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npUsranAvedlaTiNITelifen1sfinydagaaudivnianiu () smallstrain stiffness, (i) non-

linearity, W& (iii) stiffness anisotropy Guaaﬁumﬁmnqﬂmw %\‘1NaﬁwémaﬂﬂiﬂmiﬁmmﬁﬁﬁzyaEJ'N

galumsiinlanginssuvesiumieinsunng nedngusvasddAgvedasinisiiane

N19AAUITEUU  local strain measurement systemd niu ﬁﬁa@ﬂﬁﬁ apparatus triaxial
Uisﬁw%quﬂﬁuLﬁ@iﬁi’fﬁm%’umiﬁﬂmwqaﬂiimaﬁﬁﬂw&mmmLﬂ%mﬁwﬁqmuﬂmﬂ
nsmunszuUTrUUNsliussRsdmiuiifegliiussAnsningaduiield triaxial apparatus
dwsunsfnwngAnssuvesiunielianiznistnga

1AL bender element dwiuiiioglvidussansnmgstuileld triaxial apparatus
dwumsfnvimgnssuvesiulutisenueIeadisenisinnnuiiveseauduasiiouuiu
mi?iﬂquaﬂiiu stiffness degradation curve,non -linearity, kag anisotropy Aelsign1zns

gasuuuliszuigi) undrained extension) YaeiIpg19RUNgNINTEAlULLIRILAZLWILEY M

triaxial apparatus & bender element

ABSTRACT

The objectives of this research project are: (i) small-strain stiffness, (ii) non-linearity, and

(iii) stiffness anisotropy of Bangkok Clay. The results of this project can provide a very important

data for the understanding of the behavior of Bangkok Clay. The detail objectives of this

project are as follow:

Development of a local strain measurement system for an existing conventional triaxial
apparatus to be able to study soil behavior at small- and intermediate-strain levels
Development of an extension system for an existing conventional triaxial apparatus to be
able to perform triaxial extension test

Development of a bender element system for an existing conventional triaxial apparatus
to be able to study soil behavior at small-strain level be wave propagation

Study stiffness degradation curve, non-linearity, and anisotropy under an undrained

extension test of vertically- and horizontally-cut specimens of Bangkok Clay
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1.1 anudAgyuaznuvaslynininnisive
nseenwuulAssEs e AmnsTuUsiiluefntuinnsaediosnin (stability) veslasasadu

nanlaglirsvaulanisimdeudvedassaianelianizldnu lnsauaudfveshundeinislunis

o Y w A

AnsevidnanAomdsiunsadeu (shear strength) vasiu usnisoonuuuludagtuFuaulanis
ATZIMINSIAReUSvedlATIEs a1 L TN U IZF B ININIIURANTENUTBINTLAGOUR VS
fuseuqlassaddelassadieirades (du nugeduldiuuarlusdluendon) wazdifoanismsu
anmziiuiiswedassaisfioonuuuse arnnan1sieszilagldnisiarsanmAvRsuuiimuin

d‘ U d‘Q Yo o 1 v 1 d‘ v U v v v
AsAARUAITIAT IEAlAd A lURsITUAT AN AT IRt UALNLIReR SR lAsIas1 Nl Aan 1Ll Ty
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a v v J

939 (19 Ng & Ling, 1995 (fmsuauyatuladu) wag Gunn, 1993 (@ wsuauglusd) Bnvisdanud

'
=

ALLATEAYBIALTUATIA 1IN AmNTsuUgTinngldanzldauliAtesninanyaniniieuss

q

99an981911n kagAlugaantalNnIsATNINgaUNaU (back-calculate) 31ndoyaluauiuiien

U

winndnArflgluniseaniuusgneuin (Wu Burland, 1989 wag Tatsuoka et al., 1997) &anie

[

ANARUBIANLANANAUTLIAINAIRTUINgAnTTuTesRunllunseentuulinsaiuan1ziia
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AT arduwuudtaemnentinaans (constitutive model) YasAunldioslinnugneipawasdutou

=

WNTuiioasTioulangAnsuaswediu SnAanaudRvesiu (soil parameters) Nfoen1snsedl

4

SNt uuardudeuiy TudagtudufinmsfansangAnssusinsuesiuiifinnududoumand
mm%us‘z’iqwsdwiﬁmﬁtmwﬁuazaaﬂLLUUImqa%fwmﬁmﬂiiuﬂgﬁﬁmmgﬂﬁmLLazmmzau
(Wsendn) Bty Tnsamedmiulasaadnsnalvg g Wy nuelusduaznuyaduldi Wusy
Tunseenuuulassadromadmnsagifianysallasionzdmivnugaduldfuuar g lusd
AdsUsznaude () MslinTeinsiedeuivesiunasinsadng, () Mslnneiuseiiaunseyie
TAseadns, (i) M9ATIzsauiurenldAuTIAATY, Lay (v) MIIATILINANTENUYRINTANA
yespufurehldfuiiintuiionsiunginssuvedasadrclusyerens (Negro & de Queiroz,
2000) mmwu%%’aﬁlmumwudwwqamimﬁﬁﬁmmaaauﬁﬁmgﬂmﬂmwuﬁi”laamiﬁmmam%mmau
Lﬁ@iﬁmamﬁmiwﬁﬁfﬂﬂénsﬁwﬁuﬁmmgﬂﬁmﬁa (i) small-strain stiffness wag non-linearity, (i)
stiffness anisotropy, (iii) recent stress history, (iv) elastic-plastic behavior within the yield
surface, (v) 3-D nature of soil deformation, &g (vi) creep behavior ag19l5AmuLgITlATINIg
Aea¥rsvunalvguinunglungunnlagianiglasanisiifgatesivimnssudsi wu lasenis
soluiléfiu (VMRTA) waznuedulitiu nginssumariisgninuiosinndmiviumisinsanwa
Taen1sAnwAeafU small-strain stiffness, non-linearity, Lag anisotropy Arrulavinlnenis
NAADU triaxial compression é?fﬁL‘flumiﬁﬂmmiLﬁagﬂiuam’wmié’mﬁwaqﬁu wdmsutgn

¥

UNBE1 19U 11590 (heave) Tifurasugarsaiundnfinuarn1sindeusinfiureminfuazidy
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5ﬁﬁlmgmauammﬁaﬁﬂm small-strain stiffness, non-linearity, Wag anisotropy U9IAULNTYY
nssmmaneldianngnsiafuuulissuieihlasnmaasduiosufofnslngldinioste triaxial
apparatus Han1snaaesiesduvsslovilunsimuiuuusiaemiadnians (constitutive
model) dugsvasngAnssuvasAumisngaunnasioly iovilinsiieszdnisindousives

lAsaasamadmnssuUgidanuuiuggadularniseaniuuilnnuusendagau
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Tassmsidefhaueiiudumisvenssauysalvidudsdugaiiuduiia
woly

fnguszasdvadiasesnisifeidenisfnufsnmuandiniadiu () smallstrain stiffess, (il
non-linearity, wa (iii) stiffness anisotropy VaaRULYTEINTANNY Fanadwsvadlasensiinuddy
ogaddlunsdrlanginssuvesiumdensanng Snvislusunandsasidulsslesflunisiaun
wuSaesndamanidugeiigniesdeiuiiotasmginssunielfanngnsiafuuulissus
ihveshumdsangaunme uazmnlfifuuuusiaemadnaansilasunsfmuindndluly

faa v 6 v

52 08UN1TAIUILTIA e LU A5 IWTUABALIUR (finite element method) ag¥inla1u150
AnreinaiadeusvadasainmisimnsagildgndeuiugBely netagusvasdddyues
Tassnsiannsasuunidudoqsd

« NINUITZUU local strain measurement system @1%U triaxial apparatus ‘ﬁlﬁagﬂﬁﬁ
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o msAsEUUTEUUNSIRuSIRsd MU triaxial apparatus fiflegliiuszAnsamgeduiield
dmsunsfnumgAnssuveshunelian1znEnm

«  MIWAILITZUU bender element @113V triaxial apparatus ﬁﬁaélﬁﬁﬂazﬁw%qu&%mﬁaﬁ
dwunsfnsnginssuvesivluraenuaieadismensinanuniivesaduduasiiiouiuiu

. miﬁﬂ‘tﬂ‘wqaﬂiiu stiffness degradation curve, non-linearity, wag anisotropy AelAgn1en13
fasauuulaiszureth (undrained extension) %@ﬂﬁ’&@&hﬁuﬁgﬂLW%HMIULLUJ(;]I'QLL@%LLU’JUEJH Y

triaxial apparatus & bender element

1.3 YaUlnYadlAsINIsITY

nsvedaulafinyingfinssy stiffness anisotropy vesRumleINTHNNILUYIANULATEAR
fetrunane Tesidunismaaeuduluiesufiinisineldiniesdle triaxial apparatus lngaznageu
AUl isotropic in-situ confining stress wazyinn1sideufunielaaniiznisiadanuulissulen
(undrained extension) dnsusiegn9iu vertically- and horizontally-cut #&sa1ntuAvzdIveaya
laudnszinauanifninmnssusinegiaziulsslosdlunisiauiiuuitasmaadnmansdu

o o a a ) ! a v dy 1 Y &

gedmiunginssuveshumieinsunnaseliluewian lnglasanisidelianunsauveentadu 2
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2.1 umi
aunARumdedivltuzdnsesialulnuueusEninansviuay (Mitchell & Soga, 2005) ¥

IﬁLﬁquaﬂiiu inherent anisotropy 71%111% modulus, pore water pressure, undrained shear

[
=< [ a

strength, kg Mohr-Coulomb strength parameters (¢’ Lag (I)’) HANTUAUAANIIUDY major

principal stress Duncan & Seed (1966) waninan1snagou UU wag CU Aufaeehiu kaolinite i

v aa 1

affANeAgfunuane O wazlansinmegslunuifsiaziuluoull effective stress envelope

wileufuug s,(V) 3A1annndn sy(H) Uszann 10% flesandl Skempton’s (1958) pore pressure Ar

f1nd1 wan1svadey UU 989ia0g1aiieananadn s (0=45°)/s,(V)=0.75 uaz s,(H/s(V)=0.87 fiu

§383150UERY stress induced anisotropy 1ile K, LA 1.0 Llesaindesnisusadsuiieliiie
n5IURTIAeR Wl major principal stress at failure (O WaguLUaITEWITLWIRG (0=0°) uay
wwueu (0=90°) MtuannANuAuIdinasengfinssuvesiuseiewin

anmaesauAutisnlagauInLaziev19ues principal stress 3 @9 (G, C,, kag C5) 1ay
1NALOTUIYAIUUANANVDIANTWAILLAUABAILUT 2 617 AB (i) IAN19VDS major principal stress
Wisufuuwane (O) waz (i) vurndusimsves intermediate principal stress (b = (G,-03)/(G-03))
mMadsunUasuesdn 8 way b vilfiAangAnssuanudu-aiueieafidnaiuiosanaaadd
anisotropy 184Au gﬂﬁ 3 LAAIEAAINAULAY (b LAy O) ﬁamﬁamuauléﬂumsmaawmsﬂu
#osUFTANS MINAEeu true triaxial (TTA) Wun1svedeuvsngdmiufnwnansenuves G, us
HAua1u1T091AnluN15AnYI anisotropy \fesan O Feadifianiemiuunu x, y, w3e z Wity
Directional shear cell (DSC) Juedesile plane strain ﬁmmﬂumiﬁﬂw’lwqamiu anisotropy
(Arthur et al., 1977) Lﬁaﬂmﬂmmmﬂ’ammﬁﬂmwm o, (0) nmeldaniaz plane strain 16 weilal
an3aaIuAn b ldlag b 193 plane strain a5z 0.3-0.6 (Yimsiri et al, 2013) 1A30sile

v

torsional shear hollow cylinder (TSHC) anansassdulévia O uaz b laquadailaynides stress

non-uniformity sihlsgaliansnsavinsmaaeuiiusiiasuvesguil 2-1 16 (S = 0°, b = 1 uay 8 =
90°, b = 0) Fesasldan (p, - p) AN (Wijewickreme & Vaid, 1991) wazwin TSHC ldamus

nelunazneusnwiniuagls 0,=0,=p=p, wazlagnmanuAumuauns b = sin? O nsnagey

o a

Maganfiunslulasinisidellagladeyavesanimanuidudauanslugui 2-1 (TE-V uag TE-H) T

I3 Y | Ao vy Y A A A Y v
L‘Uuaﬂ']Wﬂ'ﬂ'uJLﬂuﬂluajuvnﬂlﬂﬂf]ﬂﬂﬁﬁLﬂi@qmamﬂaqjﬂqmqﬂﬁu

2-1



N 2 Mguluasaideineives

=)
wl
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PRINCIPAL STRESS DIRECTION, §°

INTERMEDIATE PRINCIPAL STRESS
»

U 2-1  anmeasmnuAunianunsanageulalaenmageuLuUm1eY
(after Jamiolkowski et al., 1985)

o A

dsddnidesddeislunsinsitagoonuuulasairondimnssuUgilutiagdudens
wasuivewesiulalasaianeldangldnu Juwnndeanateneufididawanizdymin
WResAm (stability) wazld Factor of Safety fnzaudiosiiadamniswaeuss asviliay
aulaluwgAnssuvesAuluasuaint1930@ (failure) 11gvaaneuiti (pre-failure) Toyavos
AUAUNUTAULAULAZAIULATEA (stress-strain relationship) ﬁgﬂé’faﬂuﬂmdauiﬁﬁﬁa?qﬁﬁ@ﬁ
szdlanginssuvesfudaiuysslovilunsussnunisindousivedlasade insedvunnves
ANaLATEA (strain) vosRusoudlassaiamaimnssudgiluaninldauiidniosunn lnglddes
n31 0.1% (Burland, 1989) mmifvméﬁuwqaﬂiimaqﬁuéfmwgaﬂiimmiLﬂﬁ@Uéf’Jd@Uﬂwﬁﬁa
(pre-failure deformation behavior) tuldfimsfmuuazfumuegemniilutisaomassuiiii
1 Taasiiuld i dnsdansussgumdnnsssduuumnidmividoilasanzaseds
1y 10" ECSMFE (1991), IS-Hokkaido (1994), Geotechnique Symposium in Print (1997), IS-Torino
(1999), IS-Lyon (2003), IS-Atlanto (2008), wazanga IS Seoul (2012) asmliﬁmm%auval,ﬁ'mﬁ’u
NsAnwINGgANTINTAABUNTITH wasngRnssuduafiierdesdmiunsiauinuuiiaesmig
adineantugeoaiumisnganmadditosinn
miﬁﬂ‘quaﬂiimmaﬁaumﬁﬂ’mqﬂmwﬂﬂamswmaau conventional triaxial compression
I¥siunisednanireuine sunseatadlolduidl shibuya & Tamrakar (1999) was Shibuya et al.
(2001) l¢@nwngAnssuvesAumileangamm g monotonic triaxial test Ingfansindousuuy
external strain measurement 8€619a¥138A%anUI1A1 small-strain stiffness 971 monotonic

triaxial MLaAILANNININNITNAFDUD U UINLAZEIRIAIU initial linear stress-strain relationship N314
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11N 69U Ratananikom et al. (2013) lavinns@nwiiuAndangAnssuueulelalnsdluszdu

1%

AULATEAAIDIUIUNAIVBIAUNTEINTHNNIAIUNITNAADU monotonic triaxial NHN15IANT

(%
a v A

\AABUFILUY local strain measurement s91uideiiluauidousniidnuingAnssuvesiumien
n3ennelay local strain measurement dmSUNMSANYINGANTIUSULSIAABNITNAGDY triaxial
wuu CIUE badnfiunislaggidenateviau v Li (1975), Balasubramaniam & Uddin (1977),
Tampubolon (1981), Anwar (1992), uag Seah & Lai (2003) #azn15ANYINGANTIUTULTIAIIIN
N15NA@YU triaxial WUU CKUE Tantfiunislag tgu Memon (1976), Tapubolon (1981), Lay
Tanaka et al. (2001) asiwq"l,iﬁmmmaﬁﬂmﬁﬂénmﬁ%w@ﬁau%wqaﬂﬁué’mﬁﬁé’aLﬁuwé’ﬂ
iesarnidunisnaasulag conventional triaxial apparatus 1agn137n external strain
measurement 39l lslléA stiffness vesiulutismnuaienmfeunatsiigndies

mﬁﬁﬂquaﬂﬁmaaﬁumﬁmaqamwﬂu‘lﬂsqmiﬁ%ﬁﬂmﬁﬁ triaxial apparatus ®819lsA
mmmiﬁﬂmﬁlﬂmmmﬂiw‘fﬂ@f@hULﬂ%aﬁﬁaﬁm%gﬂuﬂﬁ]ﬁ;ﬁu (conventional triaxial apparatus)
wszdeanisedesdiefldinnnudusasanuadenldegaiuglnsanizfosinaunsonlile
auidends 0.001% nsiapnuduiniugililnensausenaely triaxial cell Tngld internal
load cell wazn13inAuLATeafindug i ldlnensTanisiadeusivesiuuuiivesiegi iy
1nense (local strain measurement) mﬂmiﬁiuﬂﬁ]ﬁ;ﬁuiﬁﬁﬂﬁﬁwm local strain measurement
Wlanunsatannuduiarenueienvesdiegnsmuldlugnuaieamdauiunansldesiauue
FalugnsfnunfangAnssunisdesiufinianeeamialunanslé (9 Tatsuoka & Shibuya,
1991; Jardine, 1992; Smith et al., 1992; Kuwano, 1999) AU triaxial apparatus Taansly
local strain measurement AU triaxial apparatus ﬂmaLﬁummgmiumﬁmsanaﬂiimaqau Tu
2 nassuiiduanldfinsiausyuu local strain measurement wuus1aqiaslugu local axial
strain measurement Al () inclinometer gauge (14 Burland & Symes, 1982), (ii) Hall effect local
strain gauge (44U Clayton & Khatrush, 1986), (iii) proximity transducer (144 Hird & Yung, 1989),
(iv) original-local deformation transducer (original-LDT) (134 Goto et al., 1991), (v) LVDT (% u
Cuccovillo & Coop, 1997), and (vi) cantilever-LDT (Yimsiri et al., 2005) miaqﬂ‘mumuﬁﬂsz‘uu
local strain measurement A l§Sun1sWaLIT UL Tuasa81uldan Scholey et al. (1995)
wag Yimsiri & Soga (2002) Tnglulassmsiseiavidentd LVDT d1msu local axial strain measuring
device wag proximity transducer @113 local radial strain measuring device

NSVAABU stiffness YadRUTisyAUAUATERREIENTInANLIE eI AuduAz o U sy
AuldBuinsfnundimivaumdonsanwe wu nmsAnwluaunlaeiZaneglag Ashford &
Jakrapiyanun (1999) uag Shibuya & Tamrakar (1999) wazn1snaaeuluieaufjuifin1saie bender
element 1 @ & Teachavorasinskun et al (2001) Teachavorasinshun et al. (2002a, b)

Teachavorasinskun & Amornwithayalax (2002) Teachavorasinskun & Lukkunaprasit (2004) W& ¢
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! Va o ! a

Teachavorasinskun & Akkarakun (2004) ag19lsAnIudayadIuNINUIINEITeNaNReILAE ST

Y Y 9

£
o o ¥

ngAnssuulsznsndslilaviinsfinen Tasin193498ii339svin15mnaeIsie bender element
Wiy tnedeyaannanismeaedulasinsiasdunsiindeyalugiudeyavesiumideinginne

2
a v

anvislassnstiazyiinisdnen bender element Tuduiildine@nwianneu 1wu anisotropy

2.2 ‘wqaﬂﬁ&l‘ﬁ small-strain

N13ANYINYANTTUVIRUMLLIBIUNTANNIAIE monotonic triaxial test Tnefansndaus
WU local strain measurement gslsliaglavinnis@nwinineu eegalshany Shibuya & Tamrakar
(1999) wag Shibuya et al. (2001) lAAN¥INGANTTUVDIAWMLLITOUNTINNIAIY monotonic
triaxial test Ingdnn19iAAousiuuy external strain measurement @Imu3nA1 small-strain
stiffness 9N monotonic triaxial ARRueenu TiAINIINIIVAAeUBL UINwazSdidu initial

linear stress-strain relationship n313u1n vilvdeyaiiladinudnyeiodesas 9N Yimsiri

1%
o

(2002) Felansdeasdsine stiffness A1 monotonic triaxial test NlARNLWTUUIAZIAAN
Wulundsanniseuiisuiuainlaain self-boring pressuremeter L19431n bedding error 71LAn

911 external strain measurement

A

| (a) Typical Strain Ranges in the Field
|> S |« «—| Retaining Walls
\\
- ‘ N\
= j« -<«——{ Foundations
e k Tunnel
Oy X -- unnels
> ‘ Linear Elastic S " 0
0
B e e
E | Nonlinear Elastic
= | e
n | Preyield Plastic ™_
‘ Full Plastic
| e ———
L b—————
104 103 102 101 100 10!
Strain %

bl ST

Local Gauges

- - — -

Conventional Soil Testing

- — —

(b) Typical Strain Ranges for Laboratory Tests

JUN 22 A1 modulus MUasulUAY strain waghand (@) YUIATBY strain T8ri19N19ABATS
Tassad1amaugiiangg (after Mair, 1993) waz (b) YWIA4 strain AAlAIN1TNAGDY
#19¢ (after Atkinson, 2000)

Joyanan1smagey small-strain stiffness Y@9AUlABNINALLAINNTNAGBILUY dynamic iU

fee1e undisturbed %38 reconstituted clay, 58f188149 reconstituted sand A1eldaninalu

24
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LAUWLUY isotropic nsnaaeufidenldfe resonant column 13e bender element ﬁagﬂu triaxial
system 3SR IuIlfuansinfitisenaseg19afiasnsznua small-strain stiffness V09AUE
\AeriuiusssurAuaslasiainieuefiu (WU 1UIATedBYATA, TUIRNARY, ANLVLILLL) LagUs TR
N953INEN (19U stress history, stress state, ageing, chemical processes) Hardin and Drevich

[y [

(1972) leidaudstadesinglu 3 ngu fie drdgyunn, drdeyos, wazlid Ay duanslunnsian 2-1

1999 2-1 Uadudiinansenuseo shear modulus wag damping @115V complete stress

reversal. (Hardin and Drnevich, 1972)

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

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

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

Hardin (1978) la@nwingfnssu small-strain 983 clay wag sand wazwu31A1 small-strain

shear modulus %%uagjﬁ"u current stress state (laglgAn mean effective stress), current void

. . a o1 . . . OJ !
ratio, Wa¥ stress history ¥@38u (Iagly¥A1 overconsolidation ratio OCR (= —"2)) ¢i1 small-

v

strain shear modulus @ unsaasunglasaaunis (2-1)

O _ SF(e)[iJ OCR" (2-1)
Pa Pa

2-5
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1087l G, A8 smallstrain shear modulus, F(e) Aesudsiivuegiue void ratio, p' #e mean
effective stress, p, fa reference stress (AntANMINUANUTITENNIA), S, N waz k AA1AINNLA

INNIINAAD

va o A

founANudIuSAd e fuauns (2-1) Aldgniauelneideduiioasuenanismeaesdmsu

Y

a | v o sa | Y d' v Y Y a =
AUTUNBDU ﬂ'JWQJaNWUﬁVlQﬂL?{u@U'Na'JU"L@LLﬁfﬂﬂIu@mﬁ'NV] 2-2 Iuwjﬂaﬂﬂlﬂﬂglﬂaﬁﬂqﬁﬂﬂ

HaNsENUUeIdaTumnnemangAinssu small-strain Y85y

2-6
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N 2 Nuiuasaddeineives

n
=] ! = G ] = 1 1J
M990 22 ANALTIYRLANNTT small-strain modulus Tuguves —"2 = Sf (e{ij (G > P'1AE P, Urtwdeilu kPa)

!

Pa Pa
Test
Soil type S fle) n Void ratio range reference
method
Sand:
(2.174—e)’
Round-grain Ottawa Sand RC 690 Sk 0.5 0.3-0.8 Hardin & Richart (1963)
l+e
(2.973-¢)
Angular-grain crushed quartz RC 327 Az 2 0.5 0.6-1.3 Hardin & Richart (1963)
l+e
2
Several sands RC 563 M 0.4 0.6-0.9 Iwasaki et al. (1978)
l+e
(217 -¢)
Reconstituted Toyoura Sand Cyclic TX 840 == 27 0.5 0.6-0.8 Kokusho (1980)
l+e
Several cohesionless and cohesive A
RC 450-14000 (0'3 +0.7¢ ) 0.5 N.A. Hardin & Blandford (1989)
soils
(2.27-¢)’
Reconstituted Ticino Sand RC&TS 507 == =7 0.43 0.6-0.9 Lo Presti et al (1993)
l+e




1Y

N 2 Nuiuasaddeineives

!

n
i . DA . G o
M13197 2-2 (iB) AAITIvesANNTS small-strain modulus TugUves —™ = Sf (e{ij (G » P08 P, Svtthrendu kPa)
P, Pa
Test
Soil type A Fle) n Void ratio range reference
method
Clay:
Reconstituted NC kaolin RC _a)
327 (2.973-¢)" 05 0.5-1.5 Hardin & Black (1968)
l1+e
Several undisturbed clays (NC _a)
/ RC 327 (2.973-¢)" 05 0.5-1.7 Hardin & Black (1968)
range) l+e
(2.973-¢)
Reconstituted NC kaolin RC 450 A= 2 0.5 1.1-1.3 Marcuson & Wahls (1972)
l+e
(4.4-¢f
Reconstituted NC bentonite RC 45 At = 0.5 1.6-2.5 Marcuson & Wahls (1972)
l+e
Several undisturbed silts and clays _a)
Y RC 74-288 M 0.46-0.61 0.4-1.1 Kim & Novak (1981)
(NC range) 1+e
(7.32-¢)’
Undisturbed NC clay Cyclic TX 14 At 0.6 1.7-3.8 Kokusho et al. (1982)
l+e




1Y

N 2 Nuiuasaddeineives

M13199 2-2 (fid) AAINTBIENNT small-strain modulus TugUves

!

S 2

J (G, ., P'uaz p, fntaeidu kPa)

Pa Pa
Test
Soil type A Fle) n Void ratio range reference
method
e™? (average

Six undisturbed Italian clays RC & BE 275-1174 from e~ *: 0.40-0.58 0.6-1.8 Jamiolkowski et al. (1995)**

x=1.11t0 1.43)
Several soft clays SCPT 500 g 15 0.5 1-5 Shibuya & Tanaka (1996)***
Several soft clays SPCT 1800-3000 (1+ e)_z'4 0.5 1-6 Shibuya et al (1997)***

* RC: resonant column test

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

XXX r . !
use O, instead P
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2.2.1 Effective stress state

NNANITANYINUIIAT stiffness VBIAUALAUBELUAT mean effective stress T8 principal
effective stress JUN 2-3 UARIFIBENNVDINANTENUVBA stress level #d shear stiffness YosAUYA
#19°) (Coop & Jovicic, 1999).

——— Dog's Bay sand

- === decomposed granite (Korea)

— — Ham River sand

1 - {3- Greensand (reconslituted)
il —[} - slate dust (Rampello et al., 1995)
10000 3 —— Thanet sand
J —&~— decomposed granite (Hong Kong) 5
4 — & - Rankin (,‘ﬂ
R Z
0- 1000
3 E
= 3
o ]
E —
T} 4
100 =
4
%
!0 ‘lll] T T ||l||l| L] T I'I‘IC'_' T l'l'"l
100 1000 10000 100000
p' (kPa)
(a) sands
—  sands
====kaolin
— — Fucino clay (Rampello el al., 1995)
e London clay (Rampello el al., 1995)
4 Bothkennar clay
10000 = Vallericea clay (Rampello et al., 1995)
3 —©— NadhField clay (Rampello et al., 1995)
] i~ Boom clay
E 1000
2 3
<] 4
E —
(U] -
100 3
10 ‘1'(' L) l‘ll!)ll L) 1 llfl’ll T T l!llll!

100 1000 10000 100000
P (kPa)

(b) sands and clays.

JUN 23 WanIenuves stress level siafn shear stiffness Y09AUYiA199 (Coop & Jovicic, 1999)

2-10
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41n15 (2-1) 9AUYRAAUAUKUY isotropic 881915AAIU Roesler (1979) WudAn small-
strain stiffness Gﬁuagjﬁlu principal stress fwmnsinatu Tngléviinis¥a small-strain shear modulus
971 shear wave velocity 1‘14(51"3E]F-_i’Naug‘dgﬂmﬁﬂﬁmm’iamuqu principal effective stresse u#ay
duldl Roesler (1979) Wui1A1 shear modulus %‘ﬁu@g}'ﬁu principal effective stresses lufieil
shear wave \iumanaglufinfioyniafuindoud Immﬂaj%ﬁuagﬁum orincipal stress Tunuadsann
fuszunuil miﬁuwuﬁlﬁgﬂ@ué’uhaﬂié’ﬂwawﬂuﬁiam (19U Yu & Richart, 1984; Stokoe et al,,
1985, 1991)

SUN 2-4 wa@neAn shear wave velocity Alaun1sly 3 Aemnesnaneiu (V. , V. . ey V

4 s—xy ? Vs-yz s—zx)

A1 vertical effective stress (o) agtintuluvuei horizontal effective stress (o, wag o)) 4
AR (Stokoe et al., 1995) Fawudne shear wave V,_, BllfiAnIsiiunuazfinveInsafoui

yasaun1ARuluLLl out-of-plane direction AgiiAAsH

f o', Change in Vertical Effective Stress

400 | — Direction of Wave Propagation
Particle Motion

(m/s)
%
TN
<

= .
= . !
Q ! ¥
2 300} o . b ]
= { 2 ] Q ; h
o Ve, o= [
3 ~a RUAN
& = :
200 L L 1 B ¥ ey o p 1
20 40 60 80 100 200 300
Vertical Effective Stress, ¢’, (kPa)

UM 24 mswasuwUadA1ved shear wave velocity lufiang 3 fianiaunnsieiuniglaanin
AULAULUY anisotropic (Stokoe et al., 1995)
aun1sfieaeiuviuesilfldiauedmsu elastic wave 8uq A1 P-wave velocity 9Uusgiu

effective stress Tuﬁﬁm&milﬁumqLvi’lﬂuﬁﬁLLaﬂﬂugUﬁ 2-5 (Stokoe et al., 1995)

A o', Change in Vertical Effective Stress
600 L — Direction of Wave Propagation
w Particle Motion
E | (T 0.
S Vi v *
=" 500 | i/( - flﬂ“ ® .
z | " seglpegoB
3 % )
o ®
> 400 v
D
>
o
¥
o
300 1 L o — | - 1 1
20 40 60 80 100 200 300
Vertical Effective Stress, o', (kPa)

U 2-5  msiUdguudasdves P-wave velocity luiiAinig 3 fimnsuansdeiuniglaaninaiy

LAULUY anisotropic (Stokoe et al., 1995)
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2.2.2 Stress history

stress history ILag current state Lﬁuﬂﬂﬁaﬁﬂﬁuwﬁﬁﬁﬁmaﬁiawqaﬂiim stress-strain 7 small
strain Inevialy stress history 2g85U18A18A1 overconsolidation ratio Hardin and Black (1969)
avenatidiufudrluluaunis (2-1) deRiansaunransenuvas overconsolidaion ratio lngldanas
NAADUIIN resonant column test AURULUTIIIAIEATN AL BT AUMSHaNINsaeUEsIEINS
(2-2)

A1 overconsolidation ratio (OCR ) Tuaunns (2-2) %ﬁmﬂugﬂﬁuaﬂ mean effective stress,

R="Pe geslsfimudn OCR Aannsnfiowlugy effective stress Tuuwais (OCR = Zvmex )
Y

\Y

Onar _ 1 (e)(ﬂj R* (2-2)

Pa Pa
Tun1ansanudiunanIsnadaay bender element kag resonant column test 1ae

Jamiolkowski et al. (1994) wan131@A1 overconsolidation ratio huiinansenumaa small-strain
modulus Y89R78819RUNTEIAIENINAITN1TNITUINTURSULUAIUBIAN void ratio 138U5e8WaD
nan1sAgauUlng Tatsuoka & Shibuya (1991) way Lo Presti (1994) 8udu31A1 overconsolidation

ratio lfinansgnumeaaAn small-strain modulus ¥849 sand $e

2.2.3 Void ratio

A1 elastic stiffness vashuagifistudiomarmuiiufisdunied void ratio anas Ul 2-
6 WANIFIBE19909N 15 UABULUAIAT shear stiffness fUAT void ratio VesRuYiam1eq el
annsaideulfioudn shear stiffness AfaldannAusdaierfuiiaianuruiwuiieiy AIveviany
viudaldilaue normalizing function Fle) fsagulumsnad 2-2 egalsfiniuen void ratio function
HiTuein empirical 31AT1ERININNNTTIRdEUVANE |YTinuazAuRaIE9Bia Fouarfeszdnse T

Tunsidenlammant

2-12
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ov'=ah'=200kPa
200 . R |
190 | . T == Haldin&Richart {1963)
—————— Jamiolkowski et al {1991) |
180 |- S VOO - S .- &' % Porovic {1985)
170 +
|
- 160
il
% |
EREE
< |
(0]

130 | -

| *® HRS (Ham River Sand)
120 | X DKS (Dunkerke'saiid)) e

L ® GB#10 ini F i

b Glass Ballot
110 -+ - opgr2 (Glass Ballotini) +

: +

0.6 0.65 07 0.75 08

Void ratio
(a) isotropic effective stress state
av'=316kPa, ch'=142kPa (p'=200kPa)
200 - e - 1
190 —=1 : |7 e Hardin&Richart (1963]
] e ——— Jamiolkowski et al. (1991)

180 | - . S S n 2o e Porovic {19856)

Gvh (MPa)

100 | 1 B R A i
0.6 0.65 0.7 0.75 08
Void ratio
(b) anisotropic effective stress state

JUN 2-6  WANTENUVBIAN void ratio faA1 shear stiffness #15U (a) isotropically consolidated

sample wag (b) anisotropically consolidated sample ¥89 HRS (Kuwano, 1999)

9813l5AAIUNIIANBINIIINNITNAABILATIINN BT (Weiler, 1988; Houlsby and Wroth,
1991; Viggiani, 1992; Rampello et al., 1994 uay 1997) atiuayuinAn small-strain shear modulus

299 overconsolidated clay nel@anInANULAULUY isotropic 9zTUBEU current stress state, A1

Y

state variable, kazA1 mean effective stress Iaglidndudoaiansaal void ratio AatiuAT small-

strain shear stiffness @unsaazesunaluaminfuedivu 2 A1a1n 3 Ail Ae), p’way OCR  Aatiu

Y

aunis (2-2) sxgnusulnluaunis (2-3)

2-13
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*

Ginax _ s*(LJ RY (2-3)
P. Pa

TPeAATRINUNY * Wi lATALANULANANNAUAT S, N, wag K

2.2.4 Stress ratio

Yu & Richart (1984) wu3auns (2-1) lda1uisaldfunanisnaansfidan stress ratios

(N=q/p’) Qﬂléf FINNANITNAGDU resonant column test Wwnuinile shearing stress 39 stress
ratio Slenuiuduazsiiliien shear modulus Sfnanas oeslsfinudnen stress ratio Hoenin 2.5-3.0
HanseNUveeduran shear modulus 9¥eendn 10% wagaruisaiiarsuilaitegluniny
AaAAEuveInITTnaatlun1san shear modulus
nshunuiignBusumendalaeifeviareviiu Rampello et al. (1997) wudidn elastic shear

modulus 89 reconstituted clay S¥%#319n15NA@0U drained constant stress ratio test Huagl

%uag:ﬁ’uﬁﬂ deviator stress ratio (1J=g/p’) 1 elastic shear modulus \inuUszanm 20% e
deviator stress ratio tina1n 0 T 0.7 Hunianseiudu Pennington et al. (1997) wuinlunis
NRaeILUULREITUTAN deviator stress ratio lalfinanarn elastic shear modulus snviusniuly
WUIUDY

uanaNi Rarnpello et al. (1997) aueaunisdmsuiumierdudunisdaulasainaunis

(2-3) fawandluaunis (2-4)

*

Gr;nax — S;(%) R:;* (2-4)

lpg#l R, AoA stress ratio MelAanINANIALLUY anisotropic

2.2.5 Rate effect

SnsnslvinisiedeusvdeusulutladondefiinansenudongAnssuvesiiu nansenuves
905115 1ALS9RBAT stiffness Y89RUUTEILATINN1SANEI9INANITNARBY resonant column L&y
torsional shear 5@ triaxial (Stokoe et al., 1994) Feuanainitesnsnislausafiuduazyinleen
shear modulus LLTUIMTUN1INAADT resonant column luanImAITULAELRUY compression
agnalsfmumanismaassunsdinlunanuifisiuansind small-strain stiffness ladfufudnsnsls
LS9 Shibuya et al. (1995) AnwINanszNUVeY shear strain rate #8A1 shear modulus 91ANS
NAaDY cyclic torsional shear test wasnudlornudvewsaldsunianin 0.005 1y 0.1 Hz 5u
laifnansenusen shear modulus UBNINEAMTU shear strain TENNTT 2 x 107 AN stiffness 9z

lailafinansenuann shear strain rate, type of loading, number of cycles, way cyclic prestraining

2-14
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Teachavorasinskun et al. (2002) AnwLAgIfUNaNIENULBY stress rate AoAT stiffness 104
soft Bangkok Clay 21nn151aaes cyclic (compression-extension) triaxial tests A19RTIATLALTS
fiaulag vertical stress rate #9ilA1917 0.05 kPa/min d1915UN15LHASIMUY monotonic 881941
quile 1000 kPa/min d1u5un15lusILuy cyclic 9819157 HANINAABILEAIINAT secant Young’s
modulus AuwA strain Ununaid (e, =0.02-0.2%) WasuwawmunslasuuUaessninig
959

gﬂﬁ 2-7 wansmstasuuUaswes elastic Young’s modulus ¥esiuniingineii strain rate 9199
Faawiinuinen elastic stiffness unuazlafufuen strain rate (wan1smaasufefuiagline Lo

Presti et al., 1996 wag Shibuya et al,, 1996 A7e)

AL B e L e o Ac e

1

Ultrasonic wave

10°F L E

- L= 3

b ard rock core J F Y
..5 o

: i
S - s g 8- <l e
(VR

Concrete 1

Mortar Resonant-column
NE 10—!7 -4
5 3
~_—
£ S ihara soft rock (U)
— oo oon o= >agaminara s
L
Metramo silty sand (U)
L OAP clay (U)
10°F 4
oD 3
E . &CR3° G Wet Chiba gravel (D)
! o o Saturated Toyoura
S
v
L v g 'g o@}}\ir-dried 1
858 Hestun sand (D)
10°F °® @ & o 9 -
r N.C. Kaolin (CU TC) ]
wd s s s gud d N EPPTI BRI RN ST

Strain rate, €, (%/min)

g‘lhc/'i 2-7 WaNIENUVeN strain rate siaA1 elastic normal stiffness (Tatsuoka et al., 1997)

2.2.6 Aging uag time effect

NANSENUYBIAIAD stiffness Tuiiunndmiua clay ag sand N15ANWITIUIULIALARNITT
A1 small-strain shear modulus %Lﬁ'wﬁuﬁummﬁamwmwmﬁumﬁ (LU Marcuson & Wahls,
1972; Afifi& Richart, 1973; Seed, 1979 Way Daramola, 1980) Luanafldululife creep, n13
Lﬁﬁauﬁmaaaymﬂﬁu, LAz NTuTes interlocking wag cementation S8V BUNARY
SUT 2-8 wanen siUasuwlases shear stiffness (G) AUAI5EMINg creep 91NNISNAABUNY

Y

AU Dogs Bay sand fiflanunuuiusiiuas poorly graded 1ag Jovicic & Coop (1997) E‘Uﬁ 2-8(a)

2-15
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WEAPINANIZNUVDY ageing/creep @MMTUTEAU isotropic effective stress fi1gquas loading direction
#1199 HAN1IVAEBUALQN normalized AILAT G Léméljuﬁmm@ué NANITNABDILANIINANTLNUAE
inniisyiumnniuiazinisiiutuves shear stiffness auils 15% Tuszeziaan 3 5u Jovicic and
Coop (1997) euneinnsifisiuves stiffness (93U 2-8(b) Tnsiidaegaduagaieldnis loading
kaz unloading WUV isotropic) mmﬂﬂsmgmsgﬁ ageing Lﬁaﬂmﬂizﬂ’jﬂﬂﬁulﬂiﬁ creep (bN51E

volumetric strain ﬁﬁi'ﬂ,ﬂéjqué)

1-20
500kPa
1-15
=y
It
= 1900kPa
g(:i 1-10 o A
1:05 - /a:d_;‘f/;n
=" 2900kPa
1-00 T T T
1 10 100 1000
Time: min
{a) Influence of confining stress
1-20 ~
First loading
1-16 4
o
I
= 110
S 0
1-05 4 Unloading
3] Reloading
1-00 YT T T T T
1 10 100 1000
Time: min

(b) Influence of current loading direction
JUN 2-8  WanTENUYeILIan (creep) 6o shear stiffness Y0 9A10819AU calcareous sand
(Jovicic & Coop, 1997)

227 nVIRU

N1337UTIUVDN normalized shear modulus degradation curve ‘U@ﬂaummua@ﬂugﬂ‘ﬁ 2-9
(Kokusho, 1987) n31 modulus degradation 494 gravel 32371UN11U84 sand Wag clay nsldas
waeulumswinde confining pressure dnduuazdululafingw degradation curve i confining

pressure guNN9e1ANBgUBNLAUTLARdluFUT 2-8 (Laird & Stokoe, 1993)

2-16
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1.0

") Sand, 50 kPa

Shear Modulus Ratio G/ Gy
o
W

E Gravel, 50 ~ 830 kPa

0.0 ! L
o 103 10 107! 10°

Shear Strain ¥ (%)

g‘dﬁ 2-9 Normalized shear modulus degradation curves ¥a3auHEAA199 (Kokusho, 1987)

2.2.8 Recent stress history

A1 smallstrain stiffness vasRuasiUasuutadlag resent stress history MsiasuLUases
firn19904 stress path w3oszozna1ingaogiianiwaulduiiasfiszinansznuogiauinde
stiffness NNEY

Atkinson et al. (1990) Anwuierfunansenurein1siUaeunUasiiAniaues stress path ¢
stiffness U9 overconsolidated soil N15MAABIN1AU London Clay lagn1snadeyu drained
constant effective mean stress ( p) ag constant deviatoric stress (q') wazdwhnsmaaesiny
Aurindug e AMsVAdDUT LA NI AN AR LTI sufuLAR e TUT stress path i
anmanudusuduiinsu nanisveaaeLansin recent stress history finansynueEiwinge
NOANIIY stress-strain TUAENAT NANTLNUVBINANIIVDY stress path #i9AT stiffness degradation
curve #uandluzul 2-10 Feagld stiffness degradation curves fisnsiufausiinismaaousiavmn
9zn5297 stress path ey (@Jgﬂﬁ 2-10(2)) ililesandnegeiudl stress path history 14U
naun13gMLaaU (AO, BO, CO uag DO) LLazwqaﬂiimﬁ stiffer AL ARl ofiAN1904 stress path

foundu (D -0 - X) (@gﬂ‘ﬁ 2-10(b))
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l.l"ﬂ
*

p

1]

g
7
g 100 2 400
g — B Mean Pressurep’ (kPa)

(a)
A
40
(D)0—X

— Q

©

o

2

e

=

3

o]

=

T

@

0

1

Uy

102 107 10° 1
Deviator strain v (%)

(b)

g‘i.lﬁ 2-10 WaNIENUVDY recent stress history 79 stiffness degradation; (a) stress paths wag (b)
stiffness degradation 484 OX stress path (Atkinson et al., 1990)

2.3 Anisotropy

desnduAnannisanagneuneldussliudistaiueyninfiuasiesiauuy anisotropic
warRuariingfinssuuuy anisotropic AofingAnssutufufidniaves stress 3o strain finszsin
WOANTIU anisotropic @1u15095U1elne inherent Wag stress induced WANIY inherent
anisotropy HiNAINNAVBINTEUIUNITVUDNLALEN B VDIOYNIARAY feaNTun1INSTAENITIEEN
AIYBIDUYNIARUTENIN4NS consolidation %39 stress process alu“']%ﬁﬂﬁlﬁm stress induced
anisotropy IummLﬂuﬁqﬁuﬁ]zgﬂﬂss‘v‘iﬂmaﬁqaaaﬂisuauﬂﬂiw§amqﬁu%u%‘aﬂdw initial
anisotropy

mﬁﬁ’amaqimaa%ﬁamﬁmﬂiiuﬂgﬁmmiaLﬁmsﬁumﬂﬂﬁgmﬁaﬂu mode #1499 91N
MsfnwInuneansIAdsuLsadeuiifalng compression mode a@unsadiAnuinninfiialag
extension mode B89N AULANAISHLEAIINENTNAILLEY (FY Tirvises principal stress

WazIUINYBY intermediate principal stress) AxasangANITUVOIRY wanaNUNIsUAasULYAS
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! a va

AAN19vee major principal stress utadudraalunuilinfiagivhivedassadediunnn aeiunis
20NWUULATIETINIIAINTTUUFA (WU FIUTIN, NUYAEN, AUAL) ALADININTUIVVIARAL AN

YB3 the principal stress axes

2.3.1 Inherent anisotropy

NEANTIU inherent anisotropy 1131NEITULIRNTT anisotropic yosnuiiownnainnszuaums
WunuavanYULYeeUNARY Vaid et.al (1995) Anwmg#Anssu inherent anisotropic 984 Syncrude
sand laun1snaaau simple shear test (NGl type) wag torsional shear hollow cylinder test
A19E19AULUY reconstituded gninTeulAgITNITUUUAI9)ABTT moist taming Way water
pluviation Lag/%3e air pluviation HaN1TMARDILAAINGANTTUALANAsTTloWTeuFeE19ieTT
fifnafu 35 moist tamping lingAnssuil soft uag brittle ‘ﬁ?j@ 3% air pluviation l¥wgAnssud

brittle Woras luvnueiis water pluviation TAngANSTULUY strain hardening fauanslugui 2-11

80
a
i A®
0w = 200 kPa S
. Fines content = 12 % ®
-
40

Pluvicted
A o768

20—

Shear Stress T, (kPa)

Molst Tomped
s, = 0.767

1
[« 5 10 15

Sht_zc:r Strain v, (%)

JUN 2-11  wavesdsnsinIeudIeguAufenan15NAae undrained simple shear ¥4 Syncrude

sand (Vaid et al., 1995)

NaNIENUYDY soil fabric M@ small-strain stiffness ¥9IAI9E19IAUKUY reconstituted VD3
London Clay specimen lauanslugui 2-12 Fauansen small-strain stiffness Tuiieaniafieg (G,
G,, and G,,) nelaaninaruiAuLAeiiu (Jovicic & Coop, 1998) HANIINAABILAAIINEINTU

confining pressure #il39UuA1 G, 9zuINNIAY G, ~G,, Aslufuazil stiffness Tuuuiusu

1 :.; d‘ . .
1NN ULUIAALLB991A soil fabric
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. v

e

)

//
o P
> " v
b
£100 -
61 / = G
a Gy,
L th
8
— - T == T
100 2 4 6 84p00

gﬂ‘ﬁ 2-12  WeANISY stiffness anisotropy ¥84 undisturbed London Clay auldaninauAy

LUV isotropic (Jovicic & Coop, 1998)

NANIINAABILARIIT clay N18TFANINAULAULUY isotropic AzdlA1 G, 11nn31A7 G,
Us8704 50% FauansfeangAnssy inherent anisotropic L183431NN136RL38IAIV0IYNARUMTE?

(Pennington et al., 1997; Jovicic & Coop, 1998)
Jamiolkowski et al. (1995) a3U8n31du04 shear wave velocity TUlWINBUABLLIRIIINNG

A15NADULUAUNUALEAAILUATTIN 2-3
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A1 2-3  RI18IUVBY shear wave velocity TulluIupUABLUIFIIINNANITNAB U UL
(Jamiolkowski et al., 1995)

Site Soil type Vi IV, References
Montalto di Castro (Italy) Silty sand and silty clay 1.00-1.10 Jamiolkowski & Lo Presti
strata (1994)
S.Francisco-Oakland Bay Sand and gravel 0.88-1.10 Mitchell et al. (1994)
Bridge Toll Plaza
Alameda Bay Farm Island Sand with fines 0.85-1.04 Mitchell et al. (1994)
(Dike)
Alameda Bay Farm Island Sand and clay strata 0.86-1.16 Mitchell et al. (1994)

(South Loop Road)

Port of Richmond (Hall Sandy clay, silty clay, and 0.93-1.12 Mitchell et al. (1994)
Avenue) clay strata
Port of Richmond (POR2) | Sandy clay, silty clay, and 0.93-1.08 Mitchell et al. (1994)
clay strata
Port of Richmond (POO7) Poorly graded sand 0.82-1.00 Mitchell et al. (1994)
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 Island | Quaternary Alluvium Bay 0.91-1.14 Fuhriman (1993)
Mud 0.90-1.11
Site A Bolson fill 0.75-1.41 Stokoe et al. (1992)
Site B Fort Honkock (Texas) 0.57-1.08 Nasir (1992)

2.3.2 Stress induced anisotropy

WeANTIY stress induced anisotropy LUungAnssu anisotropy Heennsiuasuuaves
soil fabric fLARIINAAIMNAIILLAULUY anisotropic Wong & Arthur (1985) An¥INaNIENUVD
NEANITU anisotropy V84 dense Leighton Buzzard sand Tneldia3esile directional shear cell
meldmadeunuuliissuietn fogrsfiugninioulauds pluviation Taglaiawnfingsy inherent
anisotropy TuszuIULUILEU (SUA 2-13) seminanisideudn 0% aggnarunuil b = 0.4 dnwaz
494 stress path szwinansideud] 2 Junou ludunau A ﬁ?uﬁaasmau%gmaaulﬂﬁm effective
stress ratio (0 /0 ) fiftvun (nafiA1 major principal stress direction = () Lasngsaniuf

unload naulun 0 %/0 =1 Tutumeu B et afuazgn reload lnediA1 major principal stress
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direction = (I Faumnsnaanvestuneu A lnefvuels AP=0° uaz 70° (AY=,-P,) (93Ut 2-

13) Tudumau A 98iim axial strain A@UNNS unload

For sample subsequenlly
ot isotrapic in plane ol strain

Allernative

directions of —t_
deposition v Subsequenl plane
ol strain
\ il
For inherenlly / x X )
anisaolropic
sample .
‘r/ fa)
Y
Daposition 5 a,
direchion
lor
inherenlly
anisolropic
sample
/
¥
(b}
d W = |va - 'P.:'
& Stress path A
v . precedes siress
| ¥a Ay path B
i .
)
Ye

=¥

g'ﬂi‘?‘i 2-13  N15L989909FI9Y19AY, stress path, warileuvesn19ia anisotropy Tun1nageu
DSC (Wong & Arthur, 1985)

JUN 2-14 LAAINANITNAHDUTILAAINANTENUYVBY induced anisotropy f8 stiffness uag

=

dilatancy agnsdaaulastiuegiuanuaseaiinseyinluduneu A Fadurianisiie anisotropy Ll

Y

Ly

536U pre-strain LNTLAIDENAUILINGANTIN contractant WNTULaY stiff Ussas woRAnTIutEudy

a

Tnen151yUYeY principal stresses (AY=70°) azviliisiog19Au contract unTunazdnginssy

[
=

stress-strain 71 ductilexInWu NAN1INAABILLAAITEAUVBINGANTIYU anisotropy NYItAATUAIN

JURIU A
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B_tl.go'

l-for ¢, see inset

¥ ‘ 52
R d= ¢ =00 - — -

s v 1 /\\. -508
! L Arthur & 14g®
o Assadi (1 9??}\ =

+ ﬁ“"‘.‘__h_‘lliﬁ‘r
L il 44
5 ; jL ‘i 0 306 60 90
1 2 : :de
i 0% 9

- 1_ . /

= *

~ 3k
£
s

— 4-

~ 5k

g = 21°
-6 vyq = 177 (angle of dilation)
-7l vy = 18°

gﬂﬁ 2-14  stress-strain 989 dense sand ﬁﬁwaaﬂiim anisotropic (Wong & Arthur, 1985)

2.3.3  nsuszgndldmduiingqniu anisotropy
a L. S a X a o a a N
N1SVYUYDINANI9YRY principal stress HuAnTuiluunlulassasimnadmnssulgil U7 2-
15 WanLdY contour YBINITUYUVBINANIA principal stress VosAUAUNGNATIIUY
overconsolidated clay@sitAs1eilagid non-linear isotropic finite element (Yeats, 1983) Wan1s
AATIERUARIIINLA center line vasAUAUTUAUIZENNTEYIIAENISINTUVBY axial stress Tumnng

AsetuRUIINYIaInAuIzgnnsEinfienuduluanIn unloading Feaunsawiulaainnis

WasuwUawesr1veauiinssiniulufwes major principal stress 910 0° 1idu 90° 91nmans

Aasrzlnludiediuuilag Hight & Higgins (1994) vin14 Jardine (1994) ndann1si8eadlv04

v ¥
(Y L v

principal stress luauyanderdusianslugui 2-16 Iagauyandarduiignasidlufiu Thames

Y

Gravel (Ky & 0.5) U199@93196708 UNTUANNUIYeY overconsolidated London Clay (Ky & 2) #7378

FaNUINANTaINIINUTY principal stress ags¥ning 30° wag 90° Tutufuwilen
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Grovel “‘““*MP T 7T excawrion ano
K,=05 PROPPED WAL N

LONDON CLAY

15m
LONG TERM

London cia
K,=20

B SRR

31]171 2-15 L& contour UBINANIIVDY csﬂuv?nmﬁiﬂé’qumiu gravel wag London Clay
(Jardine, 1994)

N

. 10* 30 _40- '
' U‘;“':'r o,| o=0" u',"gHr
B c‘s,i, ___________ T T—
o, ot » ;'nﬁm.
%K 5 W, R

JU# 2-16  du contour ¥B4#iAN19UBY major principal stress TaAuAuvUTUAUWTgI80UN

MMTIATIEAlAY  non-linear numerical analysis (Yeats, 1983)

lumaujUanisiasisrilymimiaiainssudgiazauyfdnfuiingfinssy isotropic lunis
MINTUIHANTENUVRINITANYAYU Zdravkovic et al. (2001a) LARNWINANTENUVDINGFNTTH
anisotropic silowgAnsINvoIRUAuLUAwUiislasvinTmTzilludeduudsmeruudiiaofiu

WU isotropic (Modified Cam-Clay) wag anisotropic (MIT-E3) uanaininanismwiniiladaiily

'
a va =t

Wiguiguiudeyadn full-scale test YoaRuRUNNAdoUIWITRTIS1891UlAY La Rochelle et al.

(%
a

(1974) uag Tavenas et al. (1974) gﬂLLmimLLazgﬂﬁmaﬁuﬁuuumﬂugﬂﬁ 2-17
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: 30.5m

iR23

9

RIS

/@'P—b iR6 o |t
g d;ﬁf’ ' i i i !
£ T D S |

@ Settlement gauges
= Horizontal markers

N\
N

Cross-section A-A

¢ 7.6m >

23.7m L 46m

;J‘lJ‘ﬁ 2-17 (a) JULWITU tae (b) gﬂﬁﬂ‘um Saint-alban test embankment (Zdravkovic et al.,
2001a)

Y

- A Y a v U a i = . v i
E‘U‘VI 2-18 uanIN1siAaBURlULLITIUNIINYBIAUAULAEAINISIAG DY ’Jgﬂ.normallzed nIYA1

o

n1swndeudilukuIsivainganuszanalansunfAuauagddi JULBuduIman1sIasIEan

v a

WUUT1884HUY anisotropic 1Kanini1 AMINgeuesRuAuiURniaszilagiuuInaeIfuiuy
anisotropic karNan1INAasUlUAUINATIAUN 3.9 LUAT N15ILATIZRAILUTAINTULUUIIAD
anisotropic 1%%@3&@ undrained shear strength a1nA1SNA@DY direct simple shear (DSS) ha
triaxial compression/extension AUAI8819AUTN isotropically consolidated Tunisnduiunig
AATERdUsEmTukUUIaed isotropic 14Yaya undrained triaxial compression strength wa
a v U a da wad = 1 a Aa Vo

WATILARAIAUFIVRIAUANNITAT 4.9 1UmT (30 1 WRTEINIIAR3Y) WRaNIATIeilad1un

Wulvilesnanasiasuulasiianiges major principal stress suszUIUNITIUR
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n

— [
—— MIT
------ MCC - TXC
— — MCC - 1.25xDSS

Normalised horizontal displacement, u/u,,,

0.5
| <
0 L
0 05 1 15 2 25 3 35 4 45 5
Embankment height (m)
5UN 2-18  n1swIuliieuauaueIAuAunItRIINNITIATIZIRUUANNY (Zdravkovic et al,
2001a)

2.3.4 UPUVD9AT A LAz b
YUINVDIAIUUTENBUVD stress vector JUBEURANIINL AN UTULAUD19DY Be19lsAnu

Y
£ (%

A1 principal stress axdifiAN1LAZYUIAAINIUTUANUAANIIVILAUD DY FIUUAATNUDIAIULAY

A1115085UN8AIY stress tensor AYANNNT (2-5)

T =7z, o, 7 (2-5)

nMsiasanannwaunadals 7,=-7,, T,=-T, Wae =T, MUuldensimulsdass
6 AollenuannauAuRoALUAAUNTEY uanANTdiEusadiEusadeuENINANNLAY

AIEANTINUATUIALAZ TIFINIVDY principal stress V191w mﬂg‘dﬁ 2-19 LLamﬂ'mmad principal

stress ﬂujﬂam (a, ,BLLaz P

oo 0 O
T'=|0 o, O (2-6)
0 0 o
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T,

.

(a) Independent stress components (b) Major principal stresses

JUN 2-19  d1uUTEnouveInuAunnTe UL AUAAY (a) d3udsenaunanua (b) major

principal stress

Tuanmialunadmnssuugiitunisivanvesiuazsiintuluiirniauwsalduaaedlanaiuids

N I [e) o LY . ISP .
AANsalladnAyy o = ﬁ: Y=0" @1m3u normally consolidated clay 9gdA" vertical stress
11NN71 horizontal stress AU O =0, Way Oh=0,=0; <O, 1uNn19a539 18819150 heavily-

overconsolidated clay 3¢ vJu 0,>0,, 0,=0,=0, kay O0,=0;3 Tun1sedurgrunved
intermediate principal stress agl4#auUs intermediate principal stress parameter (b) f9@uns

(2-7) (Bishop, 1966)

!

0,

!

O,

!/
O3

b= (2-7)

’
O3

£%
P

Weedutganinalnuiruaigdluusimaiiazlaiia b=0 uay a=0° @1%5u normally-

consolidated clay wagA1 b=1 uag =90° d1%3U over-consolidated clay @1m5uanInANULALY

WUV plane strain AzdiA1 6=0.3-0.5

2.3.5 WAMIANYINANTENUVDY OL WA b AINHANITUVDIAU
91nWaudTedld A RNt uanasn shear strength way stiffness maaauﬁuagﬁumuwmmaq
intermediate principal stress (S?fqa%maé’wéh w5 b) LLazgmﬁmﬁmLmawaa major principal
stress (FaaBunomeiuys @) lulassaamaimnssulgidnaniuazgnnszyivheaninaiiy
wuiitudoulnedl 0 uay 670 waz #1 anmanudusuuiiliaansesiaedldlnensmaaeuly

wosufuRnisvaly
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1in15fnwiunuieieInungAnssy anisotropy vosfusins1eglaeldin3osiion1ee) 1o

triaxial, simple shear, directional shear cell, true triaxial, i8¢ plane strain ag9lsAnuATeile

o v A

ménﬁﬁﬁﬁamﬂwLL@ﬂﬁiNﬁuium’ﬁﬁﬂquamw anisotropy 184U wa3asiledruunnidediin
Reafunsmuauiiensuazuuiaueanuduliegnadaszuagtisdty stress/strain non-uniformity
WEOAAMANTITUENN

lumteilwnanfunuddoieriunginssu anisotropic vesiulaeiiuemmiddedoatuanmlsl

srungiiarseuginvesieguAuNgnIEylagan MAIUAUTNAN 196199989 major principal

stress axis (@) LarduuInA199v4 intermediate principal stress (b)

2.3.5.1 WNanIEnNuUvay &
D) dnwszuiein
Symes (1983) lavinn1sAnwinaves initial anisotropy lagn15MA@©U torsional shear fiu

f8819A1 medium-loose Ham River sand (HRS) 4Ln3e3a1838 water pluviation Aeldnsidou

BuusEU1ein éﬁa&haﬁugﬂ isotropically consolidated 1UiA1 mean effective stress (p § 1infiu

200 kPa Uazil back pressure i1y 400 kPa Litelifin saturation egeauysal feg1ehuazgn

LROUMBAT O WA b N NBANYINANITZNUVDINGANTIU anisotropy NelAEN1IEIZUIEU1 A1

Aufudeuaziindust1e monotonic IuNTEBTRAKUL stress-controlled Tuvauziian p=600
kPa wage b fifaadi YULBEIVBY major principal stress AownuAtaziUisunuaisening 0° way
90°

gﬂﬁ 2-20 WABMAN stress ratio (07/((3) fu octahedral shear strain (Eoct) 1NN1INAABU

HCA 718 /1 b=05 uagAn L 0gsening 0° uas 90° A1 Eq Hurulny

2 2 2 2 Co -
£ :%\/(81_82) (e, —&,) +(e,—&) wan1IMAABLAAIINAT stiffness VoIRUITANG

[

4 < = . , PO S - :
WBAT O WWHYU WEHRNTIN volumetric compression ELWUYULLD O LWNTU AN ultimate stress

ratio 92aAA99YNUINLLDNANINUDI major principal stress mgulilmml,maﬂ g‘dﬁ 2-21 WdnINIg
= . = ' .. =i . . /7
WavuLUasues drained strength @auanslaeAn friction angle 91 maximum stress ratio (¢peak)

18UANIINAT @ o FzanatagauINde @ vyuain 0° Ty 90° wenanfuwilduwuuiieaiu

ANUdMSUA b = 0, 0.14 uaz 1 fawidmansznuuingnaziindudle b=0.5
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=

a=225"
a=45" |
a=67.5"
a=%0°

4 2 X B »

L 1

0 2z & 8 8 10 12
Octahedral shear strain , E,., (%)

g‘dﬁ 2-20 A1 stress ratio AU octahedral shear strain 31nn19NA@0U HCA U isotropically
consolidated medium-loose HRS Ael@n15idounuuszuIBuf b=0.5 (Symes,
1983)

T s e S S

20

0 10 20 3 4 5 6 70 &
a()
g‘dﬁ 2-21 A" (I)’peak A1 peak stress ratio 3MNN1INAADU HCA iU isotropically consolidated

HRS meldmsideutuusyuietnil b=0.5 (Symes, 1983)

Wong & Arthur (1985) 11015129 UA10819AULYKIT8S dense Leighton Buzzard sand lagld

directional shear cell (DSC) #ifn b fimadi (b=0.4) WAYAIUANYIANIYBS major principal stress A

Arn19u0en1siivay O = 0°, 70° wax 90° @leg1sRumangneseusienislsefuasluwuu

Y
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sonwuuiduiiewiiolifianiswesnisi@ewiyuiuiiansvesnsviuadlamuseanisduandiugy

71 2-13 n379 strain-strain 9INNNAEBY 3 FEE1eNTINNTIEIVBS bedding plane #1eq (O= 0°,

70° uag 90°) lauandluguil 2-14 AIMSISULTURDULUUTEUIBUNTILAAINIY maximum stress
ratio (0 /0 %) asiUdsulunuyu & 53n3139ian19ves major principal stress (0 ) uaziifain
fiu bedding plane #1 stiffness azanafioAiyu & WnTY Ayy friction angle M3UR (@) anas

Wiou 5% Wedyu & wWaeuan 0° 1N 6=70~90° wansveaeslinssfiunanisvnassues Symes
(1983)

Oda et al. (1978) ¥in1snAaasfu Toyoura Sand Tuia3eaile plane strain n1eldnisidou
RRTETe N1INARBINTITAIVANYUUBI major principal stress fukuafs O sening 0° wag 90°
(neyy Slumsnaassiiisudisutuyy o Tunsfinwues Symes (1983) uar Wong and Arthur
(1985) ugteid 0=90-0) f?hashx‘iaugﬂ isotropically consolidated U7 mean pressures LU
50, 100, 200 way 400 kPa LLazLﬁauimEJmnﬁmmmLﬁiﬂuumﬁwu%ﬁmuﬁumzﬁmmmw o’ %
AsfinazAuANA1 O 5 TWiegeiing@ingsy plane strain (b=0.2~0.3)

WEANTIYU stress-strain INASNADAYDY deviator stress (O -0 /3) ¥ major principal strain
(€,) dwsunisidioudi 0 5=200 kPa léfuamﬂugﬂﬁ 2-22 %QLLaﬂqiﬁLﬁudwwqﬁﬂiim stress-strain 2%
softer loAn & anas (1 ¢ 1finTy) i stress ratio 7 peak deviator stress azanailoan & anas
Tnefetfenaniio §~24° uananiian volumetric strains (v lugu) aiiwgfinssy dilatant fowas

oA O anas winlduuvueiuiivesgfngsy stress-strain NazlaannsnnassiisyiuauLAy

DU
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s
L Plone strain test fx
10,220 kg/em?) /.
'
- -H"‘a -

- 0,-0, {kq/crnzl
o

31]17; 2-22  WgANITU stress-strain AINN15NAABY plane strain Va4 isotropically consolidated

dense Toyoura sand (Oda et al., 1978)

U 2-23 WananTUABULUAIYDIAT @ ey Uy & TosMInAaDsisziuANILAL 50 LAy
200 kPa erdsluanmszuieasfindudle 8 Wviulnedieosand 6 w19 15° uay 30° ¢
NARIUINEARNVY )0 USEUN 6°-7° NANSNARBILANANITINTITI891UlRY Symes (1983) uay
Wong and Arthur (1985) aei'mliﬁmmﬁ%%’a%u‘]ﬁﬁm’ﬁmaaq drained plane stain, true triaxial,
Iag torsional shear iU Toyoura sand ﬁiéquaﬂiiu stress-strain Way strength AdnefuTisIEu

Tne Oda et al. (1978) (Tatsuoka et al.,1986; Lam & Tatsuoka, 1988a; Miura et al.,1986)
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A

7 S S T -

¢ 'peak (°)

T - SR W NER I RO T S T

AU I S B o550 kPh
R R B i S S S s

0 0 20 30 40 50 60 70 80 90
o a 5‘“] 14 PN %
JUN 2-23  WeRNTIN anisotropy U8 mobilised (1) 7N peak 31NN1INAABY plane strain NU

isotropically consolidated dense Toyoura sand (ﬁayjamﬂ Oda et al.,, 1978) (nei

oL =90-0)

v oy
o = 1 a J ¥ LY a a

Wudedrdgdosdfsimg@nssy anisotropy 183 @7 duTuivelinvesiuegieuin Aude

Y A

=~ a 7 A a X aa < a = =~
VTEJ']UNLLU'JIUQJVWSQJV’]'] ¢ Nanadtdan aLWQJSUuELUGUszlWULﬂJﬂagLaﬂﬂaqf\]ﬂgﬂJﬂqiaﬂaﬂLWEN

(%
=

Lé‘ﬂﬁaw'%al,ﬁmu (Menkiti, 1995; Porovic, 1995; Hight et al., 1997)

i) anmilsiszuneti

Shibuya (1985) AnwAngAN3IuY83 undrained shear strength ¥84 water pluviated loose
Ham River sand (HRS) ifiA s @ f139lasn1snaass hollow cylinder Faog19AuILYN
isotropically consolidated 14U A1 effective mean stress p =200 kPa Wa¥LABULUU stress-

controlled lagmuaulyien total mean stress, p dA1AINIWNAU 600 kPa N1TNAABINTEYINTIAT &

WaE b A199)

=

SUT 2-24 wamsrpuLd oy Honulng g=(0'-0"5)/2) ffu octahedral shear strain (V)

Y

nelan1saunian b=0 wasllAn & 55M319 0° way 90° WOANTIU stress-strain 9 softer WAy

'
a

ductile Lilarn o Wiiwdu weAnsuldanunsadunalaain effective stress path wandlugui 2-25
LazIZEINALIAUINYA phase transformation aztAntIaIn3enIglUolin1snyuesfianigwes

major principal stress A15LUABULUAIUD9 undrained shear strength, s, (18149188 maximum
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shear stress mobilized Tuvauiun contractant) fuen o towanslugdidnuesgy 2-25 @1 s, lagn
normalized IagA1 mean effective stress ABUNTTLABU (p H=200 kPa) A1 undrained strength
anasegannien o Wasuan 0° lud 60° @ s, Wudutszana 2.3 windle a=0° Wisutuidle
a=90° wnltndentuiinuile 6=0.5 uar 1.0 wansgvuwuuBIRulsongfnssu undrained ves
pluviated loose Ham River sand (HRS) @@inwiagnanirevindlaeiaissile hollow cylinder (19

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

100 -

P:peak

g R:residual
80 R 2

3 |
| R
L. > M12

~ M13

(4] 2 4 ] ] 10 12

Yoct %

gll‘f"i 2-24  WANIIU stress-strain 31NNSNAFBU HCA 284 isotropically consolidated medium-

loose HRS 7 b=0 wazdlen oL #19 (Shibuya, 1985)

150
045 H
040 - Test oc b
035 - N7 o*
& 030 - MB 18°
2 025 £ N s =
A 020 £ M10 as®
015 - M2 80"
010 $-- w13 [
100 | 0.05
0 00) A i LA A A
z 0 10 20 30 40 50 60 70 80 90
z " i
o ()
| 7
=3 | M
o 1]
e M10
b—T1 e ]
| -
o 50 100

¥
(407467173, P (kpw)

E‘Uﬁ 2-25 Effective stress path 31nn15NAa03 HCA U84 isotropically consolidated HRS 7 b=0

wazdlA1 oL 6199 (Shibuya, 1985) (3Uidnuans normalized undrained shear strength)
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Shibuya & Hight (1996) wag Shibuya et al. (2002b) LAAINITNAADILUULABINUAY loose
HRS witn1eldanIn Ky-consolidation (K=0.5) fragsiuazin3oulaedsinerfusaznaasssie
wiesdlafenfufuiiléing Symes (1983) waz Shibuya (1985) fI9Eg19RUILYN consolidated 1U#
mean effective stress Wiy 200 kPa usn1snadaudldan 6=0.3 wihuszninansideuwuulyl
ssunenhdoilvingfinssuilndfuanin plane strain WaRinssu stress-strain wag strength finuan
nsnmaesiwileufuAinulushet sy isotropically consolidated anﬂsiuﬁ softer Lag weaker

winTuilon o Wintu uenantaziulatnainguil 2-26 91 anisotropic consolidation Agiiiy

IS

NANTENUSE undrained strength anisotropy A1 s, #i =0° fien 3.8 Wiwnndnd a=90° gﬂﬁ 2-

26 wanan15l8uLfisun1siUasunUavesan s,/p 5 NU Ol @1n5UNISNAABULUU isotropically

consolidated Midousiean b=0.5 (Shibuya, 1985) wag K,-consolidated ones (AA1 b=0.3)
07 1
05 _______ _______ ‘‘‘‘‘‘‘ ‘‘‘‘‘‘‘ _______ _______

PR RN Y O
: i Ko-consoligiated, b=0.3 | :

Sulp'o

N e e o

02 | I

lIso-consolidated, bx05
01
0 T T T T T T T 1

0 10 20 30 40 50 60 70 80 90
a()
g‘i.l‘i?i 2-26  WHRANIIU anisotropy Y84 undrained shear strength 31NNSNAFBY isotropically
way K,- consolidated HRS sand lagn1snageu HCA (Gﬁa;gamﬂ Shibuya (1985) way
Shibuya & Hight (1996))

WOANTTY anisotropy ¥o3AUlALIN1IANYI0E190NT Imperial College 151991 2-4 @3UN"S

] [
1 a 1 ISy

19861999 Imperial College U reconstituted clay waz silt §IdeinaridnuilaeldinTesile

hollow cylinder apparatus (HCA) fifien o uaz b #1499) E‘U‘ﬁ 2-27 L@MINITaNaIY8IAT undrained
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shear strength #8431n normalized A281A1 effective consolidation pressure (s,/p ARCRLEENo

WNTUINAINAABY K, normally consolidated fiu reconstituted soil

1397 2-4  N1INAaBY HCA AU reconstituted KO recompression clay kag silt 1a1LHuN1T9

Imperial College London

Soils Author CF h Ky b-ratios Inclinations at shear
(Year) [%] [kPa] considered a[°]
HK Menkiti (1995) 7 400 0.49 0,0.5, 1 0, 22.5, 45, 90
KSS Menkiti (1995) 44 300 0.585 0,0.5, 1 0, 22.5, 45, 90
HPF4 Zdravkovic (1996) 0 200 0.5 0,0.3,05, 1 0,15, 30,45, 60,90
HK15 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 7: Mean effective pressure at the end of anisotropic KO consolidation

KSS (peak]. p;, = 400 kPa
HK (peak), p., = 300 kPa

HRAS (peak), p. = 200 kPa
HPF4 (PT), p, = 200 kPa

2 = = »

1 1
0
0 10 20 20 40 50 60 70 BO 20

e gegress
glh?i 2-27  WgRANI5Y anisotropy Y84 undrained shear strength 7 b=05984 normallyKo-

consolidated soil (OCR = 1) 31ng1udoyav e Imperial College (Jardine et al,
1997) A1 S, 119N peak shear stress wasdi phase transformation point (PT) d13u

f19819 HPF4
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Nakata et al. (1998) ¥i1n151nae841 hollow cylinder (200 mm height, 100 mm OD wag 60
mm ID) L‘ﬁaﬁﬂquaﬂssme"LstsmsJﬁwm Toyoura sand Lﬁaﬁmimmaqﬁﬂ major principal
stress A29819LM38ULAYAT air pluviation wagldn1s vibration tieliileaen relative density #14¢)

(Dr=30% to 90%) #398199n saturated Laen1s flush A8 CO, wag de-aired water f38819gN

isotropically consolidated 1U# p =100 kPa ﬂ’rﬁLﬁauﬂizVT’]maiﬁmiﬂ’m@mm torsional strain
lagaduAulyiA1 b=0.5, A1 total mean stress p=300 kPa, wazilyuLde9udaNA major principal

stress #1199 (o)

a

sUN 2-28 wana effective stress path Wag stress-strain curve YBINIINARDIAINGT? 1ag

&

Y I

WUIIRIDETUIDY softer (BIIINGRNTTY stress-strain 1 small strain azlidnLau) way weaker

WoA1 o WNTU NanssnuvedAl void ratio (relative density) sengfnssuvasnutiulaagi
o Megandanuvuiiiuiinnd (relative density 11nn91) azuansnginssy dilatant lumn
YLB8IVRaIA major principal stress @mFusieg1andaNNMUILIUTREAEingAnTTU collapsible

waw brittle WaiMmyas major principal stress yuaaNINHUIA

Toyoura sandDr=80%)
p=100kPa, be05 "

50
T
o
< 00
o
- Z ar
=
B
ﬁ'a:nmc Teyoura sand(Dr=00%)
g 1 X (a) p=100kPa, b=05 (&)
0 50 100 150 200

3 4 5 &
p' (kPa) T (%) .

Toyoura sand(Dr=60%)
p=100kPa, b=05

150
= 10
=2
z e (4]
» '
Baddng 4 Toyoura sand{Dr=60%)
1 plane © g p=100kPa, b=05 (d)
% 50 00 B0 200 '

P (kPa)

Toyowa sandDra30%)

p=H00kPa, b=05

100

q (kPa)

q (kPa)

501

P (kPa) T (%)

gll‘f"i 2-28 WANIENUVBINANIIUBY principal stress #8 isotropically consolidated Toyoura

sand (Nakata et al., 1998)
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U1 2-29 wansA1 maximum undrained shear strength iU Qo dMSURDENSAUNE D,=30%

NUNINTanaIUeeAn s, Asanailen e Wasuilasann 15 10y 75

05 -
045 -
04

0.35 1

() F [OE CERS, (RRSES SRS SN [NESS (DCLREL cymoae e A

iToyoura sarid, Dr=30%, =05 |

Su-‘p.n

0 10 20 30 40 50 60 70 80 90
o ()
g‘ﬂﬁ 2-29  WgANSIU anisotropy ¥4 normalized undrained shear strength 984 isotropically

consolidated Toyoura sand (%yjamﬂ Nakata et al., 1998)

2.3.5.2 WansTNuvae b
) dnInszuret

Symes (1983) léjﬁ’m’l'ﬁmmaaqLLUU?%U’]EHEW?TU isotropically consolidated medium-loose
HRS (OCR=1) TniATasile hollow cylinder n13AnwrlgransznuveymBesveasiia major
principal stress LazaUIAUDY intermediate principal stress (Lanslaa@iLls b) LEARINAINAINAY
N139a89 hollow cylinder ‘v‘h‘ﬁ b=0,0.14,0.5, waz 1.0 mmzﬁm Q EANUALITENING 0° way
90°

N3 stress ratio Uag octahedral shear strain :MNAINAARIHMTUAY Q=45° lﬁLLﬁmﬁugﬂﬁ

2-30 NMSVAARUNNAN b=0.14 Uay 0.5 fiA1 strain NIUATpeNanLazilen initial stiffness way stress

aa =

. Q{I U d’lu . . va ¥ dl 1
ratio HAINNEgn N1INAEaY 2 DUUYLENS volumetric strain NIUVAUBYNEGR EU‘VI 2-31 WE@n9IAn

angles of shearing resistance (@§ M9a3UATIwanII1AT @ azildvunlasidntoadunis

[ '
= A

Waguwlaareaa intermediate principal stress A1fasINAgAvzintuilavin1siaeulnaanIn

plane strain (b~0.3~0.5) 1 stiffness wae strencth azfiAntosaniion 6=0.1

9
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wi

goooT

000

1
5 4
0

1 1 L L )
4 [ 8 10 12
Octahedral shear strain |, €oct (%)

[
rap

JUN 230  HaNIENUVRIAT bABNGANTIYU stress-strain Y8 isotropically consolidated

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

9 02 0z o6 o8 o
UM 2-31  manszvuvesAl b Aern ultimate ' we9 isotropically consolidated medium-loose

HRS (OCR=1) (Symes, 1983)

Sayao& Vaid (1996) vi1n15@n1¥1 medium-loose Ottawa sand 1 gldia3a9ile hollow

cylinder faegneunwIealngs water pluviation a¥gn isotropically consolidated U effective

mean stress p =300 kPa asanuuiegsazgnidenaivinieldanissuisiilaefivunn b
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1 a

=0,0.3, 05, uar 0.8 luvugifivuart & AIYINAU 45° JUN 2-32 LAAINGANTTY shear uay
volumetric ¥aamsvinasuvalil weRnssudl stiff fagnaziinduiie b=0.3 Faduanmitlndiuanin
plane strain WeFANTINN soft NaALazLAn volumetric strain 1NAgAItAnTuLLle b=0 A1 ultimate

stress ratio UAgULUAIBENIUINED b<0.3 haZlUATULUAILAEUINNEIINT HANISNAADINAT

AunTeaulag Symes (1983) @1 stress ratio avilasunlaaiissantaeiilon b wag OL 110

D,=34%; O=300 kPa; o =45"

0.0 ) 04 s 12 1.8 20

10 F r ¥ -+ T T
0o 02 0.4 0.8
£ (%)

glh'?i 2-32  NANIENUVBIAT b ABNHANTIY stress-strain Y84 Syncrude sand (Sayao & Vaid,
1996)

Ul 2-33 uanadeya drained strength Aidnwalnegidonarsau (Ochiai and Lade, 1983;
Lade and Duncan, 1973; Lam and Tatsuoka, 1988b) ﬁwmaaﬂﬁ"uau isotropically consolidated
(OCR=1) AsfiddayiinuAed drained strength szifiududionn b ifinduaudedn 0.6 waziAae
vioanandniesndanniy mﬂmsﬁﬂ‘mmdwﬁé’aLLamasm%’mwdﬂwqaﬂiiu anisotropy £ana3

W99iAN19984 major principal stress 1/13414@%613&% bedding plane
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60

¢ (deg)

30

0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
o b
4 / ¢ Lade & Duncan (1973) - dense Monterey No. 0 sand, Dr=98%, CP=60 kPa
& Ochiai & Lade (1983) - dense Cambria sand. Dr=93%, CP=100 kPa

/ 5 < Symes (1983) - dense HRS, Dr=85%, p'=200 kPa
/ ® Lam & Tatsuoka (1988b) - dense Toyoura sand, Dr=80%, CP=1(0) kPa
4

31]171 2-33  WANTTNUVBIAT bAaNgANTIY anisotropy ¥o9A1 peak ¢ (USuUgenian
Zdravkovic (1996))

i) dnwliszueun
NNISANYIUBY Shibuya (1985), Shibuya and Hight (1987), wag Shibuya et al. (2002a uag
2002b) WEAINANTENUIBIAT b ﬁiawqaﬂiimquhjszmaﬁwm medium-loose isotropically

consolidated HRS Tagn1snaaou hollow cylinder Taavinn1s@nw17aA b=0, 0.5 uay 1 uag
WasulUasAl & 53118 0° ey 90° N3 stress-strain wag effective stress path 2MNN1SVAADU

We a=30° lauanslugun 2-34 nansgnuveInisiiinduvese intermediate principal stress diag
11Nd@1m5uAT b AUD 0.5 DIUIINTUANINGANTTU compressible 1INTUN large strain LioA1 b

wnPuaziingAnssuwuuliissusti soft, weak, waz brittle 110
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80 T
R SN UUUE SO SO OO e o SO D

1,

193

________________________________________________________________________

(o'

10 -

Yoct (Vo)

(@) WaRnTsu stress-strain wuuliiszuien

045 ; j =30

CYJRPY*S SRR SRR SN SR S —

035 : ——b=05
08 B Leecesnad CUBIRE, RE—— SRR S— = =1 1]
S 025

- AR SO N NI N S P

015

1"

01
005

120 4
0 80

40 oo R

R ; ; f ; $
0 40 80 120 160 200 240
p' (kPa)

(b) effective stress path Wag undrained strength anisotropy

Ul 238 wansgMUYesAn b AemgAnTIuYed isotropically consolidated HRS (OCR=1) (Toya
210 Shibuya (1985))
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%
1 [y

waAnssualvuegiudves & duandluguidnlugufl 2-3a(b) 1 undrained strength, s,
gn normalized Ingen effective stress ApunTsidau (p 5=200 kPa) dwmsuAn @ iidesnit 45° ag
lﬂﬁwqaﬂﬁiu undrained strength anisotropy dle b<0.5 pg1alsAnunIsUasunlaives Sy D9
40% AATUTAAN b 1N MEIRINAT A=45° Haves b axiluniulagi Sy ssifiutude 1.5 widle
A1 b diwan 0y 1

nan1snAaauvituedfeIiulasieulag Yoshimine et al. (1998) fiu loose Toyoura sand
FoE19AUAMSUNIITNAGDY hollow cylinder w3walaeA5 air-pluviation Wag vibration @29819AU
gn isotropically consolidated 1UfiAn mean effective stress p =100 kPa LLazgﬂLaaumSWamW
laiszunethiiAnues intermediate principal stress faqlamuaurl a=45° uay p Tins

571 stress-strain Wag effective stress path dmsusnegaduiitdoud b=0, 0.25, 0.5, 0.75,
way 1 lfuandlugu 235 Tnewuiwnldilaelumiloutuiildesunsluuga e b fstua
yilvngRinssufiu weak waz compressible 1nntu eenslsimunansznuifaziiunniile b fledes
idleifisufiuyes HRS nMs1UasuLaswesAn nomalized undrained strength léfLLamﬂugﬂﬁ 2-36

IngiUTeuiiguiutoyaras HRS i a=45° willouii 3n3ULAAIINANTENUYRNAN intermediate

principal stress HuuINAI1@IUsU TS ilsuiu HRS egstesndmsuan o Mauladl A1 undrained
strength 984 TS anas 1.8 windler b wWaesuain 0 1 1 Fsanawnnninwes HRS Useunu 28%

200

TT———
Toyoura sand, D=31-34%, a=45° e

(a).

-y
o
(=]

a,~ o, (kPa)

100+

50+

Shear stress, g

0 5 10 15 20 25
Shear strain, 1 =g, ¢, (%)

200

Toyoura sand, D,=31—34%, a=45°

a, - o, (kPa)
@
(=]
o

e

(=3

(=]
T

Shear slress, q
W
(=]
T
o
"
=

0 20 40 80 80 100 120
Effective mean principal stress, p' (kPa)
14

;5‘1]17; 2-35  NanIEnuIed b sengAnssuwuuliszu1e1ve isotropically consolidated Toyoura
sand (Yoshimine et al, 1998)
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045 f-vomrbonens

04 4

0.35

Sulp'o

0.25 4

0.05

03+

Toyoura Sand

HRS

02 03 04 05 06 07 08 09 1

b

NaNT¥NUVBIAT b fi® undrained strength 984 isotropically consolidated sand

\@ouil a1=45° (fa3ya91n Yoshimine et al. (1998) wag Shibuya (1985))

2.4 NISIANGRNTIY stress-strain

WOANTIY stress-strain VosRULUAAIINFMTUNTIAT BTy maIeInTsuugi. mewme

1

URaiTsvarnuanelunisussiliung@nssu stress-strain Uag stiffness vaaRunsluieslfjufinswas

luaun 38n5inen stiffness vosiuazunnasiulunuvuiavesauaseaiaula UM 2-37 wans

YBAUAVBIANLATEAZINTUNITNAGBIAN (Ishihara, 1996) TIANULATEAgIIEMINEauNElEnNS

NAADILUUNIANY LY triaxial, direct shear, wag unconfined compression test Tua g

ALLATEANIANAILINAEARLEN1SNAABY dynamic loading 1ne wave propagation technique LU

resonant column test kag Bender Element test @duluauiufaiunsaldnisnnasd in-situ shear

wave velocity tests, cross-down hole seismic test, ¢ pressuremeter test
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Magnitude of strain 10° 10° 10* 107 107 107
Wave propagation, Cracks, differential Slide, compaction,
Phenomena vibration settelment liquefaction
Mechanical
Elastic Elasto-plastic Failure
charecturistics
Effect of load
< S
repetition ~ -
Effect of rate
<
of loading
Angle of interal
Constants Shear modulus, Poisson's ratio. Damping friction, cohesion

Seismic

wave method
In-situ In-istu

<

measurement vibretion test

Repeated >

loading test

Wave propagation

precise test
Laboratory Resonant column
measurement precise test

Repeated _

loading test

SUN 2-37  90ULURYBIAUATERlAEN1TARBIYTiafIeY (Ishihara, 1996)

A1 stiffness YasAuNlaaINNITNAADIA1SAEdALANA1eAY Asduiledinsiussulisuan
stiffness 9INNSNABDIRNAY ABINANTUTITEA)AY 11U
- strain level

stress state

ANSTUNIUVBIF IR

mode of shearing

stress/strain rate

- drainage condition
- discontinuity
Tuihdessliilazesuisasigienisnaasdluiesufiansuasluauuildlunisina stiffness

WATNERANTIN stress-strain VOIAUN small 89 intermediate strain
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2.4.1 mveaasluiesuqjinnig
i) Advanced triaxial test

nsvaaeq triaxial Wumsmeassildfuiniigaiiienis@numgingsy stress-strain vasuly
woeUfURnng lesnnisaseniinfsrnuddyuedn small strain stiffness vasAulun1sinsgn
Poymmadanssudgdt (Wu Msiessinisiadousiresrurnasiufunisiudsuulauosdn
stiffness 910 small strain) 39vinlludlagUuiinisWauiaiesile triaxial Lilelkaiursaindn
AuLATEATeIAuTlEnasuazuiug1iu n13nAans monotonic triaxial Inedl local strain
measurement nangifunismaasafidenldlunis@nuingingsy stress-strain veaiuluvouiun
AnueSEafinta Yefueanismaass monotonic triaxial Ae ALEMNTAlUANTAIUAN strain rate,
au1saTaAlalutnnuaseniiniig, AU150AIUAY stress path, kag ANUITANAABUATUNE

pgalsimutesinvesn1seassiaelianunsainan damping ratio sniulunisneass cyclic test

ii) Bender Element test

n1sMAaas bender element WauTulag Shirley and Hampton (1978) 1Ju3slun159n small
strain stiffness Taeazlde elastic shear modulus ¥04AUAINNTTIAAT shear wave velocity 7134
rugegnsiu srUUNIMAaes bender element annsafndslaluaiesiionaaeslutiosfoinis
dauann uilpeannagldsiniundesde triaxial (W Dyvik & Madshus (1985)) UL1AT8IANINATER
vushetsRuvesnisaaesiiazdesnit 0.001% (Dyvik & Madshus, 1985) Fatunisneassiavidu
nsaassiuulayinans

A1 elastic stiffness 7il#ann1smaass bender element agtiuusglovilunsszygaizusud
ANULASEALRY S UBY stiffness degradation curve d115UNITIATITRNANITNAGDL dynamic 138
small-strain cyclic loading wazduduiuusiigesnislunisiaszmdafiasdinsu non-tinear

numerical analysis ﬁmmm’%amﬁqﬁu (Jardine et al., 1991; Stallebarass et al., 1997)

iii) Shear-plate transducer

1Y
¥

JU 2-38 U@AININI19VBY shear-plate transducer FaUsenauniy electrode M119a8I6U
WAZIUIUAUTIANIIVDINIT polarization N1TLAADUGAIUDY shear-plate transducer AgFsaINAUTIA
NNATAUNNVOL shear wave NI5ARRAILATONED shear-plate transducer Hutiloufusas bender

element
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DIRECTION OF

SHEAR WAVE
DIRECTION OF PROPAGATION
TRANSDUCER
WOTION ORECTION OF
- PART
uomﬁu ELECTRODE
==y SURFACE
A T |

& & 0wk |
|
et 1
DIRECTION |
oF I
POLARIZATON |

! CERANIC

= T _\ MATERIAL

\ \\ CLECTRIC
CHARGES

ELECTRODE

= a SURFACE
Vv

g‘dﬁ 2-38 Shear-plate transducer (Brignoli et al., 1006)

Ismail and Rammah (2005) la@nwin15Uszandld shear plate tfisuiunisty bender
element HaNINARBILAAIINTOYAIIN shear plate WAz bender element ssiulsiAu 2.5%
ASITUNANISAN®IYDY Brignoli et al.,(1996) yenand shear-plate 9gL1112@UN21 bender
element Tun1snaaouAY undisturbed stiff soil, sand, LasAuds large aggregate LW31¢ shear
plate Lifinssumushednsiuainmsinge og1alsinu bender element wanzazlinnansiuiu

WTEI88UNINAIN

iv) Resonant column test

n1sMAaes resonant column tunsnaassiazaniigalunsiamg@nssu dynamic vesduly
#oaUfURn1s Hardin & Music (1965) ldaunenguiuazisnisvaaes nsnaaestdiugIuman
NANTIATILANNINGWHYRIAT shear modulus YBILNIAUNTINTLUDN AU IBAAAT resonant
Tunsmnaesanunsalil axial dedregrshuieglu triaxial A1 shear modulus Aildarnnismaassiias

WupArueIensl (Useunm 10° % to 1071%)

v) Torsional shear hollow cylinder test
130438 torsional shear hollow cylinder 1ufifisuldlunis@nwing@nssu anisotropy ¥4
Ay LU999NLATDILRUAINITAAIVANTIIVLIAYBY principal stress wag#iFiv19uas major principal

Y

stress Imﬁﬂ’liﬂ’mﬂumuﬂi 4 fAe axial load, torque, Wag outer Wy inner pressure YBNINY
faanunsanIuANkasInA back pressure wagvinnismaaawisluanmssuisnaglissuieun danu
WI9ANILVBULATIIVINAYNAIUANLYIN VAN INANTENUVBITIANIUBY major principal stress ay

YUINYBY intermediate principal stress
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2.4.2 n1sneassluauy

i) Pressuremeter test

ANINAABY pressuremeter test WWun1svEnenIINsTUanylufuesnluluIsall wgRnssuves
fuanansafnwldanmsiamarudukaymMsUasuulawesUSinasuaririvemssnssuenil lne
mwﬁmimamﬁmmsai’mm strength, stiffness, consolidation parameter, Wag in-situ horizontal
stress N1391A@89 unload-reload cycle a@unsafnwIngAnssu non-linearity va3nule

\n3eaile pressuremeter (luguit 2-39(a)) iuwimsenszuensndingiianudniidenisly
nauazkazinislinuiuly cell auaulngs probe LLamﬂugﬂﬁ 2-39(b) MsbiusauLl
wilaudutlyyi cylindrical cavity expansion mmﬁmmﬁwﬁuﬁlaammzﬁmsi’mmﬂ?{amwm
g9eU3ums ndsantiuarlins il pressure-volume change dearanunsalddinsizsinnan elastic

modulus, shear modulus, L& undrained shear strength 1o

’ \
Water pressure to expand membrane o | d b

7 A Y

VGas pressure to 4 B /,ﬂ 4 ¥ \

inflate guard cells Directions of 3¢ //AS' o2 \
principal stresses,” '~

/ \

! 7 A ﬂ. = k

\
I 4o, o e ‘ ~ )
[ Expandin ! \

xpandi
[N —— | T gy s e -
\ -

Guard \ )

=¥ - ‘ ~ 4
1 cell v TN v N ~<. !
o N F ¥ ~_!
- \ Brd f-— Directions of 7

j, — Pressure \ ot L7 N shear plane

cell B « s
(a) Vertical section

[ ot
7 |

f~—— Guard R ! : 3

cell

) 1 Vg

S e

(b) Stresses near probe

UM 2-39  Pressuremeter test (a) Meard pressuremeter Uag (b) A3Aulng probe

(Budhu, 2000)

i) Geophysical method

N1INAABIUUU seismic test LTUITN1IN g geophysics survey TuA% seismic azin19da
elastic pulse (138 continuous elastic wave) AINRIFULALTANITAUALLNIDUVDIAUNIYAAII|UUH?
Aulagld seismometer %30 geophone N13inTzEzIaluNIsIAUNIvRIRGUlUSIAs9 Al

Araniduitisiiuiu ndeyatagyinlfaunsliaseiv elastic wave velocity vasiudusine
wavdnuazn1sSevesuRy

135N 1MAABILUY seismic test #A1BLUU LU cross-down hole seismic test Lag seismic
cone penetration test N13NAABY cross-hole seismic test ﬁ?u%ﬁmaqmms 2 quﬁiisaxﬁﬁﬂLLaz

[
a o

AMNAY wave source wag receiver TUsEAULAEINUIINTUIITRTE oA 1N AAUTH I UNITHUNIITEIIN
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WRUNIEDITIsZAUANENET9Y N1InAaasdown-hole seismic test AflMaNN1IAAIB9 T UBDY Cross-
hole g aualdvguiIziiemilangy lagaghngs wave source TRIAULALINTEULLIANTIAGUIY
d" A = a9 va = v I . ' a
waouiluds sensor Neglaauluvau luurensdlenvasli source agluvguuay receiver aguuila

AUTIAZITINIINITNABDY up-hole method

[
v a

n13MAaBa cross-hole seismic method aglvidoyaiimieafutuiuluuuisy dunismaaes
down-hole seismic method %ﬁiﬁmgﬂﬂ’jﬂLLazmmmiﬁ%’a;&a%’uaﬂﬁﬁﬂdﬂLwiﬁ%’al,?mﬁaﬁmmi
source A& unnilenaaesfinnudnuniilesan energy decay

N13NAABY seismic cone penetration test (SCPT) Wudn3lunisman in-situ seismic wave
velocity %ﬂ%ﬁﬂﬂiﬁiﬂumﬁLﬂiwﬁ@mamﬁaﬁumau 1914 shear modulus Wag Poisson's ratio 113

NARDIUTENBUMENITINTEYLIAINITAUNIVBIATUTLAUNAIN wave source VURIRULUELD?

£% (%
aa o

984 geophone fncaglU seismic cone penetrometer fignnnadlulanafiy AduMALNIALET

shear wave (S-wave) wag compression wave (P-wave)
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U9 3 LATD9H8, F0N15NNADY, LATLEUNISNAADY

UNA 3 1AS893D, 19N1SNAABY, HAZLNUNITNNADY

3.1 uni

miﬁﬂmwqamimaaﬁumﬁméauﬂqﬂmwﬂuimqmiﬁ%ﬁﬂmw triaxial apparatus
ogslsinunisAnuilianunsansgilddeindosdefidldoglutiagtiu (conventional triaxial
apparatus) vio191nad 2 Usznis de () desiniedleiildtannuiduiazaunionliogis
wilugn uaz (i) fesindosiieftanunsanadeuuseiald Tnsanznisinauadontiu dosialile
asidendia 0.001% tnensTalildmnuduiiniuginldlnenisausnaiely triaxial cell Ineld
internal load cell uagn15¥aAnuduTiniusrfvhlalaenisianisndeusivesiuuuiavesdiogns
Aulnenss (local strain measurement) f\]’mmimuﬂﬁ]ﬁgﬁ'uiﬁﬁmiﬁwm local strain
measurement iR lgwilFamsannmAuLarAsAIenvesiiegsiuldlugie small-
uaz intermediate-strain ranges l#ogamiugn Fuirlugnisdnwidewginssunsdrvesiud
AnsATEnAnlFoesauysal (W Tatsuoka & Shibuya, 1991; Jardine, 1992; Smith et al., 1992;
Kuwano, 1999) n1sWaiu1 triaxial apparatus 1aen194 local strain measurement device Tu
triaxial test IfiFuagnaedunsslunsfnuwgnssuvesiu ludemmsssiniuanldingg
WaL3EUU local strain measurement wuuselagansunsinwuazantuidesianiilan Tu
AU local axial strain measurement A3l (i) inclinometer gauge (Wu Burland & Symes, 1982), (ii)
Hall effect local strain gauge (1 Clayton & Khatrush, 1986), (iii) proximity transducer (14
Hird & Yung, 1989), (iv) original-local deformation transducer (original-LDT) (13U Goto et al.,
1991), (v) LVDT (1% Cuccovillo & Coop, 1997), and (vi) cantilever-LDT (Yimsiri et al., 2005)
dm¥unmsiaunsruy local radial strain measurement tugslidesunivanetnifesaingsennia
n3asUnUMLEIszUU Local strain measurement filduntswaTuanuduansoslian
Scholey et al. (1995) uag Yimsiri & Soga (2002) Inglulasensiseiiasidontd LVDT dwiu local
axial strain measuring device Wag proximity transducer @5 local radial strain measuring
device

MINAABUMAURTY (stiffness) vasRufiseiumnunienmuindien1sinausvesniy
duazifleuiisiuduldZuinsfnudniviunieisounganme Wy msdnuiluaualngisensg
Ty Ashford & Jakrapiyanun (1999) wag Shibuya & Tamrakar (1999) uwazn1snaaeulu
ﬁaﬂﬂﬁﬁamﬁﬁm bender element 1ag Teachavorasinskun et al (2001) Teachavorasinshun et
al. (2002a, b) Teachavorasinskun & Amornwithayalax (2002) Teachavorasinskun &

Lukkunaprasit (2004) wag Teachavorasinskun & Akkarakun (2004) egnslsfinudeyadiuuinu

£
a v A o

MNPITeNFUReardlinginssuulsensidldlavinisinen lasinsidetidaginimeass

A28 bender element Lluiin lnedeyadnnnanisnaasdlulasinisi asdunisiindeyalu

3-1



U9 3 LATD9H8, F0N15NNADY, LATLEUNISNAADY

Futayaveshumilengeunsunny 8nilasinisilagyiinisfnen bender element luduiiliiay

AnwuInaU LU anisotropy

3.2 N1INAABN triaxial
TuduilageSuren1seonluuiIoNITITEURINIINAGBY isotropically consolidated undrained
extension (CIUE) d115U6ag1aAuuIflazluiuauiiaAnwingfinssy anisotropy v09ngfinssu

stress-strain luANULALILIA small way intermediate

3.2.1  32UUNITNNEABN triaxial LLUUSTIUAN

=

faugiiA3es triaxial wuusssumaziluasesdianisnaaeunideniianlunisfnuwingfinssy
stress-strain 91NN15MAARLUTEIUHURNIT NANITNARBIAINLATENNE triaxial LUUFITUAILDIDAY
lajasvioutiangAnssy stress-strain NUNA3IV09AY  TaesinasnuLaNDINAT stiffness VasAUNLAaIN

d‘ A . . v 1 1 d' 1% 1 . a d' ¥ .
WP309LD triaxial WUUSTIUANLLBENINANNLARINAT stiffness VBIAUNLARINAIS back calculation
ndeyanisiadeuiiluauiuegiaunn ddadevagegisiionvssiduaivnvesninuiianainil 1gu
ANSSUNIUFIBYIAY, N15IAAT axial strain AlaunAUlUINNISTAANUAUNIEUDN, WAL FNINVDY
1 < o o w = Y1 . a a 1 [

nsneaes aglsinutadudrdgnanfonisiaen stiffness MvuinAULASEARNATY

MUITHTIANIIUIUUINLEAIINGANTTY stress-strain VBIAUTY highly non-linear wazA
small-strain stiffness vasRuaziludeyaiidrAguinlunisiaszityinidanssulgi egelsh
muvIaresnseseafiaulatioguananNALaITAvENATEW triaxial 533UAT Fatulaiinas
) A L. A v . ) a . PR o a =
WauaIeslle triaxial Lol () aunsaiang@nssu non-linear lnagsuiiuglaslaniziinuin3en
\AnNIN Tawdin1siinszuuaegluniesile triaxial 19U 53UV local strain measurement system
LAYSTUU bender element Wiadn Tu small strain (elastic) stiffness wag (i) @ANUITONAADULTIA
1o

Tassnsideiilunmsimuiiaiedle triaxial wuussTUALNElRAINITARNBINGANTTY Stress-
strain ¥89AUlUVBULIAAINULASEATININTULABNISIALSEUU local strain measurement Way
bender element WAz AAILNIONAFDULIIAILALALNISHRLTEUUNITDDNLIIRN

o

3.2.2 139980 triaxial NHTuauITed
WMS4ile triaxial NMhgluauideiusenaunie triaxial cell, pressure controllers (DPC) 2 U,
d‘l I U 1 1 . .
LATBIUBINMNNY LYW cell pressure, back/pore pressure transducer, Wag controlling micro-
computer AMTHAUILATIINDABNITIANTZUU local axial wag radial strain measurement Lag
5¥UU bender element s¥uulAIatile triaxial Mldlucwideduanddugui 3-1 lagdiudszneu

A leadunensil
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Instrumentation

Internal load cell
Submersible LVDTSs
External LVDT

Proximity transducers
Cell pressure transducer
Pore pressure transducer
v
i i s—
¥
&

Function Generator

Back pressure DPC ' '

a o

5UN 3-1 szuuiATedile triaxial ldluanuidy

&
U
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i) Triaxial cell
wzeslatld triaxial cell ¥o4 ELE Ju EL25-4157 dwiufiiegafuvuiniduriAugnats 50 uu
wsslunwunusiafiog19iunsyyilay load frame triaxial chamber @111503945UAUAUNINTGA

1700 kPa wag load frame a@un3alviksanseyinungn 45 kN

i) Digital pressure controller

g‘dﬁ 3-2(a) Lan4 digital pressure controller (DPC) 1ag DPC A microprocessor controlled
hydraulic actuator LilemuaukazinmufuTeIsmILazNsIUAsuLasUTIns Tnendnnis
yosmevhanilduandlusuil 3-2(0) uazedunsluseandening Menzies (1988) svuuilld DPC 2 i
iloAruAuAN back pressure way cell pressure Tngn1stadusmeauy Anuazidsavesnisiauay
PuANANFulazNsUAsuLUATINASAe 1 kPa LAy 1 mm® YuiansvauesUiumsie 200

cm?

(a) gUee

ballscrew

stepper motor | pressure ptston

and gearbox cylinder |
| | pressure

¥ outlet
digital |* steps
control s
circuit
linear bearing deaired water pressure
transducer

—

[

analogue feedback

b) laazwnsy

gﬂﬁ 3-2 Digital pressure controller (Menzies, 1988)
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iii) Data logger

& [y

Data logger 7l#idudivie ELE Inadl 11 vosdaygiuiiosudygy1uves transducer Lazuensuay

[y

ey Iunoun s udyaulud microcomputer
iv) Microcomputer
. [ < v a s I 1 éjﬁl
microcomputer Mlun1sdaiudeayaainiaIesiioTasequiu data logger uanaNdaldluy

N13AUAL function generator wazdnLiu waveform 910 oscilloscope

v) LA5898a73n
tasesdledanlaluszuy triaxial 48791 intemal load cell, proximity transducer,
submersible LVDT, external LVDT, volume change transducer, cell pressure transducer pore,

pressure transducer, Wag back pressure transducer

3.3 MIWAILITTUU triaxial
1 miﬂ’wmuazﬂ%’wqqm‘%‘mﬁa triaxial Ingn9Lfinsz UL local strain measurement
dmdunisAnwinginssuvesiuluainueionvuia small & intermediate Tuanuideil
ww3asile triaxial Tevhnswawlaenisidiu local strain measurement Tud Tngluszuu local strain
measurement In153a 2 ¥in A9
- Local axial strain measurement system Ingld submersible LVDT
- Local radial strain measurement system el proximity transducer
uNIINETNSHALITEUU data acquisition WasevuaTasieTalnsimdrididrdsyuy
2. MIUILazUTUUTIsEUU bender element
Tnen1siaILIa1g ledutefadnsans

3. NISHAIUITEUUTIAADULIIAY

3.3.1 9%UU local strain measurement

TunisWautiadesdie tiaxal LAy submersible LVDT 1ii 014 9a local axial strain
measurement @wnglunisidentd submersible LVDT ilosarnanaudaussvesgunsal uawiinng
RIFETAIN proximity transducer Wfiald¥n local redial strain measurement mma‘ﬁ'lﬁaﬂi%

proximity transducer wasannlugunsainlidudaduiegafuinliienonising

i) Submersible LVDT
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qﬂﬂiﬂj linear variable differential transformer (LVDT) Aata3osiloTanisiadaudivia
inductive Tusfnazlivultiuy fixed-type LVDT sz LVDT Tuadensuiivuialveginlwazininis
Fregreuitauelngumndasnslduuu floatine-type aedlsfnna LVDT TudagUuilawiaian
uag water-submersible ﬁaﬁ?ﬂuﬂﬁ]qﬁ’uﬁaﬁaﬂ%’LLw floating-type LVDT wazldldluaiddod

gﬂﬁ 3-3 ua@na floating-type LVDT Mluaddod. Tavazld 2 fdadeiiduinwesinogediu
Tufiennefinssduiu dmdudiegns clay way uncemented sand JrannsfnRT LVDT #2801
wiresldiduBaRasiu membrane Wilulufu anduduazgngadis vulcanizing solution Tu
nsdlfildarunsaldiduls (du nsddeodneiu stiff soil w3o soft rock) Aazifiesindanae

cyanoacrylate instant cement Ui membrane

g‘ll‘ﬁ 3-3 Floating-type LVDT

Jafuea LVDT Ao: (i) linear calibration curve, (i) § resolution ﬁﬁﬂszu’lm 2x10°9% 919
1.8x107%, wag (i) Auades lunemseny LVDT Aidesiinde: () doems cell fluid Al
(1 91nFLkag silicone oil) BALIULUY water-submersible LVDT, (ii) s1awus, (i) u1alngy sntiu
WUU miniature LVDT, wag (iv) wwaldiuflazfindaues inner rod wns1znisideadues LVDT wielnd

anwiua (Yimsiri & Soga, 2002)

i) Proximity transducer

qﬂﬂ’iiﬁ proximity transducer A® inductive displacement transducer PvauuundnnIsves
msinauuudmaniviiainnisivaves eddy current luilave magideauiuuivdnazudsiu
asetuszezsznireniafudlans Tueddeild proximity transducer 1Jugunsal local radial

strain measurement N1SAAAIVDY proximity transducerlﬁLLamiugﬂﬂ 3-4 oy proximity
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= 1

transducer Izgnénegivillagialavgnnanalsaiuasvesitegslunuinssduiudusiaudnai

Y

[

lnganilgndnfiugiuves triaxial cell arwans Ualanglduru aluminum foil sUs19EmALY

o«

YUIR 5x5 cm? Aafdu rubber membrane 1agld silicone sealant n1siARBUNYBRIN L ULLISAT Y

Falae proximity transducer wazulsilunsdsunvasminuenveuduiaudnans

gilﬁ 3-4  Proximity transducer

UYofve proximity transducer Ae: (i) linear calibration, (ii) & resolution NAUszLM 0.001%
way (i) & accuracy NAUTEUNA 0.008% Tun19msed13 proximity transducer Afldeidsda: (i) N5
fadatlany, () s1a1wws, (i) tdaruisasinaulan Enduilisadresunduiivay), was (v) I

HansznUIINNsUABULUaBIRNAUTaUY (entiudivadnaduiitey) (Yimsir & Soga, 2002)

3.3.2 32UV bender element
) ANTHAILIKAZANSAARS

qﬂﬂiifl bender element A8 electro-mechanical transducer ﬁLUﬁauwﬁmuﬂaLLazwé’mu
Tiihndulunduan Tneuszneudie piezo-ceramic plate 2 Suiloufniundiefuusuivine sas
WUUBUNTY @Famnzanandu receiver) wazuuvvuy @ununzauazidu transmitter) 3‘01’71' 3-5
WAAY piezoceramic bender element ﬁsiaawsl,muaqmmt,azw’m meamaqmﬂ%’i’a@ﬁﬁmﬁ'aﬁ

nsewaliiNuTLIEnafInIavenfkaz lunenduiul et unaf s avees LAzl liH1aanun
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AatiuenlA voltage MIM%@RANUYEY bender element AuNTisasdafLarBNAUNLIIENARIRIFUN
3-6(a) waN9 N1 bender element \Uugunsal high impedance dwuldanunsagnanudulifiazi
AgiinN15an193s Aeludndudesdinistesdutinagaiuiulaenisld epoxy UM 3-6(b) wans

bender element Mn3euliifiefnndlugunsainisnaaeusiu

Electrode (nickel or siver)

/ Piezocreanic

Adhesive bond loyer
Center Shim
Adhesive bond loyer

\

Piezocreamic

Electrode (nickel or siver)

(@) lAT3a5719909 2-Layer piezoceramic element

Output Force
Shape after Deformation

Input Electric Field /4

v ot T O\_f

/

A
e
Piezo Lay 7

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

Shape before Deformation

Onginal Polarization Feld

Input Force
Piezo Layer 7 7
//
S —_ //
Shape before Deformation
Output Electc Field Original Polarization Fild

\"' out *

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

;J‘Uﬁ 3-5 Piezoceramic bender element Gi@LLUU@igﬂiuLLazsumu
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Bender
" . element
Piezoceramic -
plates
... Epoxy
... coating :
- Bilicon
- ubber_:
e Porous
"""" stone
7
Epoxy

7

G__‘;

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

gﬂﬁ 3-6 Bender element (Dyvik & Madshus, 1985)

gUnsni bender element annsafnasiluadosionasadlufesfoinmslinanvanslaeinag
AndsluinTesile triaxial wag oedometer Msfinsagunsal bender element TuiAdosile triaxial 161
LLaqugﬂﬁ 3.7 1ol transmitting bender element Aadad top cap @ ¢ receiving bender
element Andefi base pedestal Ei’suqﬂﬂiajﬁ'ﬁﬁ \Juegr98ufe function generator ey

oscilloscope

Signal generator

Local axial
gauges

Bender

elements ? :

cd

4

Sample in
hydraulic triaxial Oscilloscope
cell

g‘i.lﬁ 3.7 nsAnsa bender element (Viggiani & Atkinson, 1995b)
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i) Interpretations of arrival time
A1 small-strain shear modulus (G, ) ansafIINAINANSIveLAdoulden (V) 39
HUAIDE19AUAIANNTT (3-1)
G, = oV (3-1)
Toed p FeAruruiuiuesiu

LUAUUANMURANAIATBINTTINAT shear modulus (AG._ ) wanalaeauns (3-2)

AG,, _Ap  2AL 24t

max

max

Gmax p L t
Viggiani & Atkinson (1995) lasngauinsesldsseysgninalalaves bender element Liio

(3-2)

AUIMAT V, LazdiIAIIgsiaie fast Fourier transform Auadunsuniisuiuaauiidseaning

cross-correlation function Wag cross-power spectrum WoanaulinusulunsmseszIaIng

Wune () 10y +7% Fevilimnuiianaialunismean G, 1Wu 115%

X

JUM 3-8 wanadyey1ua1NN1IMAaee bender element N19alag oscilloscope aLIa1Udey
AausanIINAIdRTIiulieg 1 TaRuusyaaIinduNnfiasuazliAesdaau dyyiunsuasisy
WUTIYn 0 aravADe L iNTUILARA 1 naRINtuIzdnsUasuineg195InsT ndwintulsiinisau

avpnvauTeUnaundyy uznely

+10V—| —

transmitted

voltage

;IIiT[[IlI!IFII]IlT_T|T1_'\.
-0.5 0.0 0.5 1.0 1.5

T

5U# 3-8 dyay1uann bender element Minlay oscilloscope

Juwwiljualaeymiluniazinsanligeiedudeudiumanidiegensudygulaasusn (Fe
90 0) Msndudavesniuiiduiiedunanisndutivesnaunivazduislunisuanyinge 0 WWugaues
first arrival ¥84 shear wave 881971939 (Abbiss, 1981) ashqliﬁmmmiﬁﬂmmﬂmwaim Salinero

et al. (1986) uansindyruwsnilasueaaglily arrival wes shear wave usdu arrival vesadud
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38131 near-field component §93¥74678A11L57L911U compression wave Viggiani and

Atkinson (1995) 85018710115 W915841AAY near-field daunsavinlilaan G uinAuludis 14%

v
= LY

a819l5Anu Salinero et al. (1986) WU31N15LAATUYDY near-field effect YU UTZHLNIITLNIN

[

source kag receiver (L) kagf1 wavelength (1) 84 sine wave faiuIuay

[y I

uA frequency (f)
wazAMEvesndusy Tnedenudmannes wavelength sewing source wag receiver (R, ) ifush
wUsfimunuesdl

L fL
=TV
Foduagliiiin nearfield effect §1A1 R, winni1Uszana 5 walneiialanduldlnenis

R, (3-3)

AuANliA frequency ¥e4 transmitted wave dengaLiieene

i) 9INAVBINTIINAABY bender element

A151Aaad bender element (Dyvik & Madshus, 1985) 14 uusgdnlun15Iaan small-strain
shear modulus (G, ) vesiu fuddnduazUssauanudnialunisldnu clay, sand, way stiff
material 1914 cemented soil (194 Jovicic et al,, 1997; Ismail et al, 2004) wedudidaaninnIanIs

awietsi] (smail & Rammah, 2005)

o bender element 9zfasldidnlulusagrsiuiiosianisiadeudauuy bending Wiy shear
strain Tufiusouda0199xfunssuniuiieds undistured wag cemented Msvislilusioeis
Auszdoafuglimnauluniendiietandu epoxy 138 gypsum Feorvazyiliminnissuniu
fhoghafiuanniy

e coated bimorph azdudadiufulneassvinliduunlunazid@eviy Lazaudenieuss epoxy coat
WTIAAANITAN9AS

e bender element laimmzﬁ’m%’uamwmeé’auﬁqwmﬁmiazmamfﬁmﬁu epoxy tulunsal
Y4 electrokinetic treatment

e bender element azlasunansznuNAILAULUMBENAY TnglanizdunTensslatufing s
fiAnLlesaneuruszYes platen

e 5111 bender element Aaut1au149 (0.5-1.0 mm) Fefiuualiiunedinis depolarization 7 high

[ £%
[y

voltage a813l3AmuazTUBgUTIUILYBI working cycle waz3Us1NUBIAAY voltage N1geTu

Y

9199vRodlgdluaniun1saifdl signal attenuation 11 wulunstlaes soft soil w3e stiff soil 913

LYLLAUNINYD
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iv) Function generator
function generator ﬁ’l‘?ijﬁuLLUU Agilent 33220A Lﬁ'aa%’wﬂ?{ugﬂ sine 19U transmitting

bender element 1ny function generator @u150@319AAUNTANDNS 5 MHZ

v) Oscilloscope
oscilloscope T4 Uy Agilent 3000 series receiver bender element 9zafiu oscilloscope
1uSUARUNIIHIUAIDE1991A transmitting bender element oscilloscope 9 ADLADUAU

microcomputer K1 USB port tien1saunukazainevoya

3.3.3  STUUNITVIAFBULIIAY
N1IWAILITEUUNI SRR ULTIAIlnen 1St UnsalaantsaRudlUlussuu triaxial viy
\WHesanszuuAuansneenusinalawinty lngduninauife () ALieud top cap wag (i) Ao

d' . (2 o 1 = a a v dy
9 loading ram mLLammLmuﬂugUw 3-9 LagdINUALLRUANIY

- =] .
AIYBUN loading ram

fiaauil top cap

JUN 3-9  shunmdslunm s ssuunaaeulsasa
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) MINAUGTeNT top cap

top cap WuLduuuUAiTnguiieFuatenssnanes loading ram dauandlugud 3-10
ansoldldianmzmsmagounsinaminiy - fuiudsldiinisiaw top cap Tnsiauandlusud 3-11
warFonsEning top cap wa loading ram ﬁQLLam’lugﬂﬁ 312 \fielifanunsoSunsaiesening top

cap taz loading ram g1

gih'?'i 3-10 top cap WUULAY

Ul 3-11  top cap lunsiam

JUN 3-12  dnwnizveialdeusening top cap uae loading ram
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i) NIsNAUIAAYaUN loading ram
A¥aud loading ram (5811114 load cell wag loading ram) wuutinkandlusud 3-13 &
gransalglanignisnageulssnainty Audlafinisiauidudioud loading ram Tusisaians

Tugun 3-14 el loading ram anunsneenusafssiafogsmula

5UN 3-13  dnwaizveiaideui loading ram LWUULY

UM 3-14  dnwausveiaeuil loading ram AlATUNITHAIL

3.4 LWNUNIINAABY triaxial
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bNUNITNAADY triaxial Qﬂaamwmﬁaﬁﬂquamw stress-strain 989 Bangkok Clay i small-
train levels Inen1514 local strain measurement Wag bender element $2UA78  WHUNITNARDS
AOINISANBINANTENUVDI non-linearity ag anisotropy AONOANTTU stress-strain Y89 Bangkok
Clay Fauazinnisnaaes isotropically consolidated undrained extension (CIUE) fusethenud

AntuluifaagluluIey WHUN1SVAaes triaxial tnagulugun 3-15

Development of Development of Development of
local strain bender element triaxial extension
measuring system system system
v

Advanced triaxial
extension system

Isotropically consolidated
undrained triaxial
extension test (CIUE)

v \ v

Vertically-cut Horizontally-cut
specimen specimen

UM 3-15  UHUNIIVIAREY

Bnsveaed triaxial lakandly flowchart Tugunl 3-16 FeMmaasvesudaztunaulaasuiy

Tuidesald
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Test program

Sample preparation

\\/2
Specimen set-up

Determination of o}

\
Saturation: § = 95%

v
B-check: B=0.9-0.95

A 4

Consolidation: Measurement of

\ 4

Shear wave velocity

\ 4 e e e e e e e e e e —— —

Compression shearing
CIUE: Undrained shearing

Data analysis and interpretation

5U# 3-16  F5mnaaes
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3.4.1 Sampling
Fregsiuildlunisvaass triaxial fi undisturbed Bangkok Clay ﬁgmﬁﬂm piston sampler

YIAEUEAUINaNS 12,5 g (5 §2) feg199zgnAdaumy wax wagliusnwIneunIvnaes

3.4.2  MSATENARENS
MAIINTDITU wax Uag cling-film 98n3NFI9Y1RULAINLTIINTATIVFRBULNBAANINAIY
wizaudwmsuldlummaaey dfiddaunffiudiegesiu wu 1wy sesuan axlildiegaiuiluy

wenNdIiinevesiieg1vasgnanlviissunouazeadly soil lathe fpgraiuazgninlila

Y 1

vty wire saw Ididuraudnatslagiiiieg1eaniu 2 wila Ae dredrslunuifsiazitognely

[
a

WWIUBY ANNEIYRIAIBE 1ALz USEINM 100 UN Ams1evesiegeiliansluun 3-14 AwAui

Taannnswseusiag1saziinlulalunism moisture content

JUN 3-17  AM9199099788 19 UL IRARIUILDY

343 MSANAIAIDEN
ARg9AULYNANAINTINYRIATEIND triaxial Tngeiiunsulinuatevisaesinuietionsgy
11 bender element zgnauiiluludiregivaensd@ediiu. Lagiloann1ITUNIUAIBENAEIN

Y] v o 1 I val o ' ' vy Y] g Y '
n135AU bender element Whldagyigesians liidrsdsneulagldiinan wdi1ntuIzAToUAIDE
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A28 rubber membrane §8U¢ top cap Wy base pedestal az197 silicon grease Latlasiunis
& = ' ¥ . Ly
Funauazgly O-ring 19y

gavine triaxial cell chamber 3¥nUszNauLaLLANAIY deaired water 5ENI194NITAARY

M0819AUarUANEIaINTEUY back pressure telasiuldlidagfugaundilunazuindy

3.4.4 Saturation

fin151% back pressure 200 kPa tiiol¥saeg9iu fully saturated Tngldinalunszuiunis
saturation Useanas 24 d9las ns@nwmianguikagnisvaaeaieafiunig saturation vesiulagly
back pressure laasuelag Black and Lee (1973) Tuszni1enszuiunis saturation aziUa drainage
valve lgdfegnafiu ng full saturation vessegsiududssniuiiotesiuauiawaislunis
Fan15.UAsuulaeU3unnsvesdieg1afiu n8191nNTEUIUNNT saturation auysniaziin1sinen
Skempton B-value (Skempton, 1954) Tnawu31asfia1Useuns 0.90-0.95 330537U degree of

saturation 7 100% &wsu soft @19 stiff clay (Black & Lee, 1973)

3.4.5 Isotropic consolidation
RIINITLNULIITLNINNITNAAOY constant-rate-of-stress consolidation A9 1 kPa/20
minutes 18l fully drainage SgninatuUnazlaeenaINFIBE19AUKIU drainage valve AIAUANN
LazAETAAT excess pore pressure A1 pore pressure transducer R TUUUVDIAIDI1IAULND
n519a9v fully drainage u®N31NLT¥NI19NT isotropic consolidation AxiAN15TA shear wave
. o A a ¢ U v ¢ ' .
velocity 718 bender element LWBILATILNAIIUFUNUTTENIN small-stain shear modulus Lag

consolidation stress

3.4.6 Rest period

1%
a o '

LWia19ranNaNIENUYBY recent stress history agfisiing1eiuliunnnin 24 Falusneunsidou

3.4.7 Extension shearing
TuAdetazidousiogsnutuuliszutetndadunisanusalukuILAULUY strain-controlled
wazAduAu cell pressure 11AN Al extemnal strain rate iU 0.15 u3t/v wagInA1 excess

pore pressure MLANUU

3.4.8 munudeya
FENINNITNAADY triaxial HANITEIUAIRIN transducer Nanunvzgmiuliluasuiiames

N3¥UIUNTT data logging Azd1ARININEINIUNITIAAIN small strain 5$1INAITSNAY compression
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shearing Tugasiifeyaszgnifusmennudfivesyny 15 Junfidmsunisdeusuuliszuie doya

Y Y

femluusazapdoyadisal
= 38N
- Axial load
- Cell pressure
- Pore water pressure
- Back pressure
- Volume change
- Local axial displacement
- Local radial displacement

- External axial displacement

- Proving ring
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Abstract. The relationships among undrained shear strength from unconfined compression tests
(UC), unconsolidated-undrained triaxial compression tests (UU), and isotropically consolidated
undrained triaxial compression tests (CIUC) are developed for soft Bangkok Clay. The
experimental data are obtained from laboratory tests performed in this study and collected from
previous published studies. The validity of various empirical and theoretical relationships for
predicting undrained shear strength of soft Bangkok Clay are evaluated.

Introduction

The undrained shear strength (s,) is an important parameter for describing the consistency of
cohesive soils during undrained loading with an assumption of zero volume change. However, s, is
not a fundamental soil property because it is affected by mode of shearing, boundary conditions,
rate of loading, confining stress level, initial stress state, and other variables (e.g. Wroth, 1984; and
Kulhawy & Mayne, 1990). In measuring s, various laboratory tests are used in practice; therefore,
it is expected that different test types should produce different results of measured s,. Because of
this variation, correlations of s, measured from various laboratory tests can conveniently help the
comparison of results among them. This research studies laboratory test data of s, of soft Bangkok
Clay from 5 sites, i.e. (i) Chulalongkorn University (CU), (ii) Kasetsart University (KU), (iii) Asian
Institute of Technology (AIT), (iv) MRT Sutthisan Station, and (v) Suvarnabhumi Airport. The soil
profiles of all sites are summarized in Table 1. The soils of interest in this research are very soft
and soft clays which are located between 2-11 m depth BGL. The average index properties of all
sites are summarized in Table 2.

Table 1 Soil profiles of studied sites

Soil profile CU KU AIT MRT Sutthisan Station Suvarnabhumi Airport
Top soil 0-3m 0-2m 0-2m 0-4m 0-1m
Very soft clay 3-6 m 2-5m Not found Not found 1-8m
Soft clay 6-11 m 5-11m 2-10 m 4-9m 8-13m

Table 2 Average index properties of soft Bangkok Clay at studied sites

Consistency* Approx. depth BGL (m) w (%) LL (%) PL (%) Pl (%) LI
Very soft clay 2-6 81.6 914 335 57.9 0.83
Soft clay 6-11 72.0 84.9 33.2 51.7 0.75

*according to s, from UC test (Terzaghi & Peck, 1967)

Undrained shear strength from empirical consideration

The undrained shear strength (s,) from laboratory tests normalized with effective overburden
stress (ovwo’) Oor maximum past pressure (oyvmax’) iS an important index in evaluating the shear
strength and stress history of in-situ clay. In the field, different elements of soil are subjected to
different boundary conditions and loading stress paths. Therefore, the undrained shear strengths at
various points are different because natural clays are anisotropic. Various undrained shear strengths
can be measured by a number of different laboratory tests which subjects the soil specimens to
different boundary conditions, loading stress paths, and strain rates. Bjerrum & Simons (1960)
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showed that, for NC sensitive clays, the undrained shear strength ratio from triaxial compression
test (CIUC) can be correlated with the plasticity index (PI) and liquidity index (LI), as shown in
Egs. (1) and (2), respectively. Kulhawy & Mayne (1990) suggested the empirical relationships
between undrained shear strength ratio and friction angle (¢’) of CIUC test for NC clay as shown in

Eq. (3).

S

O_“ , = 0.045P1%5 (PIin %) 1)
vo Jciuc

Su 0.18 Ll in decimal 5

' = In aecima

Ovo cluc L|0'5 ( ) ( )
“u_ ~0.01204¢" 3)

%vo Jciuc

The undrained shear strength ratio increases with increasing overconsolidation, as measured by
the overconsolidation ratio (OCR = oymax/ow’). Mesri (1975) reported that the mobilized
undrained shear strength at failure ((Su)mob) under an embankment can be written using the
maximum past pressure (ovmax ) as shown in Eq. (4).

( at j =022 4)
O, max mob

In laboratory testing, sampling process inevitably introduces sample disturbance to the soil
structure, a major source of which is the stress relief involved in taking a sample from the ground.
This causes a reduction in negative pore pressure which causes a reduction in the effective stress in
the sample and results in a decrease in s,, the reduction of which typically ranges from 20-50% of
the “perfect sample” strength (Ladd & Lambe, 1968). Ladd & Foott (1974) later suggested the
SHANSEP technique to minimize the effects of sample disturbance on the strength measured with
the Recompression technique (Bjerrum, 1973). In SHANSEP technique, the specimens are first
consolidated well beyond their maximum past pressures to achieve NC state before rebounded to
varying OCRs and being subjected to undrained compression, extension, and direct simple shear
tests. The results can generally be written as Eq. (5).

S S
B o) o ©
VO /oC \'¢] NC

Undrained shear strength from theoretical consideration

The undrained shear strength ratio for triaxial compression (CIUC) as a function of index
properties can be determined from Critical State Soil Mechanics (CSSM) using modified Cam Clay
model (e.g. Wroth & Wood, 1978; Wroth & Houlsby, 1985). For NC clay, this relationship is given

by Eq. (6).

[Su,j =0.129+0.0043%1 (Pl in %) (6)
Cluc

GVO

from INS=(1—-L1)INR inwhich S = sy/(s, at LL) and R = (s, at PL)/(s, at LL). Typically R ~ 100 and (s, at LL) ~
0.017p,, where p, = atmospheric pressure (100 kPa).
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The undrained shear strength ratio in triaxial compression can be expressed by analysis of the
Mohr-Coulomb failure envelope (Kulhawy & Mayne, 1990). For isotropic consolidation, the
undrained strength ratio is given as Eq. (7).

Su B singrc'
(avo']uuc 1+ (2As —D)singrc’ (7)

in which A; = Skempton’s pore water pressure parameter at failure.

The undrained shear strength ratio of NC clays in triaxial compression can be analyzed from
modified Cam Clay model (e.g. Wroth, 1984) for isotropic consolidation as shown in Eq. (8).

( Su j —0.5M (0.5)" ®)
Cluc

Ovo

in which M = 6sin ¢rc’/(3-sin ¢rc’), A = (A-x)/1 = 1-C/C..

The influence of OCR on (sy)ciuc can be analyzed by modified Cam Clay model, as shown in Eq.
(9) (e.g. Wroth & Houlsby, 1985) which is identical to SHANSEP equation (Eq. 5) where A is
equivalent to m.

(sy/ow')oc _ OCRA )
(Sulow'Ine

Chen & Kulhawy (1993) theoretically approximated the interrelationships among CIUC, UU,
and UC tests by a simple stress path evaluation. This procedure requires Skempton’s A parameter,
os/ops’, ops’lowe’, OCR, Ko, and ¢rc’, where oz’ = effective stress for actual sampling, ops” =
effective stress for perfect sampling. Their results showed that, for ¢’ = 30° and OCR < 2, (Su)uu or
uc/(Su)ciuc can approximately be 0.40-0.75 and decreasing with increasing OCR.

Correlations among undrained shear strength from various laboratory tests

The index properties of soft Bangkok Clay have been shown in Table 2 as w = 72-82%, LL = 85-
90%, PL = 33%, PI = 52-58%, and LI = 0.75-0.83. The Bangkok Clay is of lightly
overconsolidated with OCR = 1.3. The CIUC tests from this study yield the friction angle ¢r¢c’ of
27° (M = 1.07) which is relatively consistent with other reported data (e.g. Yimsiri et al., 2013).
The isotopic consolidation during CIUC tests in this study give 4 = 0.25, x = 0.025, and A = 0.9.
The Skempton’s pore pressure parameter (Af)cjuc = 0.76. The values of s, of undisturbed soft
Bangkok Clay specimens are investigated by: (i) unconfined compression tests (UC), (ii)
unconsolidated undrained triaxial tests (UU), (iii) isotropically consolidated undrained triaxial
compression tests (CIUC). The details of experimental data are summarized in Table 4. The
resulting (sy)uc, (Su)uu, and (sy)ciuc are summarized in Figs. 1, 2, and 3, respectively. Best-fit
straight lines through the origin are assumed and superimposed.

Table 4 Summary of experimental data

Tests References Locations Test conditions
This study CU, KU, AIT
uc Shibuya et al. (2001 MRT Sutthisan Sta. specimen of ¢ 38 mmxht. 76 mm, £, = 1%/min.
Tanaka et al. (2001) MRT Sutthisan Sta.
UU  Shibuya & Hanh (2001)  Suvarnabhumi Airport N.A.
Cluc This study CU, KU, AIT specimen of ¢ 50 mmxht. 100 mm; &, = 0.025%/min
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The applicability of SHANSEP technique with soft Bangkok Clay is verified by the test results
shown in Fig. 4, the detail of which is not presented in this paper. The normalized behavior
according to SHANSEP technique has to be done with consolidation stress to 1.5-2.0 times of
maximum past pressure before unloading to various OCR (Ladd & Foott, 1974). Fig. 4 shows that
this process does not change the soil structure of soft Bangkok Clay and the SHANSEP equation
(Eq. 5) is applicable.

Fig. 5 shows undrained shear strength (s,) with depth measured by various laboratory tests which
are average values of the data presented earlier. The values of s, in order from largest to smallest
are CIUC, UC, and UU, respectively. Wroth (1984) recommended to use (Su)ciuc as a standard
“test of reference” for convenience in comparison of S, among various tests. Fig. 6 shows the
comparison of s, from various laboratory tests with (Sy)ciuc. The linear regression lines are
superimposed and their equations and R? are summarized in Eq. (10).

(Su ) uc = 0'790(Su )CIUC

R*=0.764 }
(Su )UU = 0'560(SU)CIUC

(10)
R? = 0.400

Undrained shear strength, s,(UC) (kPa) Undrained shear strength, s (UU) (kPa) Undrained shear strength, s,(CIUC) (kPa)
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Figure 5 s, profiles with depth Figure 6 Comparison of s{sfeortkRaarious laboratory tests

Fig. 7 shows the undrained shear strength ratios (Sy/oy, ") with depth. The values of sy/oy,’ tend

to be larger at shallow depth (< 4 m BGL) due to their larger values of OCR near the ground

surface. The s,/ay,’ at NC state can be calculated using SHANSEP equation (Eq. 5) with m = 0.9.

The resulting (su/ovo )nc With depth is also plotted in Fig. 7 which shows more uniform values with

depth. The average values of (su/aov, )nc Of various laboratory tests are summarized in Table. 4.

Table 4 also shows the values of (su/ovo sielg OF Various laboratory tests which are calculated from
SHANSEP technique (Eq. 5) using OCR =1.3and m =0.9.

Table 4 Average s/oy,  from various laboratory tests

Test types (Su/ 3vo Inc (Su/ B0 sield
Bangkok Clay* Boston Blue Clay (Mayne et al., 2009) Bangkok Clay* (OCR =1.3, m=0.9)
UC 0.17 0.14 0.22
9]9) 0.12 0.19 0.15
CIUC 0.22 0.32 0.28
* this study
Undrained shear strength ratio, (s,/ ;')
0.6 v 0.47 (Egs. (6) & (7))
0 0.1 0.2 0.3 0.4 0.5 0.6 \
0 = Eq. (2) \\
E 05 \ / 0.42 (Egs. (1) & (3))
CR B o
2 g  pmmmmmmm—m——ee- X=mmmd o e
%\ l/f ® 04 \ ® o o
Ao ,/ e D r S
£ ° SRCSe w0 !Q ° o
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Figure 7 sy/ovo” and (Su/ ovo )nc profiles Figure 8 Relationship between s,/ay,” and
with depth water content
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Discussions

Table 4 shows that the values of (S,/ovo )nc Obtained from this study are relatively smaller than
the data of Boston Blue Clay summarized by Mayne et al. (2009). Fig. 8 shows the relationship
between (su/ov,”) from various laboratory tests and water content. Various relationships between
(sW/ovo ) and index properties both empirical (Egs. 1, 2, 3, and 4) and theoretical (Egs. 6, 7, and 8)
are calculated using the properties of Bangkok Clay (considering effects of OCR according to Eq.
5) and superimposed. It can be seen that the values of (su/ovo )ciuc according to Egs. (2) and (4)
give better fit, while Eq. (8) are at an upper boundary and Egs. (1), (3), (6), and (7) overpredicts the
(Su)ciuc of soft Bangkok Clay. In this study, the ratio of (Su)uu or uc/(Su)ciuc = 0.67-0.84 (see Eg. 10)
which is larger than the data of Boston Blue Clay (Mayne et al. 2009), which is 0.44-0.59, and also
larger than that suggested by Chen & Kulhawy (1993), which is 0.40-0.75.

The undrained shear strengths for design of embankment stability (mobilized undrained shear
strength, ((Su)mob), have been proposed by Mesri (1975) as shown in Eq. (4). This yields (Su/6vo Ymob
= 0.29 for Bangkok Clay (OCR = 1.3) which is close to the value of (Su/ovo )siels Obtained from
CIUC test (Table 4). This suggests that the data from (Sy)ciuc can be directly used for embankment
stability analysis without any correction providing that the strain rate used for the test is close to the
reference strain rate indicated in this study. In Japan, (Su)uc is traditionally used without correction
factor (e.g. Tanaka & Tanaka, 1997). The results from this study indicate that this approach would
be too conservative for Bangkok Clay.

Conclusions

The values of s, of Bangkok Clay in order from largest to smallest are CIUC, UC, and UU,
respectively. The interrelationships among various s, with (Sy)ciuc are presented in Eg. (10). The
values of (su/ovo )ne from various laboratory tests obtained from this study are relatively smaller
than the data of Boston Blue Clay summarized by Mayne et al. (2009). The validity of various
empirical and theoretical relationships for predicting undrained shear strength (s,) and undrained
shear strength ratio (su/oy,’) of Bangkok Clay are investigated. The (S,)ciuc of Bangkok Clay can
be conservatively estimated by Eg. (2) (Bjerrum & Simons, 1960) and Eq. (4) (Mesri, 1975), while
Eq. (8) are at an upper boundary and Egs. (1), (3), (6), and (7) overpredicts the (sy)ciuc of soft
Bangkok Clay. The relationships of s, from various mode of shearing obtained from this study
show that the obtained ratio of (Su)uu or uc/(Su)ciuc 1S much larger than published data. According to
the mobilized undrained shear strength proposed by Mesri (1975), the results from this study
suggest that (sy)ciuc can be directly used for embankment stability analysis for Bangkok without
any correction.
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