a 0‘ . - '

end restraint f11 Poisson’s ratio A0 0.499 HAN1ITIATICHILUAAL stress non-uniformity § znnaaw

1937200198 U IasiAuFaNgane axial stress
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(c) Contours of 6 /g,
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i 2-a1 msnszerevesnudiludaed fixed-end hollow cylinder NUANUFIAI1AMS

I P AT linear elastic (Hight et al., 1983)
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zﬂ‘ﬁ 2-42 LAAINANTAAITICVIHANTENUYD end restraint ADFAIDYIY hollow plastic WHANITTY
o a o P
YBITAQNIIUUIY strain-hardening plastic 31T 2-40 AR average stress path (5=0.5 uaz a =0°)
aa Y 1 a d
UAYDIAIDU1AD inner diameter 200 U1, outer diameter 250 WX, HDTANUFN 250 VU NITAATICHNIT
g " y =; o vy v A
3Y918YBY normal stress (0, ) LAY circumferential stress (o7, ) TRuaaanszaunnuidy 2 seaufon
a wa d' a '3 L] & A X 4 &
WA (g,) 92N 2/3 Y04 g, WAMIAATIZHUAAIT stress non-uniformity A UEleBu1 Indaniaz

a aa ] o< s ° a o 9
U ElfJ'Nvliﬂﬂ'\l!fﬂiﬂ‘i$il'lﬂﬂli)\iﬂ')'\lllﬁ,uUQﬂQ’ﬁ'lJ'llﬁlJ‘f)Wﬂﬂllﬂ')i?’lﬁ')‘l«lﬂﬁ'lﬁ‘llﬂ\iﬂ’)ﬂﬂ’l\?ﬂu

—Mid-height Mid-height
gc
3¢
g2 !
‘L |
o
4
L
Elastoplastic Elastic Elastoplastic
analysis analysis analysis
Vv- U" Uo’ Uo
7 T
— Mid-height - — Mid-height
oG
UL > 1’2
L,,‘T‘L< 08

" a d o 1
Ji 2-42  MSTRTIZHNINTZNWUDIAMMIAUVDIAIDE14 fixed-end 200 mm height hollow cylinder

Tasmsansiey elastoplastic ag elastic (Hight et al., 1983)
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Hight et al. (1983) 9151132 AVYDA stress non-uniformity NOINWoNSV 1A 11 ICHCA tiipm

B, <0.11 8ATIAIUYVD outer AD inner cell pressure ABIOYTZTUIN 0.9 < Po 12 uazldioue
Pi

Yy v Y o q ¥ . . a oA vy ¥ ~
ﬂﬂ"mﬂﬂﬂﬂ'lll‘ilf)\iﬁﬂ’!ﬂﬂ'ﬂﬁlﬂuﬂ1131’111" stress non-umforrmty NTﬂlﬂuﬂTWlileﬂlﬁ‘leﬂ jlh’l 2-43

UAAIANINAINGT (“no-go” area) TulaozUNTY g —b—a

Isotropic plane

311 2-43 'laezuns1U83 “no-go” area Mo 1Ay Hight et al. (1983)

Sayao and Vaid (1991) uuziirimsls@unls B, filvawlay Hight et al. (1983) 11159
AZNOUNAYDA non-uniformity 1UA28E1 hollow cylinder NunAulY wuauedulsdmiunans

. . ' o o/ 1 é ‘.}l’ 1 . :
stress non-uniformity muwuwmmamwaﬁwusm NNANUUANATIVDY effective stress ratio

r

(R = 2Ly Feitonluaums 2-9)
O;
Rmax - Rmm
P =i

R

av

(2-9)

P ) - = v
lash R, uaz R, A0A1 stress ratio Mngauaziiovga

R,, 1991 stress ratio (RAY

317 2-44 1ARAIAIDI1VDINITNTZII0UDA elastic stress IUNTIVDIHIDEAUNT]
] g (Y o
urigudnanenisluiazaouenminy 120 u tag 152 uy waglinnumu 25 vy Tasvihns

Ansziianmaudu 2 /1 Ao () p=300 kPa, R=3, b=0 taz a =45° ua (ii) p=300 kPa, R=3, b=0.5
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and @ =0° A stress non-uniformity coefficient ( ;) ey lay Hight et al. (1983) FIMTUNIEADINTA

o 2 ' st o Py ' o A a ' .
(11 0.07 Feoglunusineensulan B, <0.11 o610 lsnamElENITUIAINTINTZ WD stress ratio

b . N & aa é 1 % '
91nA115 stress non-uniformity coefficients (B ,) YoansfiNnilauazaossy lan 0.32 uaz 0.46 ¥4

1 St ) ~ y [ 1 T
oglunmuaiiensy1day Sayao and Vaid (1991) 11i099101@AI11919925AUUANAIIVDIA

mobilized shear resistance angle Tuan I triaxial M08 10.5°
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Stress

0, =300ko;R=3:b=0;a = 45°
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v
s.8 6.2 6.6

Radial Position , r (cm)

(a)
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31N 2-44 MINTZIWV0A elastic stress HIUKIIVBIAIDLI hollow cylinder (Saydo and Vaid, 1991)

& ' . oA L o . ~ -
3UM 2-45 UAAIN stress non-uniformity INNYUFVA stress ratio (R) (Say@o and Vaid, 1991)

o 1 . . o o y ' L :7 @ 1
LHASHUTUII stress non-uniformity vdwonsy Iailiom ﬂR <0.2 FINMUWATINVANVUANANVDY

1 T a o Qy' ° \J 1 Al 4
AR, Az R, AU 20% aniuTaunininasnaugu e stress ratio oon11 2.5 (o 14 stress

non-uniformitiy 'EJtﬂui A

@ Y

aunvousu'la
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Nonuniformity Coefficient

Nanunifarmity Coefflclent

2.7 4 bw§; A=
(a)
c_,,‘ R,~ R = 254 mm
l R‘- S0.B mm
0.5
A
0.3 4
0.2 -
ot pl —
0.0 1 T [ | T T T | St T ™
c.5
a
6.3 A bewO: Xw4s
(b)
R~ R;= 23.4 mm
0.4 4 ﬁ
R =~ 50.8 mm R
0.3 4
0.2 4
- g
L l ] l i i { 1 | SR S 1 { 1
1.0 .4 1.8 2.2 2.8 3.0 AR} e
R = Ul / U;

g‘ljﬁ 2-45 WANIZNUVDA stress ratio ADA non-uniformity coefficient (Sayao and Vaid, 1991)

14 ' .
UONMINTNGIAFUNINMIINNADINNUIVBINTIVZINY stress non-uniformity Lazn13 155 e]

MoluunnI 40-50 UM 9TAINITOAA stress non-uniformity 1A

Wijewickreme and Vaid (1991) UNTIZY stress non-uniformity (1189910 curvature YDIRIDH

hollow cylinder Taolduus1aes@uLUY linear-clastic 1482 non-linear (elastic) hyperbolic J U 2-46

HARINTNTTVIWYDIAT stress ratio WIUHIIUDIAIBENAT 5=0 1z 0.5 uay a =0° uaz 45° N1 R=2

2 1 a o ° 2 i . o 4 1
FINUIIHANTTAATIZN LAYLLUDIADY linear elastic LLEAAY stress non-uniformity AnanHann

HUUIIADY non-linear
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VALUE OF B IS INDICATED
IN THE BOX.

Incremental Elastic
Hyperbalic

Unear Efastic

Radlus cm

ji 2-46  MINTTIWUBAAN stress ratio FIUMTIYDIAIDE1Y hollow cylinder i p' = 300 kPa, R = 2.0,

iag Dr = 30% (Wijewickreme and Vaid, 1991)

4§ a a d 5 via oo . N
ORI UINANITAATIZHUVY non-linear Wijewickreme and Vaid (1991) W11 stress non-

2 : 4 X o . oA o O A A4 9 9y aQ wa A
uniformity INUYUNY stress ratio AT R ﬁn"]llﬂ‘33nﬂ’lﬁﬂﬁﬂlﬂﬂl‘\nﬁlﬂﬁﬁﬂ’nxﬁﬂﬂ 31'7] 2-47 11AA9

v o @ Y o 2
(U contour ¥83 B, Tunswl b —a FmSuanwANUIAUN R=2 uaz R=3 FLUAAIMIAADIVOI

o . s A % s P I~ a = < =
¢AUUDY non-uniformity LNBA effective stress ratio INUUU (ﬂavsnmmmw:mﬂm‘lugﬂ 2-48)
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(&) Linear Elastic (Sayao, 1985) (b) Incraments! Elastic Hyperbolic

§1Jﬁ 2-47 Lf’il'u contour ¥Y9IA B R f p' =300 kPa, R =2.081 Llag Dr = 30% (Wijewickreme and Vaid,

1991)

{8} Linear Elastic (Sayao, 19€9}

(0} Incremental Elastic Hyparbolic

3 2-48  (&U contour 4031 B, #1 p’ =300 kPa, R = 3.0, Az Dr = 30% (Wijewickreme and Vaid,
1991)

24 ms%’ﬂwqﬁmsu stress-strain
4
a & a ¥ o w ° @ a d a
WHANIIY stress-strain ‘U’tNﬂu‘N‘uﬁ‘lﬂi‘giﬂﬂ’d’mi‘llﬂ'li’lmi'l:ﬁﬂq‘m’m’]ﬂ’lﬁ’]ﬂiillﬂfgﬁ ﬁ"mmq

d"é sas a a . 5 a ¥ 9y a
uﬂ\‘lll’Jﬁ‘Hﬁ'lﬂﬂﬂ’ltﬂuﬂﬁlji:,’m'u‘Wi]ﬂﬂiill stress-strain UQE stiffness maeﬂuwﬂunmﬂgnﬁmmaz

Tuauy
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53 Iann stiffness vosAuszianaanu lamvinavesanuinssaiaula 31 2-49 uamq
YOUVAYDIANUATIAT NI UNTNAABIAS) (Ishihara, 1996) ﬁﬂ’nmﬂ?Uﬂqw:mmzﬂuﬁm:‘h’fms
NARBALUUYINAY 1¥U triaxial, direct shear, 1102 unconfined compression test Tuvainnusioad
9‘;'1mmmzﬁ'm°h’fmi NANDY dynamic loading 1ao wave propagation technique 1% resonant column test
1182 Bender Element test o 'Ju“luﬁmnﬁmms 219n13NAa0Y in-situ shear wave velocity tests, cross-

down hole seismic test, (LY pressuremeter test

Magnitude of strain 10° 107 10 107 10?2 10"
Wave propagation, Cracks, differential Slide, compaction,
Phenomena vibration settelment liquefaction
Mechanica ; . ;
Ay : l. Elastic Elasto-plastic Failure
charecturistics
Effect of load > <
azs ™~ 7
repetition
Effect of rate s .
. N 7
of loading
Angle of interal
Constants Shear modulus, Poisson's ratio. Damping friction, cohesion
Seismic < N
wave method
In-situ In-istu Z S
. . ~ 7~
measurement | vibretion test
Repeated _ =
N 7

loading test

Wave propagation

; <>
recise test
Laboratory Resonant column P ~
. ~
measurement | precise test ~
Repeated < S
. ™~ 7z
loading test

U1 2-49  voUAvBIRNUIAT uA TAENITNATBIYTIAATSY (Ishihara, 1996)

1 stiffness YoIAUT 18NN NARBIA s TiduandA Ty FuuietimsnRoudious
stiffness 91NN1TNAABIANAY LADINIU1T98A199A 0 197U
- strain level
- stress state
- MITUNIUYDIAIDY AU
- mode of shearing
- stress/strain rate

- drainage condition
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- discontinuity
4 a v 1
Tuivede ltinzesuisasngdenmsnaassludesdfiianisuas luauwildlumsianm

a . a o = . . &
stiffness LLAZNHANT IV stress-strain Y9AUN small D9 intermediate strain

241  minaasdlutisalfiAms
i) Advanced triaxial test
I A o P 4 a 2 a
MSNAR0A triaxial Hunsnaassi I9AumINgaNDNISANYINGANIIN stress-strain YDA U
a ea 4 o °_ ' . . a a ¢
Woulfiians fesnnmsaszmindennud Mgy small strain stiffness ¥oIAU luMsIns e
a ~ 1 a d & o :3 @ P 1
Jymimadnanssuilgi (3u Mmsdmsizimsndeudlvesnuyasziunumsnlaounasvesm
stiffness 910 small strain) 99¥11 1# IuTaguindinsWimuun3 oeiie triaxial iNe 1 ansataninnueson
a L) ng % . o & . g
Maaﬂumﬁﬂmuazunuuwu A15MARBY monotonic triaxial 1A83 local strain measurement AAEILIY
da = a . a a A 9 g o
msnaassiilon 15 lun1sAnEINGANS U stress-strain vosaU TuvoUIARIIATvANATIY JoRvea
1INARBY monotonic triaxial D AWAINITOIUAIIAIUANY strain rate, AT IAA1 A 1UF
E < o o [] g Y o w
ANUATEANNIIY, A W150AIVAY stress path, Y ATaNAdEUMUMAY 0819 lsAmudesiiAves

14
nsnaansiliie Lia1wnsaIna1 damping ratio snrdulunisnaass cyclic test

ii) Bender Element test

N1INANDI bender element ﬁ’mm‘ﬁuiﬂﬂ Shirley and Hampton (1978) 135143 3a small strain
stiffness 10092 147 elastic shear modulus ¥DIAUIINNTIAM shear wave velocity ﬁ%ﬁmuﬁ’)mjﬂau
IYUUNIINATDA bender element mmmﬁw‘?&"lﬁ"lum‘émﬁamam'luﬁ'mﬂﬁu”ﬁmsdaumﬂ el
Taonnez 193 mMns oeile triaxial (31 Dyvik and Madshus (1985)) YUIAYBIAMATOALURIDO
Auvesmsnaandiinziloon 0.001% (Dyvik and Madshus, 1985) A0t umsnaassnisziiunmaans
upv livhae

i1 elastic stiffness 71 1491NM3NAADY bender element wxifhulsz Tomflunsszygadudud
ANUIASUA1I0U7vD4 stiffness degradation curve FIMTUMIAATITHHNANINAADA dynamic W3 © small-
strain cyclic loading uazduiludautsideans lumsins e B sdaaud sy non-linear numerical

= sy, K
analysis IAINUATYANGIVU (Jardine et al., 1991; Stallebarass et al., 1997)

iii) Shear-plate transducer

M ' % H a‘l
317 2-50 UAAININI19UB shear-plate transducer H31/52ADURY electrode NNITOIRIMIIAL
v a . 4 Y H v a
VHIUNUNANINUDINTG polarization MIINAOUAIVOI shear-plate transducer 39AIRNINAVNANIINIG

& i 2 .
(AUNIAYDY shear wave NTAAAIUATDIND shear-plate transducer UIMABUAUUDA bender element
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SHEAR WAVE
XRECTION OF PROPACATION
TRANSDUCER
MOTION owecnon of
ol eucmooe
e SURFACE
=== ={" "1

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

Ismail and Rammah (2005) "lﬁ’ﬁﬂmmsﬂszqnﬁ“l%' shear plate Mo U3 14 bender element Wa
MINANBINTAIIITYAN shear plate 1AL bender element Aarft iy 2.5% Fensafunanisiiny
404 Brignoli et al. ,(1996) eIl shear-plate 9211312 @A bender element TUATNATOUAY
undisturbed stiff soil, sand, uazﬁuﬁﬁ large aggregate IN31Y shear plate lLifimssuniumeiisdunn

a 2 1 o v a = 1 v
NIAAA ﬂUNvlianll bender element (11E :Wwﬂamﬂm\umuﬂ’maummm

iv) Resonant column test

A13NAABA resonant column HuMsnARBsfidzaIniigalums Sang@nssy dynamic vosdnlu
#oaU1iAMs Hardin and Music (1965) ldeB1ongquiuazisnminanes msmamﬁﬁv‘i{ugmmﬂm
HAMS AL NN B YD shear modulus VOVAUNTINTLUBATIAUAIOAINAT resonant Ty
nmanesannsaly axial aosecheduiiogly miaxial i1 shear modulus 7 1§ 1AAINARBST 92T

A a o 3 -1
mnaNunseaa (Uszua 10°% to 107'%)

v) Torsional shear hollow cylinder test
A ~ . % d Aa =2 a . a
IATDIUD torsional shear hollow cylinder Wunienldlums ANHINEANITY anisotropy UDIAU
4 4 1 ¥ ey a . o
(11849103 BB UMINTOAIUYNNIVUIAYDA principal stress HAZTANIIVOL major principal stress
£ 4
Tﬂumsmmnmuﬂi 4 @700 axial load, torque, 0¥ outer LT inner pressure UBATINULITINIGTD
o 1 o :’/ %’ ' g o :’1 4

AIUANUALINAT back pressure llﬁ3Yl'lﬂ”li‘ﬂﬂﬁﬂﬂﬂ\ﬂuﬁﬂ’lWi%‘U1ﬂu’\ﬁ$uhﬁ%’fl_l'\ﬂu'\ mumﬁaﬂmaz

v
YOUIANINUAYNAIUANILTI I ANY IMANTZNUVBITIAN1IUDA major principal stress LATYUIAYDA

intermediate principal stress
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232 mInaaedluauiy
i) Pressuremeter test

A1INARDY pressuremeter test (UMIVIIBNIINTEUBAE IUAUBDN TSPl WoRnITIYDS
Auamnsefnu Idnnms samanuduiaznsnlounlasvenSuasuas frfiveansanszuents
Tﬂfmq}if]ﬂ‘li vmamémms ndanm strength, stiffness, consolidation parameter, L{@i% in-situ horizontal
stress 1191AADY unload-reload cycle ’d]ll‘liilﬁﬂﬂ'lwqaﬂi 74 non-linearity vosau'ld

i#i34ile pressuremeter (Mgl 2-51(2) Fhuuransenszueneniing3ianudniidesmslu
vquintziazins amudilu cell ammudulnge probe uaastug Uit 2-510) ms s
ilounuileyn cylindrical cavity expansion ﬂ'Jmﬁ'ui)zxﬁn%uﬁiauquaxﬁmﬁﬂmsLﬂéuuuﬂawm
USinas ﬁﬁ'ﬂil’lﬂ‘l?uilz"lﬁ’ﬂi'lﬂ pressure-volume change c?iwzmmmi%’?mswﬁmﬁ1 elastic modulus,

shear modulus, t0¢ undrained shear strength 1?’\1

Water pressure to expand membrane < \
7
4 \\ \
Gas pressure to i L {
inflate guard celts Directions of v
principal stresses / Mo, A
Ves il

L |
¥ ~ . A~ 1
i 1
! 4o = r
1 " 1
F———— ‘ - =PI . pstc 20k -
1 \ §
\ \8G,_ -~ ‘
r/ Guard 1 g 3 X '
1 1 77\ 4 S ’
cell PR \ ~o 7
A ,\/\ Oiractions ot 7
— Pressure ] N, N\ shear planes,
cell \ i \ N ’
N ’ 1 L3
v 7
A ’ t \ >
I~~~ Guard ke ! H \ P 4
N ! 1 -
celi Sd 1 B
IR B
(a) Vertical section {b) Stresses near probe

gﬂﬁ 2-51 Pressuremeter test (a) Meard pressuremeter 140¢ (b) anunulnd probe (Budhu, 2000)

ii) Geophysical method

ASNABBIUVY seismic test 1H14T5MMINI geophysics survey 1UTD seismic 92TNIT4 elastic
pulse (130 continuous elastic wave) mnﬁuﬁuuazﬁ”ﬂmsﬁ’uﬁmﬁaumaaﬁuﬁqwﬁmuuﬁﬁuim"l%’
seismometer #3® geophone ms”.Tﬂwtjmm‘luﬂmﬁumwmﬂt‘;u'lﬂé'aqﬂﬁinq%z"lﬁmmﬁaﬂé’uﬁ%a
HuAu mm’(ﬂgaéﬂzﬁﬂﬁ AMNSOIASZHM elastic wave velocity VOIRUFUM AL EAVBIZS
Buaiavessuay

IBNMAADIULVY seismic test ALV 1BU cross-down hole seismic test 1AL seismic cone
penetration test AINAAB cross-hole seismic test &u%sﬁmqumx 2 wquﬁj’,’sz 2B AART wave

v 1 H ' g; 4
source LAZ receiver 1WITALIRLINUMINIUTVIASZozMAAU 1T lumsAuNsTEnanquiaeei
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LAUANUANATEY MINAABIdown-hole seismic test NUHANATTARIIGNUVD cross-hole 1A 1F
MuIItNenilangy 1aoazAnnAg wave source NAIAULIAL IAsToz A NARUIZIARDUN 1184 sensor
A 19 Ya P v ' . ' a a & Py '
neglaaulunqu Tuunansdiennez1n source oglunquuaz receiver aguumAUFRzEoA NG
NANDY up-hole method
. " v
N3NANDA cross-hole seismic method 92 1 oyaRANeINUFUALTULLITIL dIumInaaes
1 3 a J 1
down-hole seismic method 32H51MQNNT WA INIa IMTayaFuAL IdAnTualTaidsAdoINs
source NMAWINIIONAADINAINANIINHNBIVIN energy decay
g a ax LI s . .
N1INAADY seismic cone penetration test (SCPT) AudNIB 1UMIHIAT in-situ seismic wave
i 2 ° a d sy a [] . .
velocity qN‘azm"lﬂ‘h’f’lums’amﬂzﬂﬂmanummﬂu U shear modulus LA Poisson's ratio 13

NAABIYIENBUAWNITTATLILIMMIIAUNNVOINAUTIAUNIN wave source UUAIAY Ti/gund

v
dd:’l

d’a g) ¥ a o d‘ ya a 4'[ 4' a
U984 geophone wmﬂmag‘lu seismic cone penetrometer wgnnwm"lﬂ‘lﬁmwu ATUNAUNTIUUN shear

wave (S-wave) 110 compression wave (P-wave)
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o A
unn 3 lﬂiﬂ\lﬁﬂ. ’?ﬁﬂ?ﬁ'ﬂﬂﬁﬂ\), UasUWUMInAaaoN Triaxial

= & A ag 5. &
UNN 3 IAIB3UD, IBTMINADDY, HATUNUMINAABY Triaxial

3.1 YBUIUAYBININAABY
a a = v dy o V. .
msfinymgaAnssuvesdumilsrseunjunna luTnsesnisiiazyi 1ao1d tiaxial apparatus
] o dy [] o 4 { | o A . o
pg1 lsfawmsdnuil himunsanszi 18duns esilefiil 1Foglulagaiu (conventional triaxial
v a A A 9 o 9 o t v o @
apparatus) IN312 0z AN BANBN 19 Ian nuAuLazaANuRi v lded1uniug Tasmwizmsia
v t.:' ' o o @
anusisoatiy Aeatald daziduaie 0.001% Tasmsialdldaanudunuiudnwi 1dTasmsdausenin
molu triaxial cell Tag 14 internal load cell tagmsTannuduiuiudiim ldlasmstanismaousa
YDIRAUVUHIVDIAI0619AU 1ABATA (local strain measurement) 310NN 1uTag1iu lANNISHAMUI local
strain measurement NHANN rgevhIdannsadannuduuazanunsoavesiredisau ldluga
. % % Yy 1 1 o & o 1 =< = a 9 a
small- LlQ¥ intermediate-strain ranges "lﬂammuum mm"lﬂqmsﬁﬂmquems FUNIANVDIAUN
° [} U4 (]
ANUIATUAG 1ABE19AUYYT 8] (19 Tatsuoka & Shibuya, 1991; Jardine, 1992; Smith et al., 1992;
Kuwano, 1999) MW triaxial apparatus 1aen 1514 local strain measurement device 114 triaxial test
a o a a ) @
RGuznmeihunasgwlunsdnumgdnssuvesdu luaemmssyirundtimswannssuy
local strain measurement U1/ UA199 lagaa1iumMsAnE WAz a1 Ivea199n2 1an Tudu local axial
dd . - . ' .o -
strain measurement N3 (i) inclinometer gauge (1% Burland & Symes, 1982), (ii) Hall effect local strain
gauge (19U Clayton & Khatrush, 1986), (iii) proximity transducer (%4 Hird & Yung, 1989), (iv) original-
local deformation transducer (original-LDT) (%4 Goto et al., 1991), (v) LVDT (miu Cuccovillo & Coop,
1997), and (vi) cantilever-LDT (Yimsiri et al., 2005) TMTUMISWAIUITLUY local radial strain
S 1 1 o 4 1 ' _
measurement UG43 linBouwsMaIINITiBIINGIINA I MyagUnumIuBILVY local strain
{ @ £y 3 5 ¥ ) . . .
measurement 7 145 UMIWALNVUILANTUA1150911 139N Scholey et al. (1995) Hag Yimsiri &
v
Soga (2002) lavlulasen1siteiiszidieon]d LVDT d w3V local axial strain measuring device tag
proximity transducer §1115 local radial strain measuring device
< . a @ ° o = 4
AINATBUMIANULUA (stiffness) YBIAUNTLAUANUATIAAININA AT IANNUIS1VOIAAY
< A a0 a YA o ° @ a P ' [ =2 an
duaieundsnuau IdEuinsAnndmivaumilsisoungunwg wu msfaunluaunlaeis
#1399 1A Ashford & Jakrapiyanun (1999) t1ag Shibuya & Tamrakar (1999) tazmsnadeulu
ﬁmﬂﬁﬁaﬂﬁ e bender element 1A8 Teachavorasinskun et al (2001) Teachavorasinshun et al. (2002a,
b) Teachavorasinskun & Amornwithayalax (2002) Teachavorasinskun & Lukkunaprasit (2004) tag

@

% 1 < ' o 1 -
Teachavorasinskun & Akkarakun (2004) 8813 lsnamdeyadumnuIINgIvenguiRu @zl

v
s °

neAnssuUlsznshds lildvimsfiae Tsams3soiitanzinminaaeadie bender element
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UNN 3 (ATONND, IEMTNAQSN, UASUNUNITNANBY Triaxial

- 4 4 1
WAy Tasdeyasinwanisnaassluasamsil wilumsivudeyalugmdeyavesdumiisisou

Y 2 ig ' '
nyamng BnnalasansiiagyinsAny bender element Tud@ui litnoAny131ABY 13U anisotropy

Total of 9 specimens

Figure 3.1 Research work diagram
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Ui 3 1A309ile, IMITNAABN, UASUNUMTNAABN Triaxial

3.2 N1INAAN triaxial

luduiiszeTuenseenuuyiimsisovesnsnaas isotropically consolidated undrained
compression (CIUC) t4a¥ isotropically consolidated drained compression (CIDC) #1135 UA20619AY
Ltu'ze’iﬂ'mazuu'suaugﬁﬂﬁﬂu1wq6ﬂssu anisotropy YDINGANITTY stress-strain TUANUAUVUIA small

(1aY intermediate

321 SUUNMINADBY triaxial HVUVFITUM

]
-

< Y1 A " < P - s a < a
DaINATBY triaxial HVUTISUATTIUATDANBMINATRUNTHuNNgAlUNsARYINGANS Y
. 14
stress-strain 91NA13NARDIIURBIHIANST HANIINAADINAATBALID triaxial LUVTTITNATTDI99 ]
Az ROUDINGANTIY stress-strain NNV 0AY TausinvzwuLro M stiffness YIALN IR0
A - . ) R U . a dyy .
(A3031D triaxial HUVTITNANNZUBUNIIAIN IRVINAN stiffness YOIAUT 1#91NA5 back calculation 910
4 @ 1 = @ ] a 1< a ,;' 1
doyamundeudd luauwediunn IfsionarwedishenvziluaunmguesnnuAanaiail i ms
FUNIUAIBENAY, MIIAR1 axial strain N Iamnnu lnnmstaanudunieuen, uag anmueens
[ < @ o @ a A 91 . =] = ' o
naaos 0619 Isnauiltsddgigaionts laa stiffness MuuianNuRT saA1IAY
1 o U a é a 3‘, . . '
uuﬁﬂiwmmmumﬂuaﬂqqumﬂsm stress-strain YBIAUUY highly non-linear 11A¥ A small-
v . a o £ Ao @ a ' a P ' =1
strain stiffness ¥p3AUTITUIoyandAguInlumsIneiyimadsmnssulgi eoelsna
] £ 4 [ v
VUIAYDINNNIAIIATN AU 1911 0gUONIINANUAINITOVDUAT DO triaxial FITUAT AariulAlims
o A oA .t & v o a . Y 1 1o P = =
WAL UATOIID triaxial (WO 1HA1150IANGANT TN non-linear AT 11U TasmmizinnuAIvA@N
1n Taelimsmuseuua1eg 1un5e9iio traxial 15U 52U local strain measurement system #agIEUL
bender element tW03A 11 small strain (elastic) stiffness
ao .;' o) Y & ) % 2 A v =1 a
TasamsIotiunswauuns odile triaxial LUUsTIUA NN I e UI5OAAYINGANTIU stress-
a ) P £ A
strain ‘uamuiuvemmmmmmﬂmiﬁwuTﬂﬂmimnizuu local strain measurement {0 bender

element

3.2.2 130930 triaxial NFluaIdei
A A . . a aw =’!’ y o 18 LA
1AI03UD triaxial ﬂl‘lﬁui‘lu WonlsznouAeY triaxial cell, pressure controllers (DPC) 2 9,
lﬂ?ﬂﬂﬁﬂi’ﬂﬁ‘ld"] 1%U cell pressure, back/pore pressure transducer, 1{@& controlling microcomputer 113
ﬁmmm?mﬁaﬁamslﬁm U local axial ti0% radial strain measurement A2 52U bender element

. [ 4 1 Y
TLUUIATBAND triaxial N1FTuaIToiluaaluzii 3-2 Tavaulszaoudiaq IdeTuodail
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uni 3 lﬂ?ﬂ\lﬁﬂ, ffﬁﬂ?i?’lﬂﬁﬂ\!, HasunumMInaaeN Triaxial

i) Triaxial cell
4 dy ' o v @ 1T a 1 o
(30310114 triaxial cell Y99 ELE Ju EL25-4157 dmSudiognauuaduriguonats 50 wu
U3 TN UABAIBENAUNIZY 1AY load frame triaxial chamber A1M1305095UAWAUNATNYA

1700 kPa 1122 load frame a1 lviusanszyiminga 45 kN

ii) Digital pressure controller
3 U7 3-3(a) uaas digital pressure controller (DPC) 1ag DPC fo microprocessor controlled

> ﬂ' s o d' o

hydraulic actuator mamuqmmmﬂﬂamau‘uawmmmuazmitﬂaauuﬂmﬂ?mm Tﬂﬂﬁaﬂﬂ’]i‘ﬂﬂﬂ
] 13 *

msvha lfuaaalugiii 3.300) nazeurelusivazidualay Menzies (1988) szuiild DPC 2 Ao

1 v o 9 [
AVFUAT back pressure LAY cell pressure IﬂUﬂTiU\‘lﬂ‘Uﬂ')ﬂﬂu ﬂ'ﬂilﬁzlgﬂﬂﬁlﬂﬂﬂ'li')ﬂlLaZﬂ'Jljﬂll

anuautazmsasunafSuasie 1 kPauag 1 mm’ YUIAMIMINUYITUIAIAD 200 cm’

1
(@) giloe
ballscrew
stepper motor i pressure piston
and gearbox cylinder i
i i ! __ pressure
¥ { outlet
digital [* steps
control Jo
circuit
linear bearing deaired water pressure
transducer
o analogue feedback -

®) laozunsy

gﬂﬁ 3-3 Digital pressure controller (Menzies, 1988)
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UNN 3 IATONND, IBNMIINAQN, UASHAUNIINAAN Triaxial

iii) Data logger

Hq Y v a 1 o P o
Data logger #1#11ut¥ie ELE Taodl 11 voedayanuiteudaanuues transducer tazvonouaz

nyosdayguneumsHudygu 11g microcomputer

iv) Micrecomputer
< w. o & A @ t 2w
microcomputer 191un1s9ANUY0YAINAT 03D IAAIIHIY data logger UBNNINTGlFTUMS

. v o .
AIURY function generator AT IALNY waveform 911 oscilloscope

4' A o
v) IA393HDIN
. ] v 14
nyeiindan 19 luszuy triaxial HiiASH internal load cell, proximity transducer, submersible
LVDT, external LVDT, volume change transducer, cell pressure transducer pore, pressure transducer, (1%

back pressure transducer

3.3 MINAUIIZUY triaxial
1. mewaniazd$udgunseaile traxial Taumsimeuszuy local strain measurement
dmSumsfnymganssuvosauluanunisavina small 84 intermediate Tuan3soi}
riseaile triaxial 1@¥NIsWAN TAONI3ERY local strain measurement 113} TAgTu5£1Y local strain
measurement ﬁmi’;ﬂ 2 ¥HA ﬁ’ﬂ
= Local axial strain measurement system Tau 1% submersible LVDT
- Local radial strain measurement system Tavly proximity transducer
UBAIINTHTIMIRATZUY data acquisition woneviransesetalmimariidhgszuy
2. mswanuazlsuil§aszu bender element

Tasmsnannaes ldesuenadneans

3.3.1 32UV local strain measurement
TumsWauun3osilo triaxial 1A1WY submersible LVDT tWa 143 local axial strain measurement
aung lunsiionld submersible LVDT iioaninarmudussvesgunsel uaziimsituszuy
s s & Y . . A y & 3
proximity transducer (W0 1937 local redial strain measurement & 1mqmaaﬂ‘l‘n proximity transducer

A I U RN Y Tt a ° Y 1 )
wesnntuglnsain lududanumedisduildherensian
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UNN 3 1ATBNVB, IBNITNAQDN, HASUAUMINAQDN Triaxial

i) Submersible LVDT
L4 ¥ o 4 a a
Qﬂﬂim linear variable differential transformer (LVDT) f01A30391/03AN SN UNYHA inductive

Tuednsytioulduuy fixed-type LVDT 31 LVDT luasisaouiinunalnajldazdesnsaledie

'
a A

= 15 9 9 % 1 I v o I
Auntivualngrunndsans1uuy floating-type 981915Aaw LVDT lutlagiiuiivinadnuas
y 2
water-submersible AU luTagiiuSaiionlduuy floating-type LVDT uag 1814 lusm3duil
a % P awo d” 9 v a 3 a1 9 v o [
319 3-4 uaaa floating-type LVDT 19 luauidoil. Tavezld 2 Ardaninaudavessiedia
v v
Auluiitmenasaduny dvFuA29614 clay 1A uncemented sand 92 &13150AARY LVDT 420012
Yy 1 vyd & a 1 Y a ¥ g EY .. . =
udrnoulHUutaRnNIY membrane 19111 TuAY 910G QNYAATY vulcanizing solution TuNIfiN
T v d v ] S o " a . . A o ~ a 29
Tiennsalsdn1d (u nsdiA0619AY stiff soil ¥ soft rock) NIZINGIAAAIAIY cyanoacrylate

instant cement YUY membrane

3UN 3-4 Floating-type LVDT

{oAv03 LVDT fio: (i) linear calibration curve, (ii) ¥ resolution “71?1‘1]5 L3N0 2x10°% 9 1.4x10°
o5, 1wz (i) ATERYs Junieasedn LVDT Aiidesinade: () Aoens cell fluid #i Taivh TWdh oo
2INAIAY silicone oil) uNI3ULUY water-submersible LVDT, (ii) 5104, (i) vuralng) sndunuy
miniature LVDT, 122 (iv) 12 Tuflazfndaued inner rod ms12msidoaiaves LVDT dislndann

21@ (Yimsiri and Soga, 2002)
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UNN 3 IATONNB, I5NITNAQN, UASUNUMINAaeN Triaxial

ii) Proximity transducer

Q‘ﬂﬂi al proximity transducer fi® inductive displacement transducer ‘ﬁﬁ'lﬂﬂu‘llﬂﬁhﬂﬁ Y9IN1590
aviman Trihenms Inaved eddy current Tudhlang mgaudsaunnimnszilsiuaseiy
szozsennaiaiadudhlanz Tuanisuiils proximity transducer 1$ugUnsel local radial strain
measurement 113 ‘ﬁﬂﬁwm proximity transducer 1dua mlug ﬂﬁ 35 lay proximity transducer ﬁzgﬂﬁﬂ
ogiuii lasn Tangiinananargeuesdreiilumnas susudurigunas Tﬂmmﬁqnﬁﬂf'\"u
1404 triaxial cell A2weng 1 Tang 1duny aluminum foil 315 19FmMABNTATavINA 5%5 cm’ AARU
rubber membrane 1at1% silicone sealant 113 mﬁ'auﬁwatﬂﬂuuuﬁﬁﬁ%zi’ﬂiﬂu proximity transducer

{ ' o
sazslsiflumsndounlasnnuonveaduriguinans

§ﬂﬁ 3-5 Proximity transducer

Y = .. A . . sy . da
UDAVD proximity transducer AID: (i) linear calibration, (ii) ¥ resolution nadszue 0.001% uaz
| ~ R S = . a 2
(iii) ¥ accuracy N1A1sz1181 0.008% 1UN19AT99 proximity transducer NHYBITEAD: (1) Msaanaih
. ' o g 4 1~ a .
Tawe, (i) 30w, Gil) Tuannsoviaudi eadudeadaunduies), uag Gv) Inansznuan

= @ 4 d a
msifdsunasvesnnuduseus (eniudisadauniuiien) (Yimsiri and Soga, 2002)
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= 4
unn 3 lﬂiﬂ\)ﬁa, ﬁﬂ'ﬂnﬂﬁﬂl HASHUHUMINAQDN Triaxial

3.3.2 32UV bender element
i) MINANUATMIANAY
o A 2 ~ - o @
N8l bender element A1 electro-mechanical transducer MAsundsaunanazwasa Indh
naulUnduin TavilsenouRae piezo-ceramic plate 2 SUFOUAANUAR L) AVUTUIFNADIVTUVY
2 o . 2 o . =
BYNTY (mmm:am:sﬂu receiver) {AZUHUVVYUIY (mmmzﬁmzxﬂu transmitter) bender elements N
3 ' v
19 uamITeiiAonuy T226-A4-303X/Y poled 317 3-6 LLAAY piezoceramic bender element 1ADI93
14 .
uuVBYATUIEZVUIY ngHaveans 1§ iagiineiielinszua Wi ruiueznadavs evooduas
v o d'l Y o G} @ @ @ g; 9 vy d. 5 vy
Tumendunudiotiunadvsevooaiuse 1d Iieenun Aniud 14 voltage Naaosd v
& o 2 v @ § g o
bender element A1UNil99gdARMAZDNAUNTII9ENAAIATFUTN 3-7(2) 1UOANT bender element 11U
o a v 2 ] X a S a o v ¥ o g =
gUnsal high impedance AU liawnsognanudulduasiuszifan1sanlees aniusuiludesiing
o g &’ d‘ H = 4 a g‘
YosinimazarusuTaons 19 epoxy 31N 3-7(b) a@s bender element Tiazou 1 3ieAansly

gUnsalmsnadevAy
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= 4 4 ax
UNN 3 1ATONND, IDMINAQDN, UASHNUNITNAAN Triaxial

Electrode (nickel or siver)

Piezocreanic

Adhesive bond layer
Center Shim
Adhesive bond layer

Piezocreanic

lectrode (nickel or siver)

(@) Tnssadreves 2-Layer piezoceramic element

A

Inpot Elctic Field 7
Vou * 7
out o\é

Shape before Deformation

Original Polarization Field

(b) Y - poled with parallel connection (3 wires)

Input Force

Piezo Layer

NN

i
> | S

Shape before Deformation
Output Electnc Fiel Original Polarization Field
Vou

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

SN

gﬂ‘ﬁ 3-6 Piezoceramic bender element Gimm'uaqni UaZYUIU
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=1 ¥
N 3 1R300, IBMINAADN, HASUAUMTNAADN Triaxial

Bender

& 5 element
Piezaoceramic )
plates

(a) Bender element in excitation {b) Bender element mounted in the test device

31]‘?1 3-7 Bender element (Dyvik and Madshus, 1985)

04 a ¥ 4 a wa y o
Un38i bender element MansnAandlunsosilonanesludeslfianisldnannawlanine
a ¥ A A 3 g a ¥ 4 A A .. y
AR UG D3 triaxial 11O oedometer msmmqﬂﬂsm bender element 11175 04il0 triaxial lAlaA
; - a ¥4 . a ¥4
11!3 U 3-8 Taoh transmitting bender element AAFANN top cap LAY receiving bender element AAAIN base

' ¢ o o A oA . .
pedestal @ 'JuQ‘l_lﬂi NI 1BU19DUAD function generator HAE oscilloscope

Signal generator

Local axial
gauges

Bender— |
elements

Ap—

j —
Sample in
hydraulic triaxial Oscilloscope

cell

' v
gﬂﬁ 3-8 N15AAAY bender element (Viggiani and Atkinson, 1995b)




unil 3 1AT09ie, IBMINAADN, UASUNUMITNAADY Triaxial

ii) Interpretations of arrival time
f11 small-strain shear modulus (G, . ) NS T NANAA NS B UAA IR BY A Faaru
AIDINAUAIAUMS (3-1)
G,, =pV’ (3-1)
Tavfi p Aenrminuinvesiy

uuI TUANURANIAYDINTTIAAT shear modulus (AG,, ) Haas laoaums (3-2)
AG.. Ap 2AL 2At
—_—max o

max

G, P L t

max

(3-2)

Viggiani and Atkinson (1995) la3109muNdealdszosszrnalareues bender element 1i®
° J v a <y . o A do a @ A A
A ¥, uazdiunsIznae fast Fourier transform NUAAUNTUNUNOUAUAAUNTI99A 1AY cross-
correlation function U0 cross-power spectrum moaan Ny liiveulunmsmszeznamsums 0]
o ° a 1 o3
hu £7% e ldanudanaalumsmen G dlu £15%

3N 3-9 yarasdRynyI91INN1INATBA bender element 1130 1AY oscilloscope JANIANABYARY

o < 1 o 1 a 4 o @ K o @ o a 4

oenvInAadeszmu ldedeFanuuayanainaumtds v hinsodann dayaruniuzisumun

2
U

1 A a f, 4 a 1 = o :’, 3
97 0 SITABYUNY uwﬁwﬂ 1 wmmnuuﬂxﬁﬂmﬂﬁuumﬂamqsaﬂm NAIINUUIZTNITUUAS

- 3o b
dnvawsouneundyg Uzl

+ 10V~

transmitted

— 10V
+2mV—
O—MW ¥
-2ZmV—
{

received

voltage

T T T T T T T T T T T T T T

-0.5 00 " 0.5 1.0 1.5
T/Ta.

3-9 ‘”q;igm 910 bender element 130 1Y oscilloscope

=h.

31

o a ea < P a 9y a A A a 2R A Av o 9 c’a’l

Wununlfialaena linvzinsan Idyanatueudumanifieyaisudyauldnswsn
A o & R I o ¥ A Ao g aa J I
(ﬂﬂ%ﬂ 0) ﬂ'ﬁﬂﬁ'ﬂ‘\l']‘Uﬂ\iﬂﬁﬂﬂﬂ\ilﬂﬂﬁﬂlﬂﬂﬂ'ﬁﬂﬁU‘U'J‘\lﬂﬂﬂﬁu'ﬂiﬂﬂmﬂl‘n‘ﬁiuﬂ”ﬁuﬁﬂ\'l'n?ﬂ 01y

AY0N first arrival Y89 shear wave DE19UNT39 (Abbiss, 1981) 0613 lsAAMsAnEIMIMguE Ty
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UNN 3 (ATONND, IFNITNAQBDN, UASUWNUMINAQBN Triaxial

. o = @ q 1 % =] .
Salinero et al. (1986) waraaNdayauusni 185191992 1119 arrival 499 shear wave unitlu arrival ¥09
4 ' % a < 1w . . . .
AAUNoNI near-field component F02 WA WANUET NN compression wave Viggiani and Atkinson
a 1 a 4 é’ ° [ a ] <
(1995) 8FENMINIIUINAY near-field Hernsam i ida G, wnmdulde 14% stnalsnam
5 ' a & 3 (XY J <
Salinero et al. (1986) WUINIIINAYUUDA near-field effect YUDYNUVITHLTNIITITHIN source LAY receiver
' s [ gl 2 3 "o 1 = & vy
(L) uaza wavelength (A ) UD4 sine wave AIUUTIYUBYNUA frequency () HATANUIIVDINAUAWY

a ° 1 5 I [ = 1
Tautig T IUYBe wavelength 53131 source Ua receiver ( R, ) stludutlshniuguasil
=—=2 (3-3)

o 3 1 a 1 ' < o
Aaiuez 1ifa near-field effect §13iA1 R, wnnilszan 5 uaz Taona luseidluldTaons

A2URu A frequency Y99 transmitted wave Jmgaileane

iii) Y9 1NAUBINITNAABY bender element

N1INANDY bender element (Dyvik and Madshus, 1985) 1415115281 114n153AA small-strain shear
modulus (G, ) ¥03du daiiniusziszauanudusolumsl¥iu clay, sand, uag stiff material 131
cemented soil (1% Jovicic et al., 1997; Ismail et al, 2004) LAY HfidesitamamInIngsi (Ismail and
Rammah, 2005)

e bender element 90311 11/ ludredre@uitonionisindousauy bending lUiFhy shear
strain 1UAL30UH99199211MITUNILUAIDE undistured 110 cemented M37ig 1310
Moteauvzdoudng I lunondadas iaqivu epoxy H30 gypsum F9o1v9zvhilfiAans
suUnUFIBt RN

e coated bimorph sz duAEAUAU Tasasavi T TfuesiGove tazanu@E@snioves epoxy
coat 3¢y 1¥INAN5 A0S

o bender element Tiimsnzdmivanmaadeniijuuseiicrsazarverndurn epoxy ity
NSOV electrokinetic treatment

o bender element 3¢ 185 UHARTENUNAANMAU IUABE19AY TasmwizaIunsdeasalaty
MptniifaiioannamvgszYes platen

e IW3571271 bender element ABUYIIUI (0.5-1.0 mm) Jaluva Miueziins depolarization ﬁ high
voltage adn"lsﬁmmzﬁuadﬁuﬁmmmm working cycle uazgﬂs'wwamﬁu voltage ﬁqaﬁu
o1v9zRee 19 luan 1158 Tii) signal attenuation 110 151 UNSEUBS soft soil N3 stiff soil #11l

FTULIAUNIY
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UNN 3 ATV, IBNITNAQDN, HASUNUMINAQON Triaxial

iv) Function generator

" {9 ¥ g . 4 4 o o cigs
function generator iy Agilent 33220A oa %'Nﬂﬁugﬂ sine ¥ transmitting bender

element 1A function generator #1313 a3 unduRTinNURNe 5 MHzZ

v) Oscilloscope
oscilloscope Ty Agilent 3000 series receiver bender element WADNY oscilloscope TasTunau

NNAUADG19910 transmitting bender element oscilloscope WADFOUAL microcomputer WU USB

port INBMSAURUUAZAINIWTBYA

34  UAUMINAAY triaxial
UAUNITINADDY triaxial Qﬂaammmﬁaﬁnquﬁﬂisu stress-strain Y94 Bangkok Clay 1 small-
. Y . ' 9 v
train levels 1a0N15 19 local strain measurement (10 bender element 32UA2Y LHUNITNAADIADINTS
b
AnYINANTENUVDA non-linearity (10 anisotropy ADWEANTIY stress-strain YB3 Bangkok Clay ASUUIL
v
NINITNATDINY isotropically consolidated undrained compression (CIUC) L1ag isotropically consolidated
[ v v
drained compression (CIDC) fudIatisaunaa luuuiaas luuuiusu Tasiinsnaasaniviug 20

MINARDY UKUAITNARDA triaxial Taaglllua1siei 3-1
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unil 3 ATe4ile, ITMINANGY, UASHEUMINAAGY Triaxial

MINN 3-1 UWUMINARDA triaxial

Test No. Description Specimen orientation
UV-1 CIUC Vertical direction
Uuv-2 CIuC Vertical direction
UVv-3 CIUC Vertical direction
Uv-4 CIuC Vertical direction
UH-1 CIuC Horizontal direction
UH-2 CIUC Horizontal direction
UH-3 CIUC Horizontal direction
UH-4 CIUC 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

i 5 y P ac ' 4 Y a
AWMINAQDA triaxial 1ALaALIY flowchart Tugilii 3-10 Fmsneasaveuraziuneuldesuw
9

Tudenas 11




{ ] ax
uni 3 lﬂfﬂ»lﬁi), IEMINAQN, UAZUNUNITNAQON Triaxial

f
I
I
I

Test program

Sample preparation

W
Specimen set-up

Determination of o

A4
Saturation: S >95%

A 4
B-check: B=0.9-0.95

A 4

Consolidation:

h4

Measurement of

Y

Compression shearing

CIUC: Undrained shearing

i

i

1

1

I .

! Shear wave velocity
i

i

i

CIDC: Drained shearing

Data analysis and interpretation

3 3-10 IFmInAaeq triaxial
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unn 3 msmﬁ'a, ITMINAQDN, UASHUAUNTNAAON Triaxial

341 Sampling
o 1 = al z 4' o d‘
#79619AUN 19114n1INAADA triaxial A® undisturbed Bangkok Clay 9NNUNT WA WMINAINAN
g : 2
10-14.5 4 #29679 undisturbed 11§ TAy piston sampler ViNAFURIUINAS 12.5 331 (5 112)

o t g o '
ﬂ']ﬂfﬂ\‘ngﬂlﬂﬁﬂﬂﬁjﬂ wax HaZiNUINEINDBUNIINAD DY

342 MIMIeumed
H 4 1 - d 4
MA99INTO 1YY wax UAZ cling-film 8ONIINAIDINAULZINNINIIATINTOLINBYANTHAY

' ¥

minzaudmsulflunmaney diidsdandnumetnsdu iy i seouan vz lildreteduiy
y
uenntidmihsvesdiednzgnaaliisouneusyneaslu soil lathe Ar0t19AUIzgnARTH IR
= Yo g 1 L3 a o T a a oA o 1 1 o (]
A lay wire saw ITdurguenans laslidaog19au 2 viia e dredlununauasdioiialy
£ 4 v ]

HUIUBY ANUFIVDIRIBINAUIZY TN 100 uN MWINVBIAIRgaHuaAlugN 3-11 wuAun

TannmswTousdaegiaezain 114114n 1511 moisture content

{ : v Y
§1lﬁ 3-11 mw5wum¢1'mmﬂuuu’mmazumuau

343  MIAANINIILBE
@ ] a a q"; :; d' =1 < = a ald' :’w 9 4'1 (]
AIDUNAUILYNARAING U YBAATOIN triaxial TagrAungu IiNareniaesdumesionms

=< 3 @ o ' § 1 4 @ 1 o
A bender element vzQnAwd T ludedniaeiiassdiu uazieannssunIudIvEAuIN




e A4 A aa
UNH 3 IATBNND, IENMITNAQN, UASUAUMINAABN Triaxial

M58 bender element 141 1oz yvearing 1 iidet1eneu Tasldiiany naaNTLIATOURIBE
&0 rubber membrane 919 top cap LA base pedestal 35NIAY silicon grease [eToITUNTITTIT
Aouz 19 O-ring 1INV

qAYY triaxial cell chamber 92gnUsznoUIAZIANAY desired water TTMIIMIARRITIBEIRY

d 4 @ ' Y . a g o
927A21829152 U back pressure tNo]osnu lilidrote@ugaindr luazuiud

3.44 Saturation

o ¥ A 9gYe 1t a v

11715 19 back pressure 200 kPa iN0 1¥i#20619@Y fully saturated Tag s lunszuiums
saturation 133310 24 ¥ 1u MIANVIMINQURUAZMITNAABUNGINUATS saturation VoAU Taeld
back pressure #9310 1A Black and Lee (1973) 1u52NIINTLVIUNS saturation v21D@ drainage

Y " a : @ 1 a & A o d & w a Y
valve lilg@296198 U M3 full saturation yeamvssdwiludssuihuiellosruanuianmalumsia
msnfasunlasvenlSinasvesdiedieau
@ = d a o 1
Ma91INNTTUIUNIT saturation AUYIUITUNITIAAT Skempton B-value (Skempton, 1954) Tae
J ' & @ o ° @ N

wuMeEia1lsEann 0.90-0.95 ¥nsINY degree of saturation 1 100% @131 soft a9 stiff clay (Black

and Lee, 1973)

3.4.5 Isotropic consolidation
BR3INIINNLTITLHTNNIINANDY constant-rate-of-stress consolidation fiD 1 kPa/20 minutes
& v % 4 5 g (g ' a ] N P 9 1 v
o lv fully drainage 5311'3’]\314”1!'1"!]31ﬁﬂﬂﬂﬂﬂ1ﬂﬂ?@ﬂ“ﬂuw1u drainage valve NATHANNLATISIANT
excess pore pressure 911 pore pressure transducer NAUVUVDIRIDIAUNDATIVEDL fully drainage
14
UONINHITHINMS isotropic consolidation 93311330 shear wave velocity @20 bender element

4 a I o o 1
lﬁﬂ’]&ﬂi WWHANUAUNUDILHIN small-stain shear modulus L18% consolidation stress

3.4.6 Rest period

. ' y . '
(WONIZAANANTZNUVDA recent stress history 9242081381 131N 24 ¥2 Tusneunafou

3.4.7 Compression shearing
Tumiseiedoumstaunuuyliszoiuazsznh Fahaewuuzdumsiuss
Tuun DY strain-controlled HasAIVAY cell pressure 1ﬁ'ﬂﬂﬁ
dmiumsidounuyliszuiee e external strain rate 11U 0.15 W/ UAz AR excess
pore pressure fifadu dmiumsdounusznoweld extemal strain rate AU 0.02 13/F HA

3 o 1T a [ . 1 da X
ayanalmi lnaidveenan@ 1061981 drainage valve 1182 3R excess pore pressure NINAVY
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unii 3 1A5e9ile, ITMINAADY, UASUNUMITNAABN Triaxial

348 maiudeya
5EMIATINARGA triaxial HANSBIUAINN transducer WanuAvzgAiiL T lunoufines

N3TUIUMS data logging vzdAaNd M3 TafT small strain 5513197153 URY compression
shearing Tusaaiideyaszgriftudaunimidivenynq 1s uaz 30 Turidmsumsideunuyhiszing
duazsznnhmudidy ﬂi'ay,aﬁdm'luuﬁiaz‘qm’fey,aﬁﬁaﬁ

- nm

- Axial load

- Cell pressure

= Pore water pressure

- Back pressure

= Volume change

= Local axial displacement

= Local radial displacement

- External axial displacement

= Proving ring

Qo

” o X a
ANYULVON transducer NIvuaN 19 Tuan3soiiaglluasiei 3-3




- i Qs
unn 3 lﬂitNﬂﬂ, AEMINAQDN, UAZUHUMITNADDN Triaxial

aw

4 . r 2
M1919N 3-3 ANYUZVO transducer N 1F 1UUITET

Channel Transducers Capacity Vin (V) Vout Gain No. Offset Calibration factor Resolution
1 Submersible load cell 3kN +5/-5 0to-10V 1 0 -0.051904 kN/V 5.894x10" kN
2 External LVDT 5cm +5/-5 Otol0V 3 0 5.486 mm/V 6.679%10” mm
3 Cell pressure transducer 1500 kPa +5/-5 Oto 143 mV 2 0 -124.050570 kPa/V 0.706 kPa
4 Pore pressure transducer 700 kPa +5/-5 0to 143 mV 1 0 -51.020386 kPa/V 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 0to 125V 4 0 39.373 em’/V 12.016 mm’
7 Local LVDT 1 10 mm outside *iov 1 0 0.473061 mm/V 1.216x10" mm
8 Local LVDT 2 10 mm outside tiov 1 0 0.437756 mm/V 1.213x10” mm
9 Proximity transducer 1 5 mm outside Oto5V 1 0 0.942 mm/V 1.150x10” mm
10 Proximity transducer 2 5 mm outside 0to5V 1 0 0.957 mm/V 1.168x10° mm
11 Proving ring 2 kN +5/-5 Oto2V 4 0 -0.775 kKN/V 2.365%10" kN
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Nl 4 1AT09i0, ITMINAADY, UASUNUNITNAABY Torsional Shear Hollow Cylinder

uNA 4 1930338, IEMINAALY, UAZUNUNITNARBA Torsional Shear Hollow Cylinder

4.1 3ITUUNMITINAADY torsional shear hollow cylinder

M3NARDA torsional shear hollow cylinder umsnaasslutoalfiRnms@urfiaunsoniugy
Vlﬁw’i:ﬂ major principal stress direction 1A% intermediate principal stress Tundeunu (Tagoreiinansznu
U4 stress non-uniformity 1119) (Hight et al., 1983) owumazn’ oaflonanssiiinnududeunasi
suneess lifie alowiiat lszmalne ldehimefinmsAnyiransenuves major
principal stress direction Qg intermediate principal stress ADWHANTTUYDIAUMUYITOUNFANNALN
noy dnsuluaialszman1snaas torsional shear hollow cylinder HouNsLMNAUAUNS BUINNNAU
mﬁmmqwadmwﬁuﬁmmnw’fmmsﬁnyquﬁnssu liquefaction éatﬂquﬁﬂisummwmmw
meoldan1ziruay 1M (15U Symes et al., 1984, 1988, Nakata et al., 1998, Yoshimine et al., 1998,
Zdravkovic & Jadine, 2000, 2001, Sivathayalan & Vaid, 2002) drumInanesiituALmiea T
Youn31110 ($u Hicher & Lade, 1987, Lade & Kirkgard, 2000, Lin & Penumadu, 2005) faiiusavild
tTa"lu'ﬁi’fanuaﬁ“lumsﬁ%’mmné’mmwNﬂﬁmmam’ﬁgnﬁ’mﬁm?ﬁumﬁmﬂ'auﬂgemm oty
Tnsams39bilazyin1smAes torsional shear hollow cylinder AuALMilEIBOUNTUNNA Tasyiins
NARBUNIY undrained test (CIUC) i A1 b uaz ¢ #19) 1BANYITIHANTSNUVDS major principal stress
direction 1A% intermediate principal stress ADWHANTTUUDIAUM HHIDOUNFIUNINCA

w

N3 19UB31A3 8937 torsional shear ﬁiﬁuawu%ﬁaﬁumﬂugﬂﬁ 4-1 Taelamilsznoudiy

1. cell chamber vuN@ Inajiduringuinn1a 256 U ¥A 0 stainless steel 1AL perspex HU1 15 WY
HaziARUFIUAY 3 bolt

2. loading shaft i3] two-component load cell TatTiiILNUATIFUUAUYDS load frame shaft AATY
top cap ﬁﬁ;and 9 inner cell pressure line, suction line, {10 back pressure line @24 inner (a2
outer cell 94 de-aired water

3. szuuliusafiFoun loading shaft TAv axial load 1A torque 9ZNF¥IHIY rigid end platen
ms‘lv’(usw‘?q axial load (W) t1ag torque (M) 3¢N3 ¢111a0 Bellofram cylinder L1Q¥ step motor
A

4. 5xnums“lﬁ'usammsm’?«ﬂmmn stress control UL electro-pneumatic controller ‘ﬁ
NSENINIU de-aired water interfaces Lﬁ'amm}u inner pressure, outer pressure, (0% back pressure

¥ A 1w a S A
3¥UY electro-pneumatic controller ﬁt%manmaummaiLﬁemsﬂmﬂumsmﬂam
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unil 4 1AT0940, IBATNAALN, UAZUNUNITNAADN Torsional Shear Hollow Cylinder

STUUNITIN stress LAY strain A1 outer pressure, inner pressure, 4@ pore water pressure DRI
Taw pressure gauges (P.G.) dial gauge transducer 15 lumsia axial displacement f11 torsional
shear deformation Y99A20619AUIZIA 1Ay potentiometer 171 top cap Volume change VYDIAIDIN
AuvzIn Ay differential pressure transducers (D.P.T.) transducer 'v"fwnmzv’i"}amiaf'fu
AoNNIADS Lﬁ ® automatic data acquisition 110 closed-loop control ANYUZYDA transducer

v []
nanwa laag)lumisen 4-1

A:Bellofram cylinder
for axial load (V)

B:Stepoer wotor

C:Dial gauge
for axial deformation

D:Potenticseter

E:Counter weight

F: Two-component load cell
for ¥ and My

G:Cell vater

H:Specisen

1:Porous stones

J:laner cell

K:Burrette for volume change
of inner cell

L:Burrette for voluwe change
of speciven

1:Control pressure

2:Base pressure

$:Digital pulse

4:0uter cell pressure

§:1oner cell pressure

§:Back pressure

T:Pressure gauge(P.G.) for P.V.P.

3:P.G. for outer cell pressure

9:P.G. for ianer cell pressure

10:Differential pressure Lransducer
(D.P.T.) for volume change of
specieen

11:0.P.T. for volume change of inner
cell

12:Target for proxiseter

o A A .
3UM 5-1 1A58910 torsional shear




a’ - A
unm+4 mmvﬂa, IBMITNAQN, UATUNUMINANDN Torsional Shear Hollow Cylinder

A19191 4-1 ANYULVDY transducer N1 191452V torsional shear hollow cylinder

Channel Transducers Model No. | Serial Number | Offset Gain Calibration factor R’
(mV/(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 0.004981 mm/mV | 0.99998
4 Rotation CP-2ut - 0 4000 0.019487 Deg/mV | 0.99994
5 Outer pressure transducer | PG-10KU | EE9360020 0 2255 0.2186 kPa/mV | .0999998
6 Inner pressure transducer | PG-10KU | YT0060050 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
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unil 4 1AT0940, IFMTNARGY, UASUNUNITNAGBN Torsional Shear Hollow Cylinder

42 vaNN1MAAI torsional shear hollow cylinder

;ﬂv"; 4-2 LA N VRLIATINSZABAI8619AY hollow cylinder 1Az A@NTHANMIAUA A N5
$roesldvuednusay dalszasuvesnidu 4 MuURI8613EY hollow cylinder (O, O, O,
Tp) annsamvuald lnemsaiuguaals 4 AaRe outer pressure (p,), inner pressure (p,), axial load
(W), uag torque (M) torque 929 11N A torsional shear stress (Tg, M2 T,9 Vgll’ﬂui zumumﬁmaz
UUIUOY axial load 92911 1¥IAA vertical stress (07) AMUUANAIITLHIN outer pressure LAY inner
pressure winldine gradient Y84 radial stress (O) (1a¢ circumferential stress (Og) WIUHIIYBIAIDE1
nﬁmﬂmmmmmuqmzsaﬁ*uauwmv?’mm'lﬁ’ethaSaszﬁﬂﬁmmmﬁmuﬂfummm principal
stress W3 3 B (482 IBBIVBINAN major L1AZ minor principal stress Mohr circle YB4ANUIAY l1um1Ta
YDIFIDYNAULLAL VAN NN ITVYUUD major principal stress "lﬁ’uam‘lugﬂﬁ 4-3 Tuns@ifi outer
pressure LQY inner pressure uAunInY @=p) 921 1¥#1 radial stress 1102 circumferential stress (NN
W4 outer UAE inner pressure FmMSUTA N eMIaves major principal stress 9 FURUTAVAT

intermediate principal stress Taodums b=sin’Q

W
<l sn
—D/— e
1
7‘/ | : |
Po I ps S "
—| | — | ; e
[ l"-l:
|
| ! l
— ‘4—-— l = P
-—br/l, == ) sli:!\v NS
B, i o

(a)

ji 42 N15MAQBA hollow cylinder (a) usaNvoVIWA (b) FUsEADUVBIANMAY LA (c)

principal stresses (ATNAN VDAY
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uni 4 lﬂﬁNﬁE), IEMINAQRN, UaZUAUMINAADN Torsional Shear Hollow Cylinder

a

3N 4-3 1o wUBAUNITHIUYDA major principal stress &

43 MIMINVUANWAUUILAIINATEA
drutlszneuvein N uazaNUAsva luAI0614 hollow cylindrical ansasvIn ldau
aw a d g/ = a 1w 1
14796¥04 Hight et al. (1983) M3ANTIZRAMNUIAUIDLATINATIAUULAUYAFINIINIIABW
a d a Ja P Y = [ @ @ ' 5 v ¥
Autueduuaay) ssninanuRwlfsunlasiumisyeIn10819 hollow cylinder AIUUT
Sufludesmhuramanuduiazanuaioaluzdvessunio msdnnamanusumasiaue lao

Hight et al. (1983) lauaaaluaunis (4-1) 1 (4-4)

W 2__ .rAZ
e @
;(rﬂ —rl ) ro _r;
r, + pr
O.r - po 0 plrl (4_2)
r, +r
Y. — D.r.
Gg= poo plrl (4_3)
I, =h
3M,

L 2(r’ 1) @
Iﬂuﬁ O, 0,09 waz 7y, ﬁaﬁunﬁwm axial, radial, circumferential, {8 shear stress M, Ao
torque, W A1 axial force, LAY p, UL p, ABA outer LA inner cell pressure A3eTINBUBAIAT A TY
wanslay 7, LAz r,
ﬂ'nﬂa'tj‘lli)\i axial 10¥ circumferential stress iﬂﬂzﬁmmnmsﬁmsmmmwﬁuqaﬁafu'ﬁa
annsaldI&Tau iUy constitutive law V9709 (Hight et al., 1983)
dlsenovvesnnunsea (Howluunudedaufoanvvesanudu) ansasiuan a1y

° I v o & a <
MusaRuIN A laoaums (4-5) 9 (4-8) ¥995u10 Tao Hight et al. (1983)

w
g, =?1- ’ (4-5)
0
u —u.
£, =——"— (4-6)
rOZ _riZ




unil 4 19503400, IBNMTNAAD, UAZUNUMITNAADN Torsional Shear Hollow Cylinder

Epg=— (4-7)
rOZ + ’;Z

20\’ - r
Yo = 3H,(r? - r? (4-8)
0\'o i

e ¢,, €,, €, UaY y, AOAURAUYDA axial, radial, circumferential, LAY shear strain H, ADAINGI
) o T a A A A 9 A a a o
SuauvesalegaY w Aemsidoglluuaununnanugasudu @ femsidoziFa Galu
YU radian) u, way u, Aemsdeglluuuasalivesialisudunousnuaznelu 7, uas r,
MuAAY

AUMIVBINNUAULATANUIATEAAINA1I92 1HINOA 11NN principal stress AIANMT (4-9) D
(4-11) A" intermediate principal stress 3¢0Y IULUUIUBUUALININY radial stress 17U A1 maximum A2

minimum principal stress %’Elgl:ﬁl‘ui $UIY z -6

: 2
g, +o, o,-0, 2
o, =—= + 2 +7 4-9)
b2 \/( 2 ) * (
o, =0, (4-10)
2
a,+0, g,—-0, 2
O, =—= — = +7 (4"11)
3 2 ( 2 ) (74

A1 principal strain s luaums (4-12) B3 (4-14) TaoauyANNAANIYD4 principal stress LA

2 2
gty (82 "89) +(Z€‘-J (4-12)
2 2 2

£, =E&, (4-13)

2 2
o _EtE (82—89 +(L@z_ i
o2 2 2 '

Tuaranss 111]5; Wozazan UM TN principal stress 14 3-dimensional principal effective

strain AFIAY

stress space 11 invariant Y9IANMAUAWTOUAAL IARIAUMST (4-15) D3 (4-18)

) O +0;+0);

3 (4-15)
1 ' 1 \2 ] 1\2 ' \2
ng\/(o'l"o'z) +(0'2_0'3) +(°'3"O'1) (4-16)
8= arctan[(—Zng—l)] (4-17)
b =%%.“%§ (4-18)
17 Y3
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unil 4 1509418, IBMNAALY, UAZUNUNSNAABN Torsional Shear Hollow Cylinder

f1 normal stresses %zatj‘lug 1 effective stress (0" = o —u ) UazA1 b ADAMS intermediate
% v 3 Y ° o v o 1w o T o
principal stress aniuez1ann 0<» <1 dwfumsfusawuaumnaseziian b vy o (triaxial
compression) %30 1 (triaxial extension) luann plane strain 923A1 b INAD 0.3-0.5

; ; 2 .
3N 4-4 4AAII1A1 mean effective stress ( p' ) UUILAAITTYZAMIUNY space diagonal 91N

a9

— v
ATUAUYDY deviatoric plane ﬂ%qnu (0A) 1u deviatoric plane (W3® TC-plane) YUA1 invariant Y
stress deviator (J') ﬂzuﬁmﬂ'mmwsﬂ'Jmtﬁ'uﬂﬂqu"ummmu space diagonal (W) f1 Lode’s angle

14
(0) uﬂmmsﬂam‘umﬂmm'nmf’\’uﬁuuizmm'\"man

TC (6 = —7/6)
b=0.5(0 = 0)

o} E, ay. By

A~ ~ m-plane

AN
L Space diagonal TE (6 = 7 /6)
WN N (oy=ah=0ay) | __/ _
\ \
A
NEY N h
» -~
o Er
Ey
ol 03

(a) (b)

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

44 MINLAUMINAGRLERZMSIHUYRY

aouanns vzl lunmsaruguil s luinseaile torsional shear TnoTilsunsunruguil
@Woulaun1w1 BASIC Tﬂsumuf}‘ﬂ:muqnﬂﬂmﬁ'u 4@1(o,,0,, 0, and 7,) snfusiaunsa
muqnﬁﬁmwm major principal stress ‘U‘lﬂlLu’JaQ (o) UazYUINUDY intermediate principal stress

coefficient (b) AaMsAIVUANAMUIRINAINANUIRUTIYIUAIANMS (4-19) D4 (4-22)
. (O-z + g, + 0-0)

3 (4-19)
0,~(%5% ) 2 flo - vz
b= 2 (4-20)
. ~0, +4z2
_ 2 2
R(t) _o.to,+ \/(0'2 0'0)2 + 41,;2 (421)
o,+0, —\/(0'2 —0'0) +4z,
a= larctan(—er;J (4-22)
2 T, — 0,
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, P :
unil 4 1A509i8, IBMINAALN, UALUNUMSNAABN Torsional Shear Hollow Cylinder

Taoh p, b, R 10 a 19 mean stress, intermediate principal stress ratio, total stress ratio (11121]‘1]8»1 stress
rate), ALY UNTIAN YD major principal stress NTTHIAVUUIAY

o o Y =<
mfmansmnqmzmmmmu'Jmﬂ'nmﬁ'mi'hwmumﬁumi (4-23) 03 (4-26)

o.(0)= (R()+ 1)+ (R(c)-1)cos2a i

26(R(t)-1)+2(R(t)+2)
o.(6)= b(R(t)-1)+1

bRO)-1)+ (RQ()+2) (4-24)

R\t)+1)—(R\t)—1)cos2ax
o()= (2g()R(tg—f)-E2(R()t)+2) ’ N
e (t) = (R(t) - l)sin 2a (4-26)

2RO -1+ 2(RE)+2)

9 P A Y, A ° A o 1
nnduszlimamuus s luuunuresanuduihvinodug szgasuia lniimessdSusany
o i o °
wWuldiulalany stress path fideams daulsamsIiussansafiuis Tasauns (4-1) 89 (4-4) waz

(4-27) 94 (4-30)

W =z(e? - 2)o, () - n(p,1? - pir?) (4-27)

M, = %ﬂ(rf —r)ea0) (4-28)

po == O-r (tXra - "’)2'*‘ O-G (txro - rl) (4_29)
¥

0
A r,.)z—ro—g (eXr, - 1) (4-30)

1

4.5 smumsmamuaﬁi’;mimam torsional shear hollow cylinder

HAUNTIINADB torsional shear hollow cylinder aammmﬁaﬁnquﬁﬂsi 4 anisotropy U893
Bangkok Clay ’1uﬁ’1uwaﬂizﬂmmmiﬂqwm major principal stress rotation LAZYUIAVDI
intermediate principal stress Tagyviims mamﬁﬁﬁmwm tﬁe major principal stress Of= Oo, 45° and
90° Uz the intermediate principal stress ratio b =0, 0.5 and 1.0 Tagyhmsnaassluanmliszune

v
U1 (CIUC) uWUNIINANDA torsional shear hollow cylinder uazqmﬁunmmmamaﬂu"lﬁ'uam'lu
N3N 4-2
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a 4 A
unil 4 1A504iie, IBMINAAGY, UAZUNUMITNAAON Torsional Shear Hollow Cylinder

M15197 4-2 UWUAIINADOA torsional shear hollow cylinder A AMUANIAVDIAIDEIAY

Test No. [0 b Borehole Depth Natural Liquid Limit | Plastic Limit | Liquid Index | Plastic Index
(o) No. (m) water (LL) (PL) (LD) (PD)
content (%) (%) (%) (%)
(w,)
(%)
A00B0O 0 0 BH-5 14.0-14.6 20.16 64.8 16.31 48.49 7.94
A00BOS 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 55.75 38.58
A90B05 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
HNUULNA u = underdrainage to lower and stratum
K =0.7
¥, =17 kN/m’




§o 3
unil 4 IA509l0, IBMSNAADY, UAZUNUMTNAABN Torsional Shear Hollow Cylinder

p~y - 3 vy 1 a
IDN1INANDY torsional shear hollow cylinder 1duanslag flowchart “lugﬂ‘n 4-5 F1UATIDYAUD

vy v
UARZYUADUIZOT LA

Test program

Sampling

F———————>

V¥
Sample preparation

Specimen set-up

A\ 4
Saturation

\ 4
B-check: B=0.9-0.95

A 4
Isotropic consolidation

A 4
Checking of excess

pore water pressure

y
Undrained shearing

' y
§1Jﬁ 4-5 VYUABUNITNANDA torsional shear hollow cylinder
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1 4
uni 4 lﬂiOGﬁﬂ, ?gﬂ'lﬂ'lﬁﬁﬂ\l, HAZUHNUMINAQBON Torsional Shear Hollow Cylinder

451 MINUAIBLIAY

Y  a a . A 4 a o
#10019AUN 1970 undisturbed Bangkok Clay MInfiuNaIan31INANNan 7.5-15 ¥ Taenudae

. ] o a 1 < 1
piston sampler VMAFUAIEHINDI 12 ¥ A2D6192QN wax wazny 1 Ineunsnaass

452  MIMIeNMIBEIIAY

NA991NNI5191 wax LAY cling-film DONVINAIDINAUIZATINADUANTNAIBIIIUNUIE TS Y
ﬁmﬁ‘mamn?a'lu'mﬂwusammnn%msmmuimw‘hﬂa’s’ﬁmdnﬁu&u ApuRvzIaTIethRY
14 soil lathe Yawrisarosvsaiantaazgndalioudania nimiudetiafuszgndaday wire saw
T urguInat 70 ux

A108193UN3INTZVBNIZYAYNAI two-part steel mould (iFurgunarsnIolmIAy 120 1)
Unwvesdindwazgndaidsuieliiinnugs 120 uy w19 1miu mould aeqilafiaiud end cap
wnewdoudmiutuasumsiimsanszuennasnely elildmedaauAaiumisves steel mould
wlduunaadnuavedodedu 13nounisld mould A59na19U04 end cap 9ziiguna

Y o P v o a o " a ) o
lﬁuﬂ’lﬂu&ﬂa’]ﬁ 30 Y ALY 10 WU NAUITAU élhl03@ﬂﬂ5mﬂ15!ﬂ5ﬂuﬂ3651\3ﬂuulﬂllﬁﬂqnluzﬂﬂ 4-6




unil 4 1503418, IBMINAADY, UAZUNUMTNAADN Torsional Shear Hollow Cylinder

2008/07/11 16:15

(b) steel mould ttazaNumoaaau 1R lavuianieluy

3 o = o ' a .
3N 4-6 QUnsainlFlumsinsoua296198U hollow cylinder
= ad o & sy 3 LK) = = s ] ] Add' 9
Inae3s lumsimsenszuennisluazmsitenis laduegiuriiauesdu dlechuruisnly
1Aw Porovic (1995) iaz Albert et al. (2003) 92 19 soil lathe tuusn Iusiansehadau 1 ldvuia lasaa

Y- | ¥ 1 a A ydovéa 1 v . a 9 dey
ﬂuTﬂiﬂu“ﬂﬂﬂ3aU1QQUﬂazuﬂUH}Nﬁqﬂumqw%153”315Uﬂ3uﬂ30010ﬂuu0U 1uQ1u3ﬂUH
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{ =
uni 4 msmﬂa, BMSNAARN, UAZUNUNITNAABN Torsional Shear Hollow Cylinder

o Aa 1 o
naanszuenmeluszauiiums lasvoovnavemsinszuenniolulasldanunizganuas 14 wire

saw INUVUIAYDIFAMAAI IR 4-7

©2008/07/11 16:27

e 2 (o

(e) Drilling inner cavity to 30 mm (f) A hollow cylinder specimen diameter by the
wire saw (D,= 30 mm, D, = 70 mm and H, =

120mm)

311 47 AIZUIUMSIAG UAIDE1Q hollow cylinder
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g7
unil 4 IA5eNile, IBMTNAAL, UAZUNUMTNAADY Torsional Shear Hollow Cylinder

J s ) ~ I ' J M o aa U 1
Tz @19819AUITTMIMAINNUTUNBUUATHAINIINATDY UAVDIAIBYIS (H, D,and Da)

4 4 § d' o 1 o Q'I g L
riah 4 sumiaazldaundelumsdnnuineides Aedauszgndnimindae

453 MIAAAIRIBLIAY

e

v ) ]
MIAAAUNT DIl BLATA2DE19AU hollow cylinder tatanaluz Ui 4-8 uazeTurvaail
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unil 4 150310, IBMITNAADY, UAZUNUMINAABN Torsional Shear Hollow Cylinder

PN . A —

(a) Installing base pedestal, bottom porous stone (b) Placing a specimen on the bottom porous stone

and inner membrane in the position

= 5 = T

(f) Filling cell water and connection between the

(e) Connection between load cell and top cap and

potentiometer installation set of stationary and load frame

. ') i
3UN 4-8 NIZUIUNIAAAIAIBLII hollow cylinder
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4’ 4 ax
unn 4 Iﬂi’ﬂ\lfllﬂ, EMINAAN, UASUHUNINAQDN Torsional Shear Hollow Cylinder

¥
- NIAARNAIBYINAY

« . v
AIDYNAUIZYNINUU base pedestal ] porous stone (lQ¢ inner membrane ANAIBY porous
stone 3iIATUNBUNABILNY 6 Bueilesnumsau loandavvesdediuiiosninmsaouss

torsion (21]“71 4-9)

2008/07/11 16:09

§ﬂﬁ 4-9 Top Q¢ bottom porous stone AUATUNOUNDDY

- Side drain
vy ° o yd'n vy LY 1 a A
UOUNIEATHNTDNING 1 BU TUIU 8 8ui]$'J'Nvl'.]'ﬂN'Jﬂ]uuaﬂ‘llﬂﬂﬂ'JBUNﬂuLWB‘H')UﬂTi

consolidation

- Inner 1A% outer membrane
y
Ha91NAIDYNAUINDYUY pedestal N3 OUNVUAAAY side drain LA top cap 1482 inner LAY outer
(% ' = o 19 Y Cd ' 3 g; 4 J
rubber membrane 92AATOUA061 13 Iaoiins sz 3vlildTioinedtey MaseINuY o-ring $117 2
e ) @ " a 4 v 34 5 o A 4
MezgnannINuAazAuYeIRIeE AN 0159910 outer cell 1Az 1% o-ring 1 A7 top cap LiND

Y
Y194 u1i159910 inner cell

- MITOUADIZN I load cell 1AL top cap

° a

¥ ¥ b4 ¥
o a o o a o % Y (Y &
MAI9INAAAY membrane HAIZINNTAAA potentiometer MNUUITNINITAAAY cell chamber B3

A A 9

2 a o Y : . . y o 2 a o o ?
YANANUITUAW stiffening ring Taol4 bolt 3 @2 cell WHANANUITIUUDAUATOINDAIY bolt HAIVINUU

v )
a o A

o A o A a A
NITAAAUATDIUDIADUININGD
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a’ = ax
unil 4 1ATeuile, IBMINAADY, UAZUNUMITNAABN Torsional Shear Hollow Cylinder

4 L
- M3AuiuIg cell

e g ' o o ] 1 Y a 2
MstAIuAg chamber vzviuilu 3 GunouTaouaazvunsuszi@uiirlu outer cell chamber 318

.
@

) ' o A ) = v Ay A 2 v 3 Y Y
5$ﬂﬂﬂﬂﬂ\1ﬂ15ﬂﬁluuﬁ'Jﬂﬂ!ﬂﬂu‘ﬂu inner cell chamber IUDITEAUNABINGT LWBNITTAVUIFAMGLUAD

v

a ° _ < & 19 YA A []
i@ 1Y inner cell chamber vuAuie lildlionmmaony

4.54 Saturation
o s s’;‘l (Y ] a vy vy . 1 _ " 4'1 aa
NRININNIAAAIAIBE1AUNGIZ 1Y suction 100 kPa @B cell 1T suction line INBQYADINIANAA
v
ﬁ'1mqaanmnszuu nasnuu 15 nhioimealu drainage line 329 flush #U de-aired water ST
— 1 h I~ o v A i U
NAAf1 suction pressure ﬂutﬂuﬁ,{uﬂ back pressure iJ:Qﬂﬁl‘MW'ﬂﬂﬁ saturation 11 cell pressure (0% back
4 X v 2 v o 2 o
pressure 3zgARNIUNSouq AU Ut U TaonuguaIANANYBIA AU Iaes I RLAL
[ y

(NN initial effective stress A1 back pressure 71479 200 kPa sEMIIATTUIUMIHILINAIIATINAO
ANINATS saturation AIVATTLNN cell pressure uazia drainage value HAZWUIA Skempton B-value nla

1 é U o o N
11NN 0.95 ¥INTINY degree of saturation 100% T IU soft LAY stiff clay

45.5 Isotropic consolidation
A70619AUTQN isotropic consolidation 11/#1 mean in-situ effective stress 510AZIDYAVDIAT mean
1 d‘ 1 ’0’
in-situ effective stress mammazmimaaa"lﬁ'ﬂ;ﬂelumiwm 4-3 3¥NINNIT consolidation U1

#1150 111a09NNAIDG1AUNIY drainage valve




P> - aa
unil 4 150980, IBMINADY, UASUNUMITNAADY Torsional Shear Hollow Cylinder

M13190 4-3  18ATIDUAVRIUAAZNIINADDY

Test No. o b Borehole No. Depth In-situ effective Consolidation Initial effective Back pressure
(o) (m) overburden pressure P stress p; u,
pressure G, (kPa) (kPa) (kPa)
(kPa)
A00B00 0 0 BH-5 14.0-14.6 133.1 105 50 200
A00BOS5 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 10.6-11.2 923 75 50 200
A45B10 45 1 BH-5 12.0-12.6 109.1 90 50 200
A90B00 90 0 BH-6 11.5-12.0 105 85 50 200
A90BO0S 90 0.5 BH-7 9.8-10.4 79.7 65 50 200
A90B10 90 1 BH-7 7.0-7.6 54.1 45 45 200

4-18



f o g o '
unil 4 1AT0948, IMINAADN, UAZUNUNITNAABN Torsional Shear Hollow Cylinder

ny a o '
ITHTIAINITAUGANTT consolidation W15 1AID 3-time method 1ABITWADAAT volume
. : i - ” ol
change (AV) uag time (¢) UUNI WUV semi-logarithmic scale HAZMINITAAIUNTFUNTAVDINTIN
E 4 £ 4 1
Naduaswanuduiiuun v semi-logarithmic lasiiszoy t idutiaziionn “3t-line” ons v

' £
AV -logt fudu 3-t line 9o INTums AUYANT consolidation (The Japanese Geotechnical
Society, 1999).

456 M3INTIVABUA excess pore water pressure 1123910113 consolidation
4' Y - 3’, 9/ @ 1 a o ] at
mmmnmgmuminums drainage mﬂmmmmmammum"lﬁ'"lummsmm excess pore
water pressure 1811521131975 consolidation MIATIVABUA excess pore water pressure 4910013
consolidation ¥11laon151a drainage valve LA TUNANIT i1 NINA excess pore water pressure i
a 3 1w [ a 1 { ° 5 " { '
mmmuﬁm’nm@mmuaqhamww%’ﬂuﬁazmmsmam undrained shearing IAYI1NA1 excess pore
=S A 3 9 Qy o (] Y g 1 = Ay * . - .
water pressure HaunuvuszAnanemngliszinemive 11sn NNTAUFAVUDY isotropic consolidation

NI UND excess pore water pressure AAQIIUNUA (Au <1 kPa)

4.5.7 Undrained shearing

v
s o - M g

v
qm’mUummsmauuuu"lmzmam Tunsalves compression HAY extension HUAIDYNAUIL

~

PRIRUIUNTENINIA ud lunsdinRenuuy a=45° msBeuazngadielimsindeudnnysoile

M3nuden1 30° 1aI9INMIIRoUTiin1SNATEY water content YBIRIDLINAY




UNN 5 HaNISNAABY triaxial test

UNAN 5 Wan1INAaBY triaxial test

51 umih
4 v
unilaziananganssuaNudU-ANUAssAveIAUmMiloInganNa TaomsfAnuwganssui
ANUIATIANLALANYUNEINY non-linearity 1AL anisotropy 1ABILVIINITNATDY triaxial

-/ 3 ] g 4 o a -
compression NatuvsTeIas lisziner namsnaassiiazihliansadhlangdnssuvesau

]
& o w

mﬁtnﬂ;qmwvmm%uuamﬂm’faga g lumsnauuuudasmuadamansdmiuAumiion
nFUNNIAD 11

MINAADUILM isotropically consolidated undrained compression (CIUC) U1a¥ isotropically
consolidated drained compression (CIDC) ﬁ'uv':”aﬁ'mdwﬁﬁﬂ‘luuu’;é’mamumﬂuLﬁaﬁﬂquﬁﬂsm
anisotropy ¥8IANUIAU-AMAToA TaoR3oile triaxial 92 3M5IALTZ local strain measurement
(LVDT 1% proximity transducer) 1125211 bender clement InusiwaziBoavensoaile|dnann 1y
wdrluunii 3 ﬁmthqmﬁﬂ1w11mﬁumﬁmn§amwv|ﬁ“l%'ihmﬂ1ﬂv‘ﬂi’uﬁa1ﬂw§'1aﬁﬂmuﬁﬂ 10.5-14.5

X & a ~ I 2 d wa o 1 oa vy =
AT clﬁujuﬂulﬂuﬂjllﬂ\’ﬂ']uﬂa']\iﬂ\nl‘uq ﬂmﬁUUﬂ“ﬂQﬁjaﬂ’Nﬂuulﬂuﬁﬂﬂ1uﬂ1510ﬂ 5-1

5.2  MINAadY isotropic consolidation
5.2.1 qmcmffﬁo’im consolidation

A0ENAIANNYBIRAUINTILINFUNNA IAQNTIININATBY isotropic consolidation 11ln1AY
mavlseAntnaluminy wavea isotropic consolidation curve veRWmiiBINgUNWA lduaaslugli

~ P v o d v . . X o
5-1 Tagngui 5-1(a) uaAIANUAURUTIZN I volumetric strain ( £, ) FIFIUIUNININTZVY local
strain measurement (LVDT W% proximity transducer) L1 logarithm of mean effective stress ( p') 310
4 s b ok ) ) . o

3UM 5-1(a) UAAINAUNAYYO recompression ratio RR (AN RR=AE,_/Alog p ) finlszan

é 1 o 1 . - T o 4& o o
2.7% UANITINUAT recompression index C, (NI 0.072 Farua9n C=Ae/Alog p ‘Aanaaslu

4
Qv d4 1

{ KX oA ' v 1O a
31U 5-1() Femn lRandnIseiilialndifsanuama lvesdumiioangunwane RR =277 uaz ¢,

=0.07 :I'Nﬂﬂ’d 21 1a8 oedometer test (Shibuya and Tamrakar, 1999)
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YN 5 HAMINAAOY triaxial test

MM 51 UANAYeIAIBIINAY

Test No. Depth Do Void Water LL PL Specimen
(m) (kPa) ratio content, (%) (%) direction
e, w,
(%)
CIUC-1V 10.9 80 1.69 59.62 - . Vertical
CIUC-1H 11.7 90 1.30 48.40 3.5 27.29 Horizontal
CIUC-2V 13.1 100 1.27 44.72 - - Vertical
CIUC-2H 12.9 100 0.64 23.25 42.25 15.63 Horizontal
CIUC-3V 14.5 130 0.66 27.67 - - Vertical
CIUC-3H 13.7 120 0.57 23.49 51.00 17.60 Horizontal
CIUC-4v 13.7 120 0.76 29.33 - - Vertical
CIUC-4H 13.7 120 0.64 24.99 51.00 17.60 Horizontal
CIUC-5V | 131 | 200 1.30 48.33 - - Vertical
CIUC-SH 12.3 180" 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 73.50 2792 Horizontal
CIDC-2V 13.1 100 1.21 45.80 S51.75 25.00 Vertical
CIDC-2H 12.3 90 1.45 43.75 53.30 17.91 Horizontal
CIDC-3V 13.9 120 0.51 17.77 39.10 15.66 Vertical
CIDC-3H 13.9 120 0.55 19.27 50.35 18.38 Horizontal
CIDC-4V 12.9 100 1.17 41.62 - - Vertical
CIDC-4H 12.9 100 1.00 32.96 42.25 15.63 Horizontal
CIDC-5V 13.7 240" 0.60 21.02 - - Vertical
CIDC-5H 13.9 240" 0.47 18.09 50.35 18.38 Horizontal

HNUYINQ: ’ isotropically consolidated to p; =2p! . where pj = isotropic consolidation pressure and

Dinita = in-situ mean effective stress.

5-2



UNN 5 HAMISNAAOY triaxial test

]
.

.
—_CIuCAV
e —ciuc-2v
. clucav
A —— CIUC4V

. N — CIUCSV

\ MY | | — ciucaH

s,\{i, ] : Yy — CIUC-2H
1 \ CIUC3H
h CIUC4H

CIUC-5H
—CIDC-1V
—CIDC-2v
———- CIDC3V

- CIDC4V
——CIDC-5V
—-— CIDC-1H
——CIDC-2H
~-—- CIDC-3H
- CIDC-4H
-~ CIDC-5H
3 o i

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

y,
]
;4

Volumetric strain, gvor (%)
O N O O A WON =2 O

(@ &,-logp’

J— 1 11
—__Cluc-2v
ciuc-av
e ORIV
—CIUC-5V
3 ——CIUC-1H
T
. 8 CIUC-3H
Shibyyafanfl Tamrakar (2001)) v
CIUC-5H
——CIDC-1V
—CIDC-2v
—_CIDC-3V
—_CIDC-4V
—CIDC-SV
/ O I - CIDC-1H
3 —_CIDC-2H

T —__CIDC-3H
= — —_CIDC-4H

. —CIDC-5H

g
o

N

Voil ratio, e
-
o

-

i

/
L

0.5 = - S ——

10 100 1000
Mean effective stress, p* (kPa}

() elogp”

gﬂﬁ §-1 Isotropic consolidation curve




Unil 5 HAMINAAOY triaxial test

5.2.2 ﬂlilﬂéﬂﬂﬁ’)llﬂﬂ anisotropic sTHIIMINATeY isotropic consolidation

STHINAINATOU isotropic consolidation mmmﬁﬂquﬁﬂssumsmﬁlﬂuﬁmuu anisotropy
voairethenn 1&1i}0991n1in1550 local axial 1AE radial strain LNA1MIAIINAY TAGTNG submersible
LVDT ua proximity transducer l4nne 13inanatennugauazassiudandy msannaszu local
strain measurement @113 vertical- (18 horizontal-cut specimen 1At miug ﬂ‘ﬁ 5-2 93U vertical-
cut specimen uAIMIAU LIRS (&) #iaTau LVDT szassiuiadaluauudae @amaniy
bedding plane) Tuvaizfinanunduluuuou (&) #3010 proximity transducer 92A3INLAIANUIAY
Tunuveuluauuiazuuuny bedding plane ﬁauaﬂﬂugﬂﬁ 5-2(a) @113V horizontal-cut specimen
vusanuduunae (&) fi3alau LVDT vzaseruuuauouluauiuayvnusy bedding plane
Tuvariimamuduluuaven (&) #3alay proximity transducer 3zaseriuanmdu luuaa sy
AUTMIAZMIRINAY bedding planc Furaasluguii 5-200)

F20019A U FURUT 3£ 113 axial 102 radial strain uaaalugUit 5-3 Fauaashnmuadeus
muldang isotropic consolidation ﬁ'uﬁﬁ TN anisotropic TaoWudIMSY vertical-cut specimen 1%1!
Ae>Ag, unzdmiv horizontal-cut specimen 111 Ag<Ag, araii 52 WRagumsasda
A&/ AS,, ‘#lﬁ'inﬂ vertical-cut specimen HazABA 1A AE,,/ ASV Vd'lvlﬁ'i)‘lﬂ horizontal -cut specimen
MOATIAIU & / AS,, 91 vertical--cut specimen (azAIUNAVYDA horizontal-cut specimen Y931}
foo1e1dndenluglii 54 HaMsNATRUITATIWIt Y stiffinnnt luueu Taeiishsda
Ag/Ag, 52w 1 uaz 4.5 naziimmandszna 2.14 wamsnaaesi Idnnnuisuinsstunanis
NAAB4NT1691 1AY Kuwano and Bhattarai (1989) fis1wnunaumiloanjamwaseunilumnieen

v
MSNARBULLUTT UM 1At 19 true triaxial apparatus

5-4



UNA 5 HAMINAABY triaxial test

MM 52 oandmues Ag/AE, 52 nams isotropic consolidation

Test No. Specimen orientation Isotropic consolidation
Stress range Average AE/ Ag,
(kPa)

CIUC-1V Vertical 230—>280 1.03
CIUC-1H Horizontal 240—>»290 3.65
CIUC-2V Vertical 240—>»300 1.73
CIUC-2H Horizontal 240—>300 2.04
CIUC-3V Vertical 250—>»330 1.20
CIUC-3H Horizontal 250—>320 0.96
CIUC-4V Vertical 250—>320 0.80
CIUC-4H Horizontal 250—»320 3.60°
CIUC-5V Vertical 240—>400 121
CIUC-5H Horizontal 240—>380 2.17
CIDC-1V Vertical 240—>»290 0.94
CIDC-1H Horizontal 240—>»290 241
CIDC-2V Vertical 240—>300 1.30
CIDC-2H Horizontal 240—>290 3.14
CIDC-3V Vertical 250—>320 1.50
CIDC-3H Horizontal 250—>320 1.95
CIDC-4V Vertical 240—>300 1.69
CIDC-4H Horizontal 240—>300 454"
CIDC-5V Vertical 250—>440 1.00
CIDC-5H Horizontal 250—>440 1.02°

HnuYe): ) Aé‘h/ AE, M3 horizontal specimen
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UNN 5 AAMINATDY triaxial test

Direction of soil movement

i Direction of soil movement in
in bender element test

bender element test

In-si ical In-situ vertical direction
= gr st veroes . _ coincides with
A dl.rectlon coincides proximity transducers
\\_1 with LVDTs Proximity
Proximity transducers
\\JL/ transducers
= N Direction of
Direction of measurement
S~
measurement of LVDTs
N ] ofLVDTs
Sescma® )
(a) Vertical-cut specimen (b) Horizontal-cut specimen

' v
g‘ljﬁ 5-2 MIAAAITZUU local strain measurement (40Y bender element
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o o
o (-]
N
\
\
N
AN
N
\
N
\
<.
o
©
\,
\
N\
\
\
\
\
\

o
F-N
\
\
\
N\
\
\
\\
.
\
\
\
\
Axial strain, ga (%)
° ° ¢
»H o
N
\ "\
\ \
\
\
\
\
\
\
3

Axial strain, ga (%)

o
N
<
N\
\.
\
N\
\
o
N
\
\
N\

Z —cauc-zvl & —cmc-zv]

0 0
0 0.2 04 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 7
—CIUC-1H 7 —CIDC-2H
e 1.2 —

2 —
g 15 7 < & 0.8 -
£ £
g P el
@ 1 A § os
s s /
: F % 04 — -

0.5 £ ot < o |
_— 02—+ ]
/// // "
0 | A el 0 =]
0 0.5 1 1.5 2 25 0 02 04 06 038 1 1.2 1.4
Radial strain, £, (%) Radial strain, ¢, (%)

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

31 5-3 Mmsi@egauuy anisotropic 3¥M19MINATOY isotropic consolidation




uni 5 AaMSNAAOY triaxial test

16

A=r
average=2.14
. |
14 v o
P I
E hadl Y °
3 il
o 12 % .
a 3 1
& :
10 * i
I
H
8 1
0 1 2 3 4 5

Vertical-horizontal strain ratio, £,/¢s

3N 54 Basdw Ag/Ag, szwnamsmad isotropic consolidation

523 A1 bulk modulus S¥HI9MINATBY isotropic consolidation

gNTNANINATDY isotropic consolidation #131501 A secant bulk modulus ttazmsilasuuag
1w . 5 o " . a v
101U volumetric strain "lﬁ'tﬁmmmﬂumi NATOU constant-rate-of-stress consolidation 1AgNA secant
bulk modulus #11150A1HIUIINAUNITA (5-1)

_Ap (5-1)
A‘gvol

sec

190‘7; K. fiD secant bulk modulus, Ap ’ﬁaﬂmﬂ?;uuuﬂawm mean effective confining pressure U
A&, femsiavuu/asues volumetric strain

] ﬂ‘ﬁ 5-5 1A normalized secant bulk modulus degradation curve vmﬁumﬁmn; AUNNA “?N
(AAI2A1 secant bulk modulus 1115037 lADIANUIAUEANIMIAY 0.002% V94 volumetric strain
st lsimunamsnaaeuveInMsiauIzAsud sz Nouazinnivtededesauile

volumetric strain JAM1108A710.01% A15197 5-3 ﬁ?ﬂ?h small-strain bulk modulus #1 &, Ny
0.001%

5-8



UNN S HAMINAABY triaxial test

Nomalized secent bulk modulus,

Normalized secent bulk modulus,

Ksec/ Po 5

600
+ CIUC-1V
o | = CluC-2Vv
500 cc-av [l
x CIUC4V
400 x CluC-5V ||
* CIUC-1H
+ CIUC-2H
300 - CIUC-3H (]|
- CIUC-5H
200
100 |~ y - =
o |of _—
x¥hEs 9
: ¥ o .|
o A — T T
0.001 0.01 0.1 1 10
Volumetric strain,&£ vor (%)
(a) CIUC test
600 T T TTT
+ CIDC-1V
500 = CIDC-2V |||
x [ cIpc4v
1% * CIDC-5V
. IR x CIDC-1H []|
*1 | H el - * CIDC-2H
300 [T Al + CIDC4H | ]
EEYE: ¥z, - CIDC-5H
200 [—4——
o It
" xle ’i.,-. |
100 |—FE
TR
L[] A -4
+,
0 — . .
0.001 0.01 0.1 1 10

Volumetric strain,[@yo (%)

(b) CIDC test

§ﬂﬁ 5-§ Secant bulk modulus degradation curve




UNA 5 HOMSNATOY triaxial test

M13197 5-3  Small-strain bulk modulus 5$¥IIMINATDY isotropic consolidation

Test No. Isotropic consolidation

Initial mean effective Small-strain bulk K, ./ Po

stress p; (kPa) modulus K (kPa)
CIUC-1vV 80 7000 88
CIUC-1H 80 6000 75
CIUC-2V 100 9700 97
CIUC-2H 100 13500 135
CIUC-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 ONYAUDY small-strain stiffness

v
AN small-strain stiffness Y83AUMTEINGINHA I8ANY TAonsMsnaTOULDY static LAz

2 Aot
dynamic Tavuuy static WU 19 triaxial test NUTTVY local strain measurement HAZLU dynamic 14

14
bender element test TUHITOHIIUAAINANIINATOUNT small-strain stiffness UDSNWOANTTY anisotropy

5-10



uni 5 HANSNAADY triaxial test

5.3.1 Small-strain shear modulus 310 bender element test
FEUITNNIINATDY isotopic consolidation 923AA1 small-strain shear modulus A28 bender element
o °o_ A a § ' .oa d a i
Tagliswaz@ean1sauiumsos i luuni 3 A1 shear wave velocity AATITHIINAITNITUI arrival

time YVOIAAUIRDUNIIHIUAIBYIIAY A1 small-strain shear modulus Ao In Idnaus (5-2)

G . =pV:= L
max — PV _p_t_z_ (5'2)

:
Tﬂdﬁ P fi8 total density YBIAU (AT Vs fi0 shear wave velocity Tagm NN effective length L
fnaudouldlums@umaias travel time s
TN isotropic consolidation 2 1dn 21U 32119149 small-stain shear modulus 1Az isotropic
confining stress Tuan3iuim G, 1114010 vertical- ua2 horizontal-out specimen 124§ G, ut G,
AWdAY 317 5-6 uarAnNUFURUT T8 normalized G, _/F(e) ua p " vosdumiloangamma
TN empirical equation °lu§ﬂuvu*7iuuzﬁﬂﬂu Hardin and Black (1968) 1@ 14 lumsiszanamanis
nagey Taoey ldanudiiuiizninG, uazp it
G,=1700Fe)p ** (5-3)
G,=1450F(e)p ™" (5-4)

Tavi G, uag p “Tivuiauilu kPa uag Fe)=(2.937-¢)'/(1+¢) (Hardin and Black, 1968)

100000

. — o o o o
% s : - + CIUC-1V
68 = » ClUC-2V
£= i cluc-3v
= X La -~
- 18 =
=3 | Ny !4¢ | * CIUC-5V
g o 10000 s e P « CIDC-2V
b =S + CIUC-1H
.g g ! ?// = = - CIUC-3H
5 3 ? N | |-cucaH
§ £ o CIDC-1H
= a CIDC-3H

e s CIDC-4H

10 100 1000

Mean effective stress, p’ (kPa)

o v o & U
31]7! 5-6 ANMUTAUWUBISHIN small-strain shear modulus 10Y isotropic confining stress
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unil 5 HaMSNATOY triaxial test

53.2 Small-strain Young’s modulus 911 triaxial test
MINATBY drained triaxial compression ﬁﬁﬁn vertical- {t8¥ horizontal-cut specimen awwlvm
small-strain Young’s modulus E, 10 E, maldanw isotropic confining stress gﬂﬁ 5-7 udad
AMUFUNUT5EN I small-strain Young’s modulus E,_/F(e) iag p "vesdumiloanganwng
ipanniideyaves £ Aousheiriadniude liansansunsifounlaswes £,_sFe) fup”
"lﬁ'ﬂdmuiutiﬁuf’u%'qauqmﬁmmﬁnﬁuﬁszn’ha E, /F(e) ~p ' inuniasved p ‘milouny
ATEINTUTY8Y G, /F(e)~p  Antunnuduiussenin E, uag E, fu p ramnsouand @i
aumsii (5-5) wag (5-6) ua:uﬁmlugﬂﬁ bed
E=2850F(e)p ' (5-5)
E,=2250F(e)p ** (5-6)

Tavfi E,, E, uaz p ‘inviduilu kPa uag Fe)=(2.937-¢)/(1+e) (Hardin and Black, 1968)

1000000 T s s
. ===
g’ ’a 1 ® Ev
g & o Eh
> : Best fit EvIF(e)
g &;_ 100000 —— - - - Bestfit En/F(e) =
E3 -
* =1 -
© ,E [y —4""'
£ r = e
o = ;-

3 wE Ry
&2 10000 =] 2 et
3 ==
EE
o
=z
1000
10 100 1000

Mean effective stress, p* (kPa)

a v o d 1
gﬂ‘ﬂ 5-7 ANUAUNUDICY G small-strain Young’s modulus 1i0¢ isotropic confining stress
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unil 5 HaMINAAOY triaxial test

@319 5-4  Small-strain Young’s modulus

Test No. Isotropic consolidation
Initial mean effective Small-strain Young’s E. ./ D
stress p, (kPa) modulus E_, (kPa)

CIUC-1V 80 27900 349
CIUC-1H 80 15500 194
CIUC-2V 100 36800 368
CIUC-2H 100 55000 550
CIUC-3V 130 91000 700
CIUC-3H 120 80000 667
CIUC-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

533 anﬂiiﬂ anisotropy 994 small-strain stiffness

a 9 a I v Y a 9/ a '3 a .
aunsn ldnmsansier luiatohude 15 1uns s 12 ¥ingAns 53 anisotropy U9 small-

strain stiffness HOUAAINAUMTEINGUNNA stiff NN TunuIAINB1Ran M isotropic confining stress

1auli8nsdIu G, /G,, uag E/E, Asean

G, /G, =085

E,/E,=0.80
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unil 5 HaNMSNAAOY triaxial test

a d
534  MIAATICHNM cross-anisotropic elastic parameters
b4
@ = 4 a a1 . ” . .
Watetiiznaniamsdnszam cross-anisotropic elastic parameters meldanin isotropic
confining stress YBIAUIMUYINTUNNA 1AvdaANYAFIUNNA shear modulus 1A Young’s modulus

3 1o 1 1 . R . o, =
waqnuamwmmm’i’u @IUA Poisson’s ratio YA

5.3.4.1 Small-strain modulus

¥
1 small-strain shear modulus 8% Young’s modulus 1835 lneumhiiuduas lduaads

. il

VYWNANY
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

fi1 small-strain Poisson’s ratios Vv, uag VvV, aiuns 018 TaoA3991NMINATOY drained triaxial
compression N vertical- (8% horizontal-cut specimen AUAIAY Wailiilea91nMITANBITEY local
strain measurement v?l"‘e‘luuuaﬁmaz'luumuau ﬂﬁNﬁ 5-5 UAAINANIINATDU small-strain
Poisson’s ratio A1H3UA1 Poisson’s ratio V,, #10130A1THIMIINANIN isotropic TUITTUILLUIUDUA

waasluaumsh (5-7)
Eh

Gy =—7" (5-7)
" 2(1 +v,,)
1 a Ay v 9 o o wa a a
Aundgves v, uaz v, Nidnnmsnaaevazldiludumuvesguauiinvesdumiion
v
AFINNAASY
V,, =0.088
(hv = 0.084
(hh = -0.224

00000000 5-5 Small-strain Poisson’s ratio

Test No. Mean effective confining | Poisson’s ratio v, Poisson’s ratio v,

stress (kPa)
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unil 5 HaNMSNAABY triaxial test

CIDC-1V 80 0.115 -
CIDC-2Vv 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
f original elastic compliance matrix ﬁ"lﬁ'mﬂmsmﬁauﬁluﬁmnﬂw?; (5-8) Fl'ﬂ?lvlﬁ’f: Jadial Uh1
2 1szmsfie () A2 laaunAsves compliance matrix tag (i) #a £/ V., #E,/ V, weRMIMIUM Vv,
dudlumidaau
G,=1700F(e)p **
G,=1450F(e)p **
E=2850F(e)p "
E,=2250F(e)p ** (5-8)
V, =0.088
V,,=0.084

V,, =-0.224

5.3.4.4 Modified elastic compliance matrix
TunsilSuudan cross-anisotropic elastic parameter Tav1saniivzdSuan v, e ld ldnnuae
¥ 14
11A5Y8 compliance matrix (E/ V,,=E,/ V,)) tilpanininisannatiinnzlianudanaraunaiie v,
v [ £ 4
M v, 7 lavimslsuududezminy 0.073 Wouiusu@ufitiiny 0.081 1enInil Hardin (1978)
] 14
HUZAINM Poisson’s ratio YDIAUU19NABYIZNIN 0 Uag 0.2 uaza lanegserneiitivusiud
o s o G Y o v ¥ aa v 9 o ° o w J
theanedmsunisdszynalanaly aniusenarsandSua v, iy 0.15 minduuzihdsnan

v v
RYUUA1 modified elastic compliance matrix 32 1&A3euNIT (5-9)
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Unil 5 NaMINAADY triaxial test

G,,=1700F(e)p **

G,=1450F(e)p ™*

E=2850F(e)p **

E,=2250F(e)p ** (5-9)

V., =0.088

V,,=0.070

Vi =0.15
=2 9/t % 5 . EUSY) o/ slqy (=) aa | »
044111 cross-anisotropic elastic parameters nldannnmsys mmmzvlnuqmﬁ JUA 1sotropic Tu

3 1da 1 o d'dy 4' 1 f:in 9 ° o a
horizontal plane uaﬂ‘wmsnmwUfmsn"lﬁ“lu‘nummmﬂmmmﬂ::ﬂ”lmzm"lﬂmmm‘quﬂﬂi U

b4
ma‘lﬁmsmmau“luﬁmw triaxial stress (MUY

&
535 msﬂﬁzqneﬂ%' cross-anisotropic elastic parameter
o 3y X 99 93 . . 5 . Ayny a 4
°lum‘uau%zuﬁmmsﬂszqnmhm cross-anisotropic compliance matrix nldnnmsinsizring
MMINATOY drained triaxial test IUNISYIUIAT undrained shear stress path direction 112¢ undrained

small-strain Young’s modulus 1149nHaMINATOY undrained triaxial compression

5.3.5.1 M3118A1 undrained stress path direction #a¥ undrained small-strain Young’s modulus

U4 vertical-cut specimen

b4
§I13Y vertical-cut specimen WUA NI DABU cross-anisotropic elastic constitutive equation 18as

aunsn (5-10)

(e, ] | L Y Yw o o g [[60)]
Ev Eh Ev
e, | |-e LYo o o o |50
Ev Eh h
o | |-e Y L5 o o s
- BB A (5-10)
sl 1o 0 o0 G} 0 0 |or,
vh
1
5, 0 0 0 0 G, 0 |67,
1
L2 e

ee I

Aﬂ' o/ 1 a 1 5 a
Iﬂﬂﬂ allae r ﬁaunumuazuauﬂlmmammu TIUvUAT h ﬁeuﬂumua:uﬂuﬂmmmwwu‘lu
au
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UNN 5 HANITNAAOY triaxial test

oo’ oo’
VNANMSI (5-10); 8¢, =—2-2v, —*
Ev Eh

, 2
nnanm liseuody; e, =g, +235s, =0

oo’ oo’ oo oo oo’
0=—2-2v, —£+2 -v,—2+ -V
E E E, E, E,

v h v

50';_Ev[ -1+2v, } (5-11)

éo, E 2(1-v,, —vy)
360" — 80" 3(1—?;:)
AU stress path direction; fi' = ( O,-" i O", ) = G‘i (5-12)
5p 50'0 + 250' l + zég_r_
oo,

Lﬁmmuﬁwm cross-anisotropic elastic 1411 original 118 modified 1NAUNT (5-8) LA (5-9) a3
Tuaums 5-11) waz (5-12) 921150 18 undrained stress path direction «?qmﬁﬁmam"lﬁ’a;ﬂiumm
17; 5-6
Undrained small-strain Young’s modulus;

(E) _ & =50';—50','_

N 0¢€, 0,
_ 6o,
do, 8o, oo,
5o, b0, 1 2,60 G
E, "' E, E, E, 60,

Aﬁ'mmuﬂ'w cross-anisotropic elastic parameter ﬁy'umn original {tn¢ modified ﬁﬂﬁmﬂﬁumi (5-8)
wa (5-9) asluaums (5-13) 9aUITDAIUINAT undrained small-strain Young’s modulus 1AAderuns
(5-14) uaz (5-15)

Original: (Ea )u =3459F(e)p ** (5-14)
Modified: (E,), =3762F(e)p " (5-15)

Taof (£), uaz p’ imiduiihu kPa uag Fe)=(2.973-e) /(1+¢)

5.3.5.2 M3MU18A1 undrained stress path direction 44a¥ undrained small-strain Young’s modulus

U094 horizontal-cut specimen




UNN 5 AANISNAADY triaxial test

M5 horizontal-cut specimen Q1N VIUANNTS cross-anisotropic elastic constitutive

= Y o dy
equation blﬂm‘u

[ S¢,, | N I 0 0 0 [dc]
Ev Eh Ev
o I T A N W
Ev Eh Eh
e, | |- “tw Lo o g |4
o & & & 1 (5-16)
0 0 0O — 0 0
oy, G, or,,
1
0 0 0 0O — 0
57ar Ghv arar
1
0 0 0 0 0 —
_5}/'_” ] th | _57"1_

.
¥

v ' 9
Taoh a AeunuAIveIRietaaY, , ABunuueuYeIRIetAufinRInY bedding plane, r, ABUNY

] ¥
HIUVIAIBYWAUNYUIUNY bedding plane UaL v AL h ﬁmmuueuuaznmmwmﬂu‘luﬁum

Vv v , . OO0
NANMS (5-16); d¢, =-—L 60, ——Lh 55! +—2
Ev Eh Eh
d 1%
5€,, =_‘S_G’___Y_'.'150-: ~ i 55t
E, E E,
v ’ oo, v '
0t,, ==L 60" +—L -t 55"
Ev Eh Eh
' 3
dwmsuanm liszinei; €, = 8¢, + 8¢, + 86, =0
v v 6o’ o v , vV Y , 00 v
O0=-2tgo) - Mo+ —2 4 —L g T 550 _ Toh 55! +—L ——th 55!
Ev Eh Eh Ev Eh Eh Ev h h
50-:' _Eg_ _(l_vhv —th) (5_17)
a E E E
% & (=W =V <D < —2i7)
Eh Eh Eh

dounua parameter lunstlves original L12i¢ modified elastic compliance matrix N1/ luauns
(5-8) uaz (5-9) asluaums (5-17) 4oz (5-12) 9WaMNSOMUIUA undrained stress path direction lat
Haaws Idagdluasiad s-6

Undrained small-strain Young’s modulus;

(E) £ (Sq i 50';—50’;
g, 5;";_&50- _Kligo-

E, E ' E '

v
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UNA 5 HAMINAADY triaxial test

1- oo,
oo,
1 v,é0, v,odo, (5-18)
E, E, d0, E,do,

v y ]
deunu parameter YDINNNT ol original {lQ¥ modified elastic compliance matrix nlaluaums

(5-8) uag (5-9) adluaums (5-18) WAWNTOAUIUAT undrained small-strain Young’s modulus 4

v

Aald
Original: (E,), =4087F(e)p ™ (5-19)
Modified: (E,), =3106F(e)p (5-20)

!

- ] [

Tagh (£), uaz p' Iimiduiu kPa uag Fe)=(2.973-¢)'(1+e)

f11 undrained small-strain Young’s modulus AN UNS (5-14), (5-15), (5-19) uay (5-20)
TASsuiisuiuamin 1dvnwan1smadey undrained experiment g1t 5-8 uag 5-9 uazluas1an 5-
6 HaNMSIIBUINYDUAAINAINTIIUIGIN original 1AZ modified elastic compliance matrix TifN
anmandenlszinm 160% uaz 140% vinwamsnadey vanemgm % Midfuuinuaasiai

o o oA 9 a a o v oA ° 9 Voo 9

e iai lwnnnsnaaey Tuvazi % Midluavuarshafivinneiesninainldnnms

nadaoay

140000

+ y@yﬂ + 7@
120000 A 309
g | N
£ 100000 - % :
o 0, 7
f'é 80000 / A, /] /5/ '/m:
€ o000 | /%////6 -
§_ 40000 - é// % é
o 0 Original (vertical)
4 /%/ o Original giﬁffman
20000 e Modified (vertical) ||
< Modified (horizontal)
0 . : :

0 20000 40000 60000 80000 100000 120000 140000

Eu,max (kPa) (experiment)

gﬂﬁ 5-8 MIYUIA1 undrained small-strain Young’s modulus




UNA S HAMSNAAOY triaxial test

Undrain stress path direction,

Aq/Ap’

80

»
o

o

-40

*
=

-
Vertical-cut (experiment)

Horizontal-cut (experiment)

Vertical-cut (Original)
Horizontal-cut (Original)
Vertical-cut (Modified)
Horizontal-cut (Modified)

— e —— — t— -

50

100

150

Mean effective stress, p‘ (kPa)

jﬂ‘ﬁ 59 N15Y11U0A1 undrained stress path direction

200
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UNA 5 HAMTNATOY triaxial test

A13141 5-6  HAN13¥VI1U10AT undrained small-strain Young’s modulus

Test No. Specimen Effective | Void ratio Undrained Undrained stress path Undrained small- | Undrained small-strain Young’s
orientation mean e stress path direction (Ag/Ap 4 strain Young’s modulus E, (prediction) (kPa)
confining direction (prediction) modulus E,
pressure p ’ (Ag/Ap 4 (experiment)
(kPa) (experiment) (kPa)
Original Modified Original Modified

CIUC-1V Vertical 80 1.69 -26.1 9 25 27900 12215 13284
CIuC-2v Vertical 100 1.27 -6 9 25 36800 27884 30325
CIUC-3V Vertical 130 0.66 22.2 9 25 91000 78121 84959
CIUC-4V Vertical 120 0.76 22.2 9 25 120000 65323 71042
CIUC-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
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