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1.1 anuduniuazaudAgueseuidey
TuadniminsUgiieaniuulassasiemeianiiewstldnupsaulaniaesulsesnuluaniieg
QQJQQI U a a U = 1 v a a wva A 1 = v
WansgduanueTeaveiafuluszaugs lasauladissinlasairaasionidanield ald
PonLUUIATIanadeUMAesRunduiulunnsmmamunuvesiuinunsenssivgs weily

LAWRNlASIES NS UTAUTUT R ULNTUY IAANS D UMIAENSARBUAININTY 1IBlATIASN

a wva | 1 n‘d’a‘

Suinsefeudmitudlflifiandiusninnisidnuveddassaiaglianysel Jasudnsiauw
WBnseenuuumsisanuslndinadauduniseentuuiiaulanudunusse nineAuLdve sy
(stiffness) AuaAsEn nefiseiuaunseaaeiuiianauldwesdiunsiuiig asiuniedle
nldlunsnaaeufudesiniuaiusalun1sinaemnginssuauiukasAuAsenlaog1auy el
FAINGANTINAMIATEALUTZAUAT I IiN1sAnwAATenluszauidaudAguinluauau
NNTIATIZRUALDDNUUULATIATIIANGE
v v ¢ ' [ | a LY a N o 1 & v ' )
AnuduiussyIlugaaeuvesiuiuanuatenldnwue il udunsidagainsauvady
1 1 1% Y [l = . 1 a [ ° . < [l Al (% A a
439081903199 bkl 3 939 Ae () F39ANAATEATEAUAT (small strain) Wugeiilugdaidousien
Wovazas inszlugasiinnuduiudsyninanuiiulazauaisaussunalaindunuudanain
Fadu, (i) Yasanun3ensEaunan (intermediate strain) AuLdswssiuBNiiAanamINIUInYDs
AMNATEATIAudNTUS Sl DwTady, uag (i) 939RNULATEATEAUEIRELTHINAINLATER
11NN 1% luglalugdadeuszanatagnesiasuasausudanimdilndnisivh nismen
lugdadouansanseyilavidluiesufiinisuaglunipauy Juwnaedsnidamnuaunsalunism
' o a ) a ' ) & v a aal v ) .
AlugdaReunseiuaMIAIeas1e il artdudeudenionsmaaeulvivinzauiulym g Mair
(1993) lanuginsyauarnuaseaiindudmsulaymiveslassadeaiussaimainnigguay

ANNAINTAIUNTINANNATEARIVRATanAaeuluD U fURNTS
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TassmsidelAnwmginssuanufu-anuiedoauuuliidaduvesfiumionsanniiona
auantRmlugdaideudisziunnuiaieniuaziuieuiisudlugdadeuvesiumieailsan
nsmaaeuluiesufifimauasnmmageuluau Snvsdiinwanuduiusaudu-auedenill
dudupssluanllszuisihvesdundonsanmmg waginsinseidulsdmivuvuiiaes
ningsusneg nsmedeufuringldiniesdioauunuuasnageunuusagiaetuuuiiunn

AEasazidausuulissunein (CIUQ)

1.2 ngUszaAvadlasanisivy
A o 1 oo = Y = o a =
iadnrAluaRaReuNsEAUAINUATEARYBIRUNTEINTANNY

Wafny Mg AnsTuANUAL-ANUASEALUUlLLdUNSERUALASEAMUB AU IN TN
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oAUV UL Ng AN TINAdmuRumTE N gamNe

1.3 vaulunvadlAsaNisIdY
AnwangAnssuanudu-asieisanvuliidaduresiumionazdlugdadouiiseiu
AranaToait udusuidfisualupdadouestumieaildannismeasuiia 2 3 Ao mveasuly
vosUfiRnseiaiosauunuiunsmaaeuluaunu 1dun msdmalagldndundouiiadunuiia
puvaNE YmsilesgiiuUsdmiuiuuiaeamginssusne Ineldiniesloauunuaniiamn
Tneldnisiarnuneioanieluasivueesdaund esnnfumiendemsoulmsenisgnsuniu
iinlidedldingslunisnageuiduiegiawuulignsuniu (undisturbed sample) n1sMAdaUIL
LﬁuLLUULLiaﬁmﬂﬂié’mﬁamﬂﬁwquwhﬁ’uv;ﬂﬁﬂmqLLagiajﬁzmaﬁw (CIUC) Fruuvienun 8 frag

‘ﬂ?ﬂU%L’JEUIﬁ]ﬂﬁ’]x‘]ﬂEﬂWlW"’l

1.4  YUNDUNITAIUIIU

ANy TU AN AN 899I IAUFUNUSTENINIANULAU-ANUATIALUULLLT LAY AL
waneesEninnsinanueseanigluiunisinanuasenanaieuen nsmAlugaaRausIe

WULADTDALIUR

INN13RTIIdRULATR I BLALRUN TN LW Yin1sifieuaey (calibration) ¥odkaainit (LVDTs)

FISINADUTZULTOIULADSDAIUA AITIVFDUATDIAIUANAINAUUN (DPC) LTusiu

ANWITUNBULAZITNITIUNISNAADU LU NI UVBITLUULATDIANNLNY NITETINUVDITEUULIU
faa 6 [~4 v

WMDSDALIUA WA

IS5 UAIBEN

niouteRafafiegsluiadosamuny wdniufviinimaaouiiegnadieiniesanuunud
Ysudsaleeldnisinanunsenniely wazsiuunesdfuud

ynnsiesEideyaainnismaasy lomAlugdadou uagiaseviiuusvesuuusiasy
NOANTTUAE

yhmsiiusunndeyarlugdadeuainneauiu Ae msdsialagldnduindouiiadunuinsmy

MaNaTe naInladeyaanairauuwaznanisaaeuluwielfURNsuaNINMTInT G

1.5  Uszleyunaiainaglasu
NIUAALUAFARDUNTEAUAIULATYARIYBIA LT INTINN
NINUNGANTIUAMUAU-ALATEALUULILTAEUTSEAUANUATEAIVRIRWTEINTANN
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1-2



= = av o A o
Unv 2 Vli]‘i%}QLLazﬂ’m’Jf\]EW]LﬂEJNJEN

L

unil 2 vuefuazauIdeningadas

2.1 ANUAIAYVBIAIULATYATTAUAN
Tuafniminsugiieantuulaseasnenieifniienssldeu (working stress design) e aulad
aasuuse (strength) Yasiuluan1ieitaviseseauAUATEn (strain level) vauiadiuagluseiugs

lngaulafisainlassaiansiansivivsell sldeeniuuinIadlonnaouiasiunsIvesnung iy

) (% I

TURNNSMIAIAIPTUNIUYDIRAUNIDATANYIANULASIANTLAUAS A bULIAWEUTATIFS 15 UTI AN
Y

U % ¥ d’{ o Ya 1 1 U = = vV Q‘ a L% a -ds( = v
aadududeunniuvilniiaussulmdenimiadiuintu Welassasiasuiinisniadaiintuiiaugd
lassasiadeldifinn1930% wandhnnisldnuveslaseaiiasldanysal Jasulinsiauiisnis
poNLUUMEIsan1uElndin (limit state design) Fadunseenuuunaulaanuduiusseninemin

< a . [y a o v v ¢ <@ a a [y a
WaBIAU (stiffness) AUANULATEALADIAYANUFLNUSANULTI-ANULATER LABTIszAUAILLATEN
AnsAiuaEiA1ANULTeIRuA1sTY avdulnsosdlenldluntsnageuiufesiinnuaiunsalunig
F189INYANTIUANUAU-ANNATEALAREENYTA SaudangRnssuAuASealusedud ala
Y] A A v X | Y] a . v ] Y]
WauLATellon e liaTy 1wy nsinanueseanislu (local strain measurement) unlgausuiU
NIINAFDUAINLALU (triaxial test) o lRanuTaInAUIATIAlUTEAUAILATANENNUSTDIAIAI L

N v

wdavasfuiuanuAseanilanwugliBady (non-linearity)

2.2 ANUBTIVDIAUNITZTAUAIUATE AR

TaevlUidlonafeiaeiunsvesfuaznannianIfsuls o uresfuuINn AT UL s

=

BU9 LHUBIINNYANTINVOIAUITAINNTATULTIRUlAURENTIT UL wiRuliaunsaduusensla

[ 4 o =

MAAISINUTULIUROULAATINGSN AILUNITIATIZRRAZDDNKUUIATIAFI96199 NN UAT UGS

WALAADIANEAUIUAIUNAISULSIADU TIUNTILNANIDINFISUKTHROU

221 wngedarannuasAlugad

v A

TanNIngANTIURUUIAARNILAUARINTAUANINGANINFN N1EWRINTITNBULTI (Unload)

= v & , - o o & ' v = 9
Feagdonlulumunguesgn (Hooke’s law) An AUFURUTIENINANUAULAEALLASEAYRITRY

v A

Tnq fdnvasdudadu awnsavenlilaeendedinsiidaain ArdanafiniidAy fAe lugda

%mju (modulus of elasticity) M%@IMQET?I‘U@QETQ (Young’s modulus, E) wagdns1adiuidigs

(Poisson’s ratio, L)

Alugaatangu(E) doradndudandiuseninanuduivanuesealuuuiuny Ao

E=Za (2-1)

€a

el O, Ao ANUAUIULWILAY kAT €, FD ANLATEALULLILAY

2-1
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[y

% 1 a I I [ ! 1 a v v a dy
ﬂ?@@]ﬁ’]ﬁ’&ﬂﬁ?%ﬂ(o) UYIUINUUDRTIFIUTEMINANUATYALUITALNUAULATYALUILNY AL

v=——" (2-2)

€,

Tl €, fio AUASEAlUKLSAT

dmiuanlugdaideu (shear modulus, G) anansamlaainaNuduiussEnitenUAuLReu

1
v

a A I 44 i 1 o A 1 v ! L
LASAINULATYALRBDU mmsaLEUEJuMagslugﬂmamﬂu@aaawquuazammauﬁwﬂm NU
vt E
v 2(1+v)

Tne?l T Ap ANUAWLEDU kA Y AD AULASALdDY

(2-3)

AludagaUsuIns (bulk modulus, K) @1u1samilainauduiussenitanisivasundas

¥
v a

USumsiiuanuduaie asnsadeulieglusuresrlugiatanguwasdnsidiutivdld fsil
E
k=P _-__= (2-0)
g, 3(1-2v)

p
Toedl p Ao mnuduiade ua g, Ao MLLASEATIUIINAS
TngunAnuduNusSIEnINNANUALIRaULasAMNULAS UALdpuYasRullanwg Ll adu il
ANUTUTENINANUAURR U UAINAS EALRB UV O LU AR UTA1AR AN IUINAIUATEALR DU
ﬁaﬁ?umimﬁiﬂu@é’aLfiaumﬂﬁmmé’uﬁuﬁ‘izijmmLﬁuLaauLLazmmm%mLﬁaummiaﬁmﬂéf 3

JULUU AB

o

(i) Iu@é’alﬁauﬁu&’u (initial shear modulus, G,) fignunANUTUvedUdNNaNY ALV LLdY
TRapnududounasrunionidou sl

_dt

dy

(i) Tugdmdouduia (tangent shear modulus, G SemanAnutuvesduduiadissfuanuiui

G, (2-5)

Foams (o*) sl

_dt
dy
(i) Wwadadouduaud (secant shear modulus, Gge.) ﬁmmrmmﬂwﬁusumLé’uﬁmﬂmﬂf\;mﬁ%ﬁmw

G, (2-6)

= o v v *\ v &
feszAuANUAUTAeINTS (0F) el

G = (2-7)

sec *

Y
dmiumaienendyymmindenssussalinaiadinasldilugdaneuiuaudnasamives

[

MA9gaEn (Gso)
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222  anudunusveslugdaiuszauadunien

AudNTussEn U dadeuvesAuiuauAs uailanwagllady (non-linearity) #1310
wislfugasednanineg 1l 3 919 fie () F29mnuASeaseium (small strain) iugaedilugda
Bouflandovazait iszlutstanuduiudssninsmudunazenuesaUszanaldindunuud
anafndadu (linear elastic), (i) T1apaATEAsZAUNaNS (intermediate strain) AU wasAuBEy
dAanasmnvuInvesnuLasndenuduiusisaliifudadu alugdadouanasiiseiv
AeSEAUTELNN 0.001% dmSuRumdeaiiflaninnanafine (low plasticity) daudmsudumien
ﬁﬁamwwmaaﬂqa (high plasticity) ﬁﬂmaé’aLaauﬁmammﬁwﬁummm‘%smﬂizmm 0.01%, Lag

(i) F19AUATEATEAVAIRZITUIINANLATEALINNTY 1% Tudsilalugdadousvanategasingy

(%

AusuilanmidlndnsI0R daandlugun 2-1

[i} -!.i-‘l\'ll-lll_ G
r 3

N\
\

I
I
I
I
I
I
I
\ i
: AN OA
I
I

ARG Farndon N\

. d h .
izaua eI TR ‘\ iz

1
|
|
|
|
|
|
|
|
|
1

r

NIANTOATEAUR (log scale)

Uil 21 Alugdadoulurisuesnianadensing (Viggiani & Atkinson, 1995)

Jardine et al. (1986) lavinns@nwingAnssuauAuLasANATEALUULILTLEUTENINHY
Aulassasne TaevinsfnwAunteandan mnaiafneainiia s iy nenuiaInssussalimata
eI lWludBamud (finite element method) lAn §1us10, L@ WDY, 1TUYA, KAZNITNAGBUNINAS
W39AY (pressuremeter test) LIunsUsEI U@ NS NavesAUldilBadunseduniuasendi way

™ a Y} a a a a w 1 d' o a = a
Wigulsuiunginssudanaindadu nanisnaaeuaziiulunssduanueseawazmsdeguvesiu
meldannemssudmidniuanseiy Tagiiunisinseisenindasaieiuaiu Wy sukuunismsn
A7 NITNTZAUAIVDIAIULAUTITZAUALATEART ANENNUSTENINAMULAULAZAINLASYALUY

v A

Ligaduianuddnlunsmlugdadanguluauny wausngi Tuynnsdlveslasainasiieg fud
Usnalilaniasuazuinalndifssiinuessaintutosnit 0.1% wazinareadaiiarnaien
fount 0.05% MifuFedesiinisfnunginssuvesnnuduiusseninseudunazanuiedond
Tuthesgduaruaiendfsnuaienuunnatg
nsmalugdadouannsnnsshlévisluiesufoinsuarlunaaundeisivhnmaaoud

waneneiy uiagdsnidnmnuannsatunismealugdadeunszaunnuesenieg i msizasiy

aesdenIsnisnadeulimunzandutdygn Tae Mair (1993) levinnisuuzirtymveslasaasneiiu
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53EMATIARIN)INAMTRAITANTEAUANUATEATEAUTA LagANEINITalUNITIAANULASIARIS VY

iwsestlenaaeuluvioslURns Awandugui 2-2

Stiffness, G
'Y

Earthquake

\ <-4 Retaining wa

S

‘4 »  Foundations

1\\-4—D Tunnels

Is

] | 1 1 1 # Shear strain, £, %o

O O 0 0,01 0l | 1H

Bender

Resonant column |
J
Local

Special triaxial

.} >
Conventional

sUN 22 hvesanueseanvinzauiun1sageukar Ugyvnvedlaseaiia (Mair, 1993)

2.23  Uadeniinansenusanilugdsiaoy

[ a1 A

uiinsrufudinfissduanueieamannsaussuiuailugdadeunsiils wiilesyéu
anuadoaiintulugdaidoudidanas uoninlugdaidoudisntutiuruinvesrmiuiedonud i
wUsBuY WhuAetesine wu andliahiavevesiu ANANYTIVRITIDENAY TRT1dIuYeII
YPUIATOMIBUTI antizveshousstadomaiinadenmaAsuuasmwedlundaiou annsndou

Tugdvesaunisig Wla sl

!
G=f(op.eH,S1,C,AFT,0K) (2-8)
Tnefl o Ao MULAUUSTANDHE
0
e Ao OMIIEIUYDIINS
H Ao AULAUTIABNTEU (ambient stress) LazUseiRueIn155UUTIdU (vibration history)
S fln ANAIIUDUFINILUIUDIAY
T, A9 AP
C Ao dnvauzanizvondindu, JUsweudini, vwnveadadiu, auinnay, uss19
A Al YUIAVDINITEU
& a )
F fia ANDYBINTAU
T flD HANTENUSLYLNADIVDILIAT VUIAVDILIITLNUTU
0 Ao lAsaas19v0Iny
K fa gaumngd
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tadefifansznuselugdadeulufunse

Mnnsnegeuluiesljuiinismedinmegeunaites Ussnnnuhalugaai@eunigldann
MileusIRuUTEANSHaTuANsneiu (effective confining pressure) ARIIEIUTDIT14 (e) Al
maﬂwwwiaﬁhiu@é’al,ﬁauumﬁqm lugAwsne Hardin & Richart (1963) lAlausHansznuves
dasdrutesinsluguvesiledidu dsaun1sfl 29 anaunnsi 2-9() THdmiudunseindesdiien

[y ]

BMI1EIUTD9N9UTEUIN 0.5-1.2 @IURUNTINLAT DRS1ELTBIN9UINNINU Tdaunsn 2-9(b)

f(e)= % (2-9))
f(e)= % (2-9(b))

Kokusho (1980) la¥i1n1snaaaunIAINI SRR INAIUNAAIER TYBIAUNTI8T N leg T

[V

(Toyoura sand) giAseanadeuamsnuLuUinIng Wumsmageuwuusammeiintiunniianig

[ |

1 - ) | 2 a a o a1 Y ° a
LLazluﬁzUW‘U’l GIFJE)EJ’NL‘Uu@umiqUaﬂmjﬂﬂq@mianUﬂ’Js{NLw’]ﬂ‘U 0.5 agUuLVgUNTIN

t(e)
wuIdnwazvesrlugdadeulivuilduintududussufieamihonssssavinaiutuduansly

mmé’uﬁ’uéswdwimaé’aLﬁauﬁia‘ﬂﬁﬁ%’ummé’mwdauﬁdmm[ G ]ﬁ’uwmﬂmwszﬁwﬁwa(og)

Ul 2-3 wagamsadeunuduiudsynindlugdadoutumheussssansnalusuresgnsida
Uszaunsalldl dsaunnsd 2-10
G = Af (¢)(c))" (2-10)
Taofi A n  fo dined
Oy,  Ap miheusUsednsua
f(e) o iliituedurenansznuresdmdiutesit

NgRsTIUTTAUNITAl ANATIAN ATUBE VAN BILNITVIAABIvBILIAZYARS FIAN1T0ATY

1 A Y a
ATPNVIFING 1A fAen15199 2-1

M19197 2-1  Amsfiuazilandusine vesgasiesUszaunisalluaunisin 2-10 (@waid, 2551)

References A f (e) n Materials Test
7000 (2_17_9)2 0.5 | Ottawa sand
l+e Resonant
Hardin & Richart (1963)
column
2
3000 | (297-¢) 0.5 | Angular quatz
Sand l+e
Shibata & Soelarno (1975) _e)?
42000 M 0.5 Clean sands Ultrasonic
l+e
Y Resonant
lwasaki et al (1978) 9000 M 0.38 | Clean sands
l+e column
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(2.17-¢)?
Kokusho (1980) 8400 —) 0.5 | Toyoura sand Cyclic triaxial
l+e
Y Resonant
Yu & Richart (1984) 7000 M 0.5 | Cleans sand
l+e column
Y Resonant
Hardin & Black (1968) 3300 M 0.5 | Kaolinite
l+e column
4500 (2_97_6)2 0.5 | Kaolinite
Clay 1+e (PI=35) Resonant
Marcuson & Wahls (1972) Bentonite
9 column
450 (4.4-e) 0.5 | (PI=60)
1l+e
2000- Y Resonant
Zen & Umehara (1978) m 0.5 | Remolded clay
4000 1+e column
NY Undisturbed
Clay Kokusho et al. (1982) 141 M 0.6 Cyclic triaxial
l+e clay
Undisturbed
Shibuya & Tanaka (1996) 5000 g 15 0.5% Seismic cone
clay
)2 Ballast Resonant
Prange (1981) 7230 M 0.38
l+e D5p=40 mm column
13000 (2_17_e)2 0.55 | Crushed rock
l+e Dsp=30 mm
Kokusho & Esashi (1981) Triaxial
2
8400 | (217-e)" | 0.60 | Round gravel
Gravel l+e Dsp=10 mm
Y Gravel
Tanaka et al. (1987) 3080 M 0.60 Triaxial
1+e D50=1O mm
)2 Gravel
Goto et al. (1987) 1200 M 0.85 Triaxial
l+e Dsp=2 mm
)2 Gravel
Nishio et al. (1985) 9360 M 0.44 Triaxial
1+e D50:10 mm
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T LI T T

Toyoura sand
(saturated)

= (.64
ok &= 0.6 |

G/ 1(2.17 - o'/ + #)] (kPa)

1 1y }
10 20 50 100 200 300
Confining stress. o; (kPa)

UM 2-3  wansenuvesiensslsEaninasdealugaaideu (Kokusho, 1980)

Heduniinansenuselupdaidoulufiumien
dadoiinansznuserlugdadeuiisziuanuadoasvosiumiefidnvuradieadafuiu
yie wilugdadeuesiumisidsiuegiudvinanadin (P) de
Teachavorasinskun & Amornwithayalax (2002) lavinn1snaaeumanlugdaieudanguves

Aumdeanganne wuuasanin @eusiegisuuuliszuieun diegrafungauvwaiiivunaini

a

PANTANMINGREAUNUMINGIFETTIUANENT VAR UAILLATBIAUUNUFARINILLUULADTEA
8

wud wausingiredeiinaafndunansenusedlugdaideu sviulddnaulugiafumndes

et

aeldanimgauuuuinnituni@ (overconsolidated clay) Aswanalugun 2-4 danaiiuladndn

ARE1AUIINUNINIRETITUANENT AdyHnarafndnasiarlugdadeuraudien

2-7
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Normeabi

Effective conflinlag pressire | MPa

JUN 2-4  wansgnuAdviinanainsieAlugdaideu (a) Meg1eRunileianuiainaiming 1y

(b) feefumieInnumine1dessIumans (awa, 2551)

2.3 mmegeumAlugdniReu

2.3.1  mmegaumalugdaiReuluriselfjiins

N1INAfDUAIULAU (conventional triaxial test)
TueaduinTesilefifonanlunsfnuingAnssuanudunazanuiadsnvasiusiudam

Amsdmesiiassunsadeu Mmegrauildlunisnegeuilunsinszuonuinsgiuvuiaduniiy

AUENA19 38 Nadluns a1 76 Jafluns Mievundurugudnana 50 fadluns a1 100 fdadwns lay

U Y

D

Y ] 1

fAndnsduszrinsaugealduruguinanainiuaes winamenwwiuin (rubber membrane) i
fegiu dwnsiusausesnuagesiiania Ae nsliwsslunwinnuaingnguliuss uazuseann
Fruredeundad Junsliuseiulousa (confining pressure) annusesuth sisee99zidonin
wseduead (cell pressure) wdarn15IAnsiadeudiluLuifs Inefndainaguainisindeud
npuen (external measurement) ﬁﬂ’lﬁaﬂ(;lgﬂEg‘dﬂ’iﬂﬁ@ﬂ’l’iLﬁJﬁlEJuLLUaﬂU%mm fuTnaviossue
ihilmsfnkendulnla dwiumamedeunindeunvussuistiuaglissuist indesdiennaoy

AuLNUANNTORARILARITUN 2-5
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JUN 2-5  IASeilanndauauunu (4hvwg, 2551)

NNINAFRULULLEINITaANaATealalusEAuas Wewrinnaiieunsiadeunnieueni
ANNAZL YA UNTEUANLDY LLazL*‘ﬂumﬁmmiLﬂﬁauﬁagmauaﬂﬁaaﬂw yMlinisinasuiianalulay

di c:l' v 1 a a < v = o ::l' di =]
ATTLARBUNVBDIAIDYNAUII) 91 UUNTVIUNIDLAADUNVDILATDILDLDY

N15U5UU5aM5InANLATEATRINSNARB UAULAY

Junisiielemadevanuunumiawn Tasdinshasunaianisedouiinngludiy dunis
dindaauannsalunsinanueiealiinldazidoaunty daundnnislunisnaaeuidnvag
wilouffunismadeuauunwiily wazdadunisananueaiaindouainmsinnisindeuiinaisuen
Hesnnmavegeuauuny dnsianaiedeusivesiiegsiuainaisuen e1adinuaaaaden
vanonsdl fanansluguil 2-6 19U AuAATIALAABUIINATASBNFBENS Teln Anwlalldszunures
siidindu nsfadsinenaiilallifedodediades Wuiy gunsaitudiudes dlddums ns
vultou wazdsiindnideslils Wy auiliaiauevemtdnvesfiegafuiuszuuresgiu
A1UA1Y (pedestal) waggIUsTUUY (top cap) FanuRanaamarivliriaueseailaiann
Al desalvmanundwosiuiidwosiuauads Fafunmshaanuudaesdululilviiesey
wazoonuuulaseadieineg dwalinisesnuuuiluluidseysnuien (conservative) uniiuly

U O o=V ova o A o« ] o o 41' =
@ﬂuu"ﬂﬂlﬂmﬂqiﬂiUﬂéﬂLﬂi@ﬂu@ﬂ']iV]@a@‘Uﬁ’]@JLLﬂ‘Ui'Jllﬂ‘Uﬂ'ﬁ'ﬂ@ﬂqilﬂa@umﬂqﬁiu
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E‘Uﬁ 2-6  ANVUAANAINAINNITIAAIIULATYAIINALUDA

sUBUULNAIANTSLARDUN N

T
a o

—+—Load cell stem

L1 [
Sealing boot

Load cell| 4 ‘rj—
deflexion I
Strain gauge
star

Load

cell
o base

Top cap

Top cap sample
reorientation

N
Top ‘bedding’ A —

- Sar
Soil
ag sample T

flength ¢ )
compression  Local Local

strain strain |

“u |

x J .

Base 'bedding’ 4gg !

Loading system |
deflexion %am | Pedestal

Overall

Sample deflexion a

(Jardine et al., 1984)

alanlasialiaina (electrolevel gauges)

o d' d' LY [ a ' a 1d A PN !
MyinnsiAaeunnyly ’e]']ﬂEJ‘Viaﬂﬂ’]iL‘UaEJULLUQQEUTNL?U’MNG] WUNTLARDUNTENIG 2 0

nAnediuiiegefiu lngerdenisuyuvesialya (capsule) Aananalugun 2-7@) lunadya

Usgnaumeseauvesmanaunsatibiiale 293lndh 3 97 Feunsdmauegluveunal eegns

a a v =) d' a o 4 a a I 44 ¥ ! 3
ﬂum@ﬂ'ﬁ‘ﬁﬂﬁn‘ﬁi@Lﬂa’e]u‘VIﬁ]%"Vl’ﬂ‘ViLLﬂ‘U"ﬁgaLﬂﬂﬂﬁiLQEJ\'i danalianudunulniiseninstinsinans

(%
Y

wazd5unuuantuindu Toludnsswaadaua1umA19fng 5 1nas Aud 5 Aladsed nalnuiunu

(hinges) WAZRANIUAINY ¥1NINNBINRDY MWINaLIULaEaRa TATeaseweg Yasgunsalanunse

wanslagegun 2-7(b) Anuanansalumyiamsiafeunaunsadaladesnds 1 lulasiuns

(a)
Ul 2-7 (a) nénmsTanistadeudl (Burland & Symes, 1982) (b) laseadnswasdidnlngianans
(Jardine, 1984)

Loctite seal

T Stinless steel
capsule

Glass capsule

T &
NS
(b)
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uoa3av (linear variable differential transformers, LVDTSs)
SNaa @ o 1w A Y, = = & 3
woadnndumdsdyarndssianusng Aldlunisinanueseanwinnuniely Fadugunsal
Ussnvnmsinileadivesinii Ideh fie ddgymiluisesvesransenuaingamgildosninddsdayayo
UsgLnndug wazddyyrasuniuiey (Cuccovillo & Coop, 1997) HaNN15YIIIIUVDILDATA]
Usznaumigunain 3 ¥n Ae naiaUgu)il uazunaInyReniian 2 du WediedwAuinnsuaiivie
gaf o1suResazinnIsAd U IuInaInA1Y wdinnsutsninseualaidn woadfiazfnen
AutsveIiieg1iu tnefnns 2 milednssinuiu dnvaraunsalveweainniainsananslalugy

7 2-8

Ul 2-8  wuudaesueaifil (Cuccovillo & Coop, 1997)

Jardine et al. (1984) lavinnsnaaeslagldfiiegrsfuiniotasdnin anusiiungialnile
(North Sea) fiflanwnanadine neasvauunuuuyliidnfmaetuaslissunei Tnednauieden
NnmesuenudISsuiisuiummeSeniinanaely dnamnufunazaianeion fuandugy
7 29 wansvaaeuTlRiuIAALASERIINAEYENTiAINNNIIAAIAIEnanely Bl
rfinsusunianunainadouinieaduss (oad cell) wasiadesiionisq Tnen1siannuaien
meluldBidalasianaina (electrolevel gauges) annnsnaaevasiuldinfiseduauedens n1s
TnAuAsSERINAeUeniuNTInALAsEANETUIANLANASALINA  Agdunaladtdunsinues
As¥annuesunnsuenidnvaziudunse lderuddelueiedldldinnsiaanuesonnisly
danalinuduiusseninemuduLarauesendudady msznsinnisndeuiinmeueniinig

v 6

AaNALARBUMAERENS dumsianisiadeuiinelusnuduiusseninsanaufuazanuaiendy
wuvliiBadu feaduayuimginssuvesiufiszduanuaioamidnuarliiBadu dwlusedu
aranadoafigiu mataaraneSoameluasmeusnialndifesiu esmniderrunedoaunniy
fufivanefs Aufimaindeuiiuindae WeRuedeuildinnmsinnaiedeufiinnisuenianniaa

1 Y @ ) va 1 Y a (v o -dl' d‘
Ale Aragviludianlnaesiunisianisieasunannielu
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JOO" o o

Unimate ¢ = 255 kPa
Local measuremenls e, | e
; e -"-'ﬂ"’_."
el D
o —
= — o
=, &« -
5 -~ ~
1 » Overall correcled measurements ts)
-
- 74
Comparison ol £ /¢ calculaled trom roand e,
100t ' & EJc, E e,
%% rom € from L
Apparent linear elastic modulus 8005 2353
E, = 48%10"kPa. £ fc, = 188 001 2000 -
01 667 172
1.0 147 140
0 04 o8 2 1‘6 20

1
o o - o B %

Ul 29 AnuAu-AILASERRINEBEN 11 (ardine et al,, 1984)

ASNARBULUULABTDALIUA (bender element test)

[ 1

JuisnnsinAanuudawesdiuizvia nsesainlugdadeudameu (elastic shear modulus)

Tngldiuuine$dawus (bender element) gniwaiwilag Shirley & Hampton (1977) Faduisfidnely

Y

nsmlugaaeudarguniseAuaALATEAdT LUWRaTBAWUATAUaTatunITInAIUASEala
Hoen1 10° (Viggiani & Atkinson, 1995)

wuwesdauiUsyneumeurulndledidnniniesiiin (piezoelectric ceramic) 2 Wi Usynu

2 2 a o Ql' o & A v saa s
AULLNUNDILNADINIDALLAULATARNA ﬂﬂLLa@l\ﬂuzﬂ‘V} 2-10 ﬂ']i'l@ﬂ'w’n'llllﬁ?LQ@UQSI%L‘UUL@@?@QLNUW 2

¥ %

i sandladuidsdyainazgnnsziuaianszua T Tnsazudasdygraliilndundinuna

s

wainnsdulny Mssevesuuesdauud viliinadudoudwiuludiiegehiu wazaiuazgn

= a A

MTIVTUAMBLULLADSDALUUADNATUTENINFSUde 1 wazazuUasdyaaainwasnunalmduy

lectrode (nickel or siver)
Piezocreaonc
& Z
>

[

nasUlnAn wardsssludunsasiunndunne

A7

Adhesive bond loyer
Center Shim
Adhesive bond loyer

\—isezncrmnc
lectrode tnickel or siver)

Ul 2-10  esAUsznaUvRILUUADSBALUA (Alitking, 2006)

wunesdamudil 2 wila Ae 91804 (X-Pole) uaz1118 (Y-Pole) Asiiuandluguil 2-11 G992

2 & o ] ) g & v 1 o !
Wndiludisudyginagsoaasiiihuuveynsy dutinaduidadyaiamonsasiniiuuruu
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'
a1

WaNA935 ATz nInefdsd ey 1uiuisudyyranuanaeduly inenagldaulaeeiedl

g
Vi Fout
T|EE =
ki

USLANTN N

(@) (b)
gﬂ‘ﬁ 2-11  (a) M3roasisudyaa (T0nd) (b) n1seersasmasdygin (17118) (piezo, 2008)

faa (3 v A [

MsmAnEIRdudouseuuneBamud ndainiiviinisdessasiniivesidsdyaiauay
f¥udygranieuiesuds ivuneddaudiafusuduuulargudusse e saELLAY
PNt EsULHLULABSBALLATI A TuULLa A uEvesiiegRy Suduididyyauaziagy
Fouaes udadspduiou (S-wave) Snszeznanfinduiuniriudieg 19y () Ssaunsaniannusy

AauReUY (Vo) taseaun1sn 2-11

V,=— (2-11)
t
g9 V. fe arusinduideu
L f9 5288n19581i19Uaneieandu L uunas dawus
t fe nanfinduAunig (travel time)
1 = t:l' =1 1 [y = a Y t:l'
FYINATAINULIINAULRDU (Vs) ﬁ']lliﬂ“l/ﬂﬂ’ﬂllQaﬁLQQUGU@QWUIW AIFUNITN 2-12
G = PV, (2-12)

1 p Ao ANUNUIMILYDIRY

tadsnduansenusanisinanuisirdudau

mamelugaadeulilaafignsestu Fusgiunisinanuiindudou Ssnsinnnuiiniu
WDoulitdunaneadendmalimlugdadouranain lawn seugnie fe seugnieiindunfouisiu
fegaiu 11mslusres s ninnUaere R uuAesBANUATEeY WialuANEwRIdIRg 1N wax

A « A Y I a ~ [ £ Vo = a 1
TTYLLIATNAFULAADUNHNIUAIDYIINUY Lu@ﬂﬁ]’]ﬂﬂ’]'iﬁ’]'i%&]&ﬁ]a?LIJUﬂ’]‘J@J’ﬁ]Wﬂﬂi’]W G]ENE’J’]@E%UL%'@J&Q

' (%
U % ) =)

é’ﬁgﬁgﬂmﬁ@ﬂm warmAuIE Ui o A %aﬁmu%’awﬂmﬁﬂ{]mmﬁaﬂdn glatl
veeNNUIEANIHNE (L)
Viggiani & Atkinson, 1995 lavinnisnaaedagldmegishuailalvialedu (Speswhite kaolin)
Tosegeiufidiannueniiuanaisiu 3 vuie wazldanudulssansnaadsfiunnseiu (mean
v

effective stress) 3 A1 InadauunasdaLNUM 1 lUTUAIDE819AE NIATUUULALATUANIAIUAY 3

Tadwns LauINanN1sNAFaUNBYUNIINAMUFUNUSIZNINANNIVDIRDE19 UNANAAULAU
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ynarufogsiu fanansluguil 2-12 mausngifisssuanuiulsyavsaandeideaiuusldnig
g1v0dreg19Tiuanaeiy Wedsunsmazldanuduiusiusuuidunss udrandaunund 6
fiadlns Tunansinszesmnsiinduiunisiiuiegsiunindussosniessnitasreauunessa
AT ED wasisiuanuifulssaninaeasiug idnvasmiloudu Ao szoznimsdusses
SeWI AN UR UMD BALIUFT 1D

100~
80}
E o
E 60
i
?
5 a0
© p’ = 100 kPa
20 -
o p’ =200 kPa
& p' = 400 kPa
0 1 . 1 1 1 J
0 0-1 02 03 04 05 06

Travel time: ms

JUM 2-12  Anuduiussenineauevessiiegeiusseslian (Viggiani & Atkinson, 1995)

s¥e21941 (travel time)

Viggiani & Atkinson (1995) lgimsnageushegnamsneusisin wlsufeuiuwuuadetulg
Tnodsndusinumeensdiu 2 Uy fe AaugUAmALLAnIWA 50 18509 wazaaugUley fiAnud 1-10
Aladsnd fauanslugud 2-13 dmsuszes natlunsiiunsvesndusuamasunisindradean
fuviiedl 1 wazszesiiavasndugUlsienanstaldaintieduduiviugn (A-A") mndundufisduniu
(B-8’) vioannviesmaufiaiosndu (C-C°)

ransmiiter Signal |

—Lﬁum v ] :Ivriw_l_ oan .\Vf‘w .;[‘;. 5

a4 Receiver Signal Ve

omVv
10 mv

it

1ms ___0ms

(a) PAUFUFMAL () pauzuled

Ul 2-13  gUuUUTIRsRAUTIUABEIN N IdIRAY (Viggiani & Atkinson, 1995)

Ismail & Rammah, 2005 laazUtedninvean snaaeuLuLAesaauAtIdn
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foadinsilavumasdawunidntlulusagns N8 19RUNAYANINLALFIDE 1R WY aNUTT AU

(cemented samples) 913V AAANITIUNIUAIDENAY

faa U A 1% a

AoainsvieriuunaBAmuAMmEn1 i lvindudanuiy a1nnvieruAnideniganavinlmin

q

Y v a

Wrldluuuinesdawus dwaliinlnindnisasle inlvdyarunauiiddildn wasiuunesda

WusoaAALEYnIe

v aa

WULADSDALIUARL LA SUNANSENUINNAMULAUNLARTUN8TUADE1 TAgRNIEUSURIFUNETRA
AULYIUTDIVDILATDIEULNU

AsluumasdamudllunzauiuluanInasazateMmaldy wuluan nniinsesaanszawan

nsladia (electrolytes) ag@uinluluuuinesdaiuua

A saa s a a =~ o o A o § Yo
WHBIINUULABTBALNUAUINNIN MUIUTEUN 0.5-1 Haalums :u‘ﬂ%Hwaﬂa{jﬁ]ﬁlﬂw%mﬂﬂammﬂm

A7)

'
[J A

nseenaud 1 Aedldminuedndlniihigs Suiugnadukassliuurasnaumey inlidesiinig
Asanvaetadoiienazinladygiunauig
N1569995V0IMaId Yy ez AITU I 2 LUU FIdSF e IUADLUUTUIU dIUFITU

doyqasisuuvounsy Fweinisqualufiveiwlunisfinduaznisnaaeu wsizenuiadeinnain

NMsaaUNUlUNISHEI9DS

Aasd YU ULAeUY (shear plate transducer)

Judsulddmsumalugdaidoudnisnia Inelunisnseduaiglaiildnddsdyyia

v
Y v a

(transducer) WAL ULRDUAANTLARDUNLUNN N1SIARUNTRIR A Y IaLNULRD Uz MRINAUTA
N19NITARDUNVDIAAULRDU VN LANAAFULADULAADUNNIUAIDE AU ANWULNITTINIIUYDIFH A

doyaraurudauaunsainaedd daanddusun 2-14
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a

famAfeiUTeufisunmegeuszuinuunesdauudtuwiudou Jelefuazteidovos
azdshunnssiueenty deudenldlinunzan 1wy Ismail & Rammah (2005) lavinisvageumia
Tugdaideusneiuunesdamd uazusiuieu lneldmodsfumieiseu nieddniliiasden
Us¥au (uncemented silica sand) wasnseupasadeiiflasionuszauuiu (strongly cemented
calcareous) naus1ngIMsidiuumesdauualinumzaniuiurielgeunnnInNsldunudeu
fananslugud 2-15 Wiuldinslfiuuee damudlinauiitiunauesmagafiginiy Sanudaaund

w@eu drunslduruioumanganlufunsieuinninnisldiuunesdauud auandlusun 2-16
AAUNLAINWNURBUIANTALRLND

5UN 2-15  Mmsdspduuaznisiuaduvesagiumilalefundaninuy 20 Ju  (a) ukwdeu (b)

WULMBSDAMUUA (Ismail & Rammah, 2005)

Shear plate

A _ Shear plate [s
% | \ F I =N : 0/\ : /\ /\ 1 g
. N . 1 & -15F Amval ime s

~150 1
0

' " L L
100 200 300 400 500 600 700 800

Bender element , Bendgg, element

o
— 2 3
vokage:

Oulprst

(@ (b)
JUN 2-16  nsdanduwaznsiuAdu (a) FRRE1MTEEaN (b) Auttayunilansienyseanuuiu

(cemented calcareous) (Ismail & Rammah, 2005)
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NNSNAADULS L UUNADALL (resonant column test)

a

nsnaaouLuuisTsuuuineduidudnisniafildsuanudeumnlunsmarlugdadeulu
vosUfuAN1 01fnImouaUDITeIiIeg1sAUfENIINTEAUINLTINTEYIIRIANAR9Y Yiavs
fegaildlunimeseuiifsuuugunssnszuennalsuarlinas Thussldiauvunistnensueiin
(harmonic torsional) #3BLUULTIAINKLIMAUIBTEUUNIWIWANLHTN (electromagnetic) JUNW
uanseadUsznauTeaAIesile Sansldtauanslusud 2-17 mnuanunsalunisinanuiesondou

A1u150IR ke 0.00001% D9 1%

e

sussgAT SUSPENDIN
Tanp i e
L¥DT CASING
AVOT GUIDE
BAACRET LVOT ConE
ht Vot SRVET SUIDE Fing

Y ]
P F

oRivE PIAMANENT
oL TORSIGHAL i MAGNET
accELgnoWETen i -

@ d _ ,_' .

son
IFLCIMEN

—~ror caw

BATH

f— MOUNTING iR
PLATE CONTAINMENT
cELL

frfr—aunnLR
PoRoUs MEMBAANE
Bisc

by FLUID

Base RING
o by PEDESTAL

& ¥ =
L~ | .
Kaisr st R nuimace (ues

Ul 217 ieBesdloisTouuusinedund (ubc, 2008 : online)

[

NNSNARUAIULAULUUININT (cyclic triaxial test)

oA

NSNAFBUANNRNULULININTAUTaMIANAEN TR UNamansvesiuls fie lugdaideu way
SNIIAIUNITUUN AUTDANBINGANTTUVDIRUATUAUAUNUTILNINANNAULAEAUATER T
wuunaing iedesdlenaasumuununuuiginsanunsadiaedd duandusuil 2-18 Snwarnswdeu
Aag1e Lagn1sVegeulanwslnilauiunIsAdaUAINLNY WAR1AUATINTtksanseyilulwIwnu
fushethsiu Wunstiussnssrilumunuuuutilusundusedisiu ansafudisusngis

LATVUIAUDIUTILA

Load cell

Cell VDT

pressure

O-ring seal

Rubber membrane
Soil specimen

Cell wall

Pore pressure
transducer

— 1),

7

5UN 2-18  iAsesllenadauauunuwuuindng (Kramer, 1996)
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Wiguilguisnsinalugaadauluiesljuanis

31N3BN1INAABUNIAINITITN 056199 vasRuluresufuRn1sina1nna1eds Feudazisd

ANUANUITORALTATINANLANFANNY AIUUAITLADNLGIDN1INAF UL AUAUAINISINH SN

AD9N1T A1UNT0ATUAINAINNTOVDUAALTTLA Aauandlunsned 2-2

a ~ a aa i = o a wa
MN19719N 2-2 LUiEJ'UW]EJUﬂ'ﬂlla']ll']iﬂm@Q"Jﬁﬂ’ﬁm@ﬁ@‘UVﬂﬂ'ﬂﬂJaaﬁLﬂ@u1uwaﬁﬂ§]UG]ﬂ'ﬁ

3Bn1s wfimaiiin IAAULATLA Yaf-ta31in
AN Tgdaveads >1% lianunsainanueSeslusedusld
ANITERLIT lugdalou <107% wingdmsuRumiled
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N1361573N15dENDUNSUYBIARY (reflection survey)

ANYAENITANTIINTALYIBUNTUVRIAAY anunsauandlalugun 2-19 Weunasiullaaduasng
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WIAAUTLANASTY AGUdLMIRzAnNsindIgRuTUT 2 wagdunwioaviinnisasieunaulud

Fupiun 1 lnefigunnnsenu Yuinm uazyuagveuaziauduiusiununguesauas (Snell’s law)
laun1sdsiansagiounduvesnay agenfenannisainaniuns@nwmaudnuasrestudu lagld
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n1sd1saeluAaunL (refraction survey)

dnuwaznsdsalagldnduinm anunsawansldlugui 2-20 nsdrsalegldmduinmidunis
TaaasIrduinaInnsinm nszvinlalagdnaganiindyayin wavinni3aegasudyauig
ngandedyaandussez iluwuadunss pduannsznuivigusnnssvuingd (6,) agvinlv

LARAAUTNANYINUNINM 90 DIAT ARURNLNALLARDUNLUAULUITOUADVDITUAY TDANNUAVDINTS
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° ey d a v v 2 aa & A v Y oa A v i
a']i'lQu@@ﬂqimaﬁUWUW’]u‘UuzﬂgmaﬁLﬂumjﬂaqumﬂjqﬂLi?ﬂauuaHﬂqqﬂu@umagﬂquaﬁlﬂ (V1<V2)
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- Direct wave
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fuauiil i \ /
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3UN 2-20  vdnnsesIvinAnyurYetuRulagITETIINSINIMYRIRRY (WA, 2549)

158152208 lUAAULARUNTEUINIMALLANE (cross hole method)
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n13d1533lneldAGUARaUNALINANAEE1593 (up-hole and down-hole methods)

I~ d =

9 ° Y aa Y « A ° aa « &
aﬂwmgﬂ']'ia']'ﬁ')"i]@nﬂjﬁﬂqiieﬁﬂaULﬂaauwquWQMLﬁ]’]gfmi?ﬁ] U275 AD ﬂaULﬂaauweﬂUIU

LUIRINIUNANLANE (Up-hole method) kagAGuLAGaUNAIlULUIRININNANLI1E (down-hole
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method) @1nsauanalalugufl 2.-22 @) way (b) auddu WuiBnsasiaiaainusivesaiu
duazifiouluiuIfwIuANENvmMaNRIEd599 Haunfgiuiinduntounluwuife (uannsenul
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vuiuAukalindwadeunanurasinianiulugansudyyaieglunguiaisfseduainudn
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wisunTuluwuIRmuvguae Weasnyinuldiiendt vliavesnduiidesnainganiianduy

v v
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JUN 222 vidnn1sdiadiesnsinanusindununaunzd159 (@) AduaiountulukuIfs

MUNAULAE (b) AFWATEUNAIIULIAIINANIRNE (§NIY, 2549)

Teachavorasinskun & Lukkunaprasit (2004) 1avinn1snad@aua g35ldpAundoudiacly
WRIRILvaN: Tavhnisdisannuinamaniiovonsumw Winalonawesnganme uaz
UinameeeTuoanuasngaunn vhnisagukatienuiedudewiutududunsmiuanudn f
wandluguil 2-23 Tagunamavieuazlananwesnsaunwe sasdmszninennaniindudeui
AuBnasifind i 2 whresuiumiddvosngaunn sedordunsgiradadnaadin

(plasticity index) fiunnseiiy
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Shear wave velocity: m/s Shear wave velocity: m/s
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v, =454 + 882

6 (R? = 075)
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"l:é; ®  downhole £
g1 =837 1352 § | £ . 2

12 Lad Kra Bang o el (Pa) .

O downhole d ¢ % . S
14 - 1y =50+ 332 40k s ‘ * Borehole 1
16} 5 . o 0 Borehole 2
.
18 50
a U a
(a) USNIUNNEIUDBNTDINTINNA (b) Ustadlananangamme
Shear wave velocity: m/s
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(©) UM awmilavaangunne

U 2-23  JeyannmisdnialagldnfuindounadluluinewmuraungluuTionem1e veInTunne

(Teachavorasinskun & Lukkunaprasit, 2004)

mi%maauaaﬂﬁﬂqummz (suspension logging test)
Mé’ﬂmiﬁﬁmuﬁmé’mmmimaauaaaﬁaiqummz fauandluguil 2-24 lumsmeaou
sfonhmafuveanailifuvainaiy fsornsdumsazaeidulvluiviovevaivindun iield
Snwafiosnmuemauiane udnihmmdeugunsalasiulunquianzilifivaon ddedngiuazii
mMsnseduvesmalseu’ i vilmAnnsiedeudilulunsy mandousivesveuvalazieliiin
AsunSETdeRivevaNany  dwalvifnaduideuindeudinsrateeanaingadivemainszii
pAudeudunisaziadeuiitumuvouniivemauany wsinseivesedudouiinssireniisvos
vaugluvazfinduindeudiinuazgnareveniinguosvauazdsludsgasudyann 2 90 foging
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JUN 2-24  wannsnsaiannuiirduiiedsnsnadeuasesilunauiais (@wat, 2549)

N15815291A838N15AATIEAEUNATUYBIAAUNURY (spectrum analysis of surface wave (SASW))
dnwaen13dsIanieisnsinseianasuvesrduiuiy ausonandlalugui 2-25 Ju

aa ° vy A4 & a al ¢ . 9] o & a o
FBn1sdrsalagldrduiuiilssinneiusdia (Rayleish wave) ldnsiapunndnuvusvoItuaua

¥ [
v A a adagA o

sgaviiuindunan defveitilnfe ausavinnismegeuldine lnglisewinnisiangnaudisin ns
nageulaenITiATIEvaUNAsuvaARuiuRY ilalnen1T19aillinnfuwar IS udyan 2 @9

& a A ° ° o = Y & a v
VUNUAUNIENINITENTI ﬂﬂan%@qmﬂgwqﬂqiuumﬂﬁ’]LLa’JLLUaQﬂqLUUﬂUqNO I@EJEL%Naﬂ’ﬁLLUa\TWU

\Seswuus? (fast Fourier transform)

YA miady pATuFY WA | TudnIuAIN 2

5UN 2-25 NS TIImeIsnsieneiannSuveInauNuURL (Kramer, 1996)

2.4  wUUIa09nN b TRdUYBIANULAULAZAULATEA
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= 1

nsafruvudtasaiemAmsfinesiunamansvesiuaziusgivruiavesninuaien
elildngAnssuvesAuilndifssaninainaduate uaznisidenlduuudraeafionAmiei
waenanvesiuazdendenliuuudaedimnsauiungfnssuvesiu dnvurresusuuuigingiun
nszvhAvanafudunausUled Fauuudasmnandnmansildesuienginssuvesiuiinmdusiug
spriandularaueSenlidaduileg 2 Ussiandedu feo uuudraesilinguianiwmanadin
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2.4.1  wuudnaeswginssulilgadusuunguidarann
N ANTTUYeIRUlUYIBIANUATEATEAUMAITEAUNG AlugdaldouSuiliAanadnIy
ANLATeR Balldnwas i udady EUNIRAUTEINMUISLTILATANULAS AR UL UAUTE 1IN

nshusauuiging Wesmnsgauanuaseadliawnnidn Iuihligameigaguegluannia s

LLamﬂugﬂﬁ 2-26

(a)

[t

(k)

JUN 2-26  (a) umaAuvemhewssaranuasenngldlsinseyiuuuiging (b) diudsenay

VBAAUNIBAUA NG B AlATANERAN (gnatl, 2549)

1N3UT 2-26(a) vihousanazAImLAToAvaRudounsTViLsIogiign O euiinisliiuss
dumaliurzisuedeuianga O lUdaa a uazdlidnsnduiirveanisliuse dumaiufas
\deuiilugagn g udrfiingnsivaluiian (Hunsmadeunuusasesnaiu) Tumsnduiudunis
WAiuanunsaFuanga 01U d uazgn h ududignsadalsd (Junsmeasunuufsiiednadiv)
PIUETTUTIAVBIUTINTIUUUNAM AR Iz AnNINdUTiAsvesusIeEwsiaiileegmasnatueanis
Tiuss manduiimmaintunsiusniion a ilidumafuresmisusuasanuadonndeudisoly
$399 b, c waw d mudy Fendumafuuuuiiinisaouuss (unloading) Miqn d AazAnnndy
Frvpansadnads ﬁﬂﬁtﬁumdLaumﬁauﬁsiavl,ﬂé'faﬁm e fuay a MuUAdy SendumaiuLuuii
A5LiaLS9 (reloading) 91ngUR 2-26(a) azifiuldindumaiiuresmiisussuazanuaisaUszney
fy 2 dru Ao drwiifuduldaunumdn (backbone curve) (199 h, d, O, a Wag g AUAW) Lay
ﬁauﬁtﬂu%ﬁma‘%%qu (hysteresis loop) (3Mn30 a, b, ¢, d, e, f kag a MUAWU) AUV VoIALA
Banafin mieusasznaulie 2 @ ldun dufiinannginssuvesiulaense Seanusownudie

LAUNLAULEUL AN UAAN
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MnmgAnssuvesiunsliisanssyiuuuining Uszneulufengiingsy 2 daudsiingniudn
Fredu Fefunsadranuuiasmendnmanisniudessnoulusie 2 druui anduniaiiu
gewnheusasaueioaluduidudulAunumdn awnsodouunudieaunisle i

t="f(y) (2-13)

Tngldvann1sfiBendt ngueawada (Masing rule) uuszgndfuidumiafuludiuveaduld

WAUVAN O LEUNINAUTENINMIAALTIAATUNIA a (1,7, ) Sunsalisuunumeaunts Al

LAnEa f(—y‘yaj (2-14)
2 2

ASUUAUNIAUTENINNTAALTINY I lolaetaunish 2-14 Faduaunisnasuledunig

Wuduldsmanuiveteenidu 2w Tluniansadudundiousinseindunduiindnasainga d

(a1, ) UMUAUTENINMIRULTE @2NTOTEUUNUAIBALINT Aail

T+Ta=f(Y+Ya) (2.15)

2 2
lpganunsataunisannns 2 duinsiuiu udraunsaesunglamesui 2-27

Ul 227 eFunBngueaTs (gmatl, 2549)

HUNILALYRIIIEULTILAZALLATEA ddunnazgniinsevagnigluidy 2 idusieiu laun
dumssidudatuidumaiuresheussuazanaaioafigaibudy deglimanlugdaidougegn
(G,) wasdumsaiivuinuiuuuasiu Jududunseiifmuassivreamiousegean (1, ) Fuandlu
sUfl 2-28 wuudeesiiadudevinnsvesdunsousaesandudatiedu Tnsuuudaesianus

Weaulaseaunis aad

d n

“ToG,1-— (2-17)
dy T,

AUNTTLANFUNILAUYDINUIL LT ILALAINULAS LA IUAIUYDWAULAILNUNEN ANUNTOLYYUALE

AUNTHS A9T (BNVIUNSENA N =1)
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yo e 1
n-1 (1—r/rf )H

lae?l ¥, e A1ANATEAN9BY (reference strain) Bsanunsamilaainaunisi 2-19

-1 (2-18)

i (2-19)
Yo =< -
r GO
AIAINLASEANDNNBY AD VUIAVBIAIULATEATIZIARTUNE T = 1, TunIANAUlngANTINLUUD

aaRnBady sananaluguin 2-28

guniskawmesluan (Hyperbolic)

1NAUNTTN 2-18 1oIINITUNUAT N =2Ud aunsaanjumdeluguresaunislawmesiuin

o
v

(hyperbolic) nsu

T= _Gor (2-20)
1+v/y,

aunistamasluaniduaunisndeuldruuini ot dud LU dUN19LAUYINUIELTILAY

ANILASEAYDIAY AU lundaRuTLALALALANERTIE@IUNIILIAIN TR WIS Al
G 1

=2 - (2-21)
G, 1+71./v,

/ ' /

JUN 2-28  wuudeeangiinssudanadnliiBaduuseian 2 MuUs (@wai, 2551)

< = = .
aun139nlnileudsa (Exponential)

NAUNTVBAH UM LAV IIIBLTMAz AT IavaN UMY dauandluaunisin 2-18 o
n=1 zanguiduaunisidninilleadiva amnsalouunueie daunis
r=7,(l-e7") (2-22)

LagaUNMITkanInNNFNITLSTEnI 1l dauarANATEN A1NNTOLANILA ASENNTS
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G% _ %(1_ e— ") (2-23)

AUNNSLAVVNNAWYNNY 3 (n=3)

(%
v Y %

Watauns 2-18 wnuavdnndemiy 3 aunsaswduaunisingdle sad

1
]/: ]/r — _1 (2-24)
n-1 (1—(2’/2}) )
aunsusulsn-seana (Ramberg-Osgood)
U LAY IR TIMAzAILAS EALEUNEN dusalteulusUresaunsia el
G
r= o (2-25)
1+0(‘z'/rf
waganunsaeuluguanuduiussenindugdawazanuasentd deaunis
G 1 1
P 1 1 (2-26)
Gy l+alr/z] Gy
l+a| —%
GO Ve

Taofl ¢ =21 _1 7, fie anuieSengaan
7
Hara (1980) latauadiwls r a25iA198551309 2-4 vivatdeanuladlraianupudau (0 7

Y

ANULATEARNSY dAnAuAIAUREUgER (7))

2.4.2  wuudnaawganssuliiladuiuungegwaiadn
MAdeilddasmginssuanudulazanuaiealasodenguiinatain lagldlusunsudu
w3eellalun1siATIEikuuaesniiu e seilunwidell laun wes-naeuy (Mohr-Coulomb)

gonlveud (Soft soil) e15anuiawasd(Hardening soil) uazluRlndunupas (Modified Cam Clay)

LUUiaewes-Aaauy (Mohr-Coulomb model)
wuuiasmes-gaenUilunistiasmginssuAuiuubagudadulas watafnauysal (Linear
elastic perfectly plastic) fauandlugui 2-19 dauegluanmdaainanuduiusvosnnuAuLay

ANULATEATIEN YLD UEUNTT TARAMULASAAIAINLELDYINNTI SIS -0 DU
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B e E—— €

JUN 2-29 A udUiuSTEnIneAAULAL AR EAYRILUUTIABMES-AaaLY

Y

a a s Ao o ° Iz . . a =
w15 fiwes 2 fndrdglunisiivuailanduasin (vield function) e YuusudsanIu

(friction angle, §) uazALIBAMTYT (cohesion, o) dnwazvasflsidunsnvanuudiasues-g

aeuUugunsieudamaeu danslugui 2-30

v
A a

35U 2-30  WuiAsIN (yield surface) Wuuinaswes-aaeuy

Y

WuUIaewes-aaeuUlnslnesid 1y 5 M

E - Salugda (kN/m?)

L : onnautive

¢ yuusaduaniu (©)

c : wseBantled (kN/m?)
¢ :wilaadu ()

[ [y

IneAmdugdaduadilugdauuuduaudi 50% voeidsgean deuansluguil 2-31 uaziluann

U

ANSRBULUUTZUNEUN (drained test)
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foy- gl /

strain -g,

JUM 2-31  AA1IAANTDY Esy VBUUTIABINT-ARBUY

wuUaadudlngwauaad (Modified Cam-Clay model)

HINTUATIN ANUN5aRERIle AIaunTS

a L
f=——+p(p-p
v P (P r) (2-27)
Toed p, Ao AuAUSRfAET

NuEIATINYIAUAUE(F=0) dnyazrasiiuinnNazluass Feeunsouandld Asgu 2-32

A Critical State Line

Nei
KF line

.y
P P

(%

JUM 2-32  fiuiesnuuudnaedludlnduauiaag

WSHnesNaALY

v AR 9R91d@UTII NN NNNSIALLS -0 UL

8 AYUNITUILFIVDILALLARE

o))

v

9 ATUNITONFIVDILALLAAE

}%

UANULINGA

= 2 A C
)

AD b

AD 9ATIAIUTBIIY

0]

wuUINanIganeed (Soft soil model)

LUUD1aDITDNTDYALAUFUNUTTENIN9AMULATEARIUSUINS (volumetric strain, &,) AU

MieusIUsEanSHalaie (mean effective stress, p’) Tuguves logarithmic AsanTs
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p

Tne?l A’ fe sudinsdaddanus (modified compression index)

g,—e0=—A"In [%} (2-28)

LIDYIINITNULTI-DDULTINALLAPLAUNINBANAIIINNLEUNIDAFINEN wazau15aLReuL Ty
AUNTLS A9t

g —&P =—x"In [%j (2-29)

Tnedl 1€ Ao fuinsuindidauds (modified swelling index)
PMNAUMTN 2-29 Uag 2-29 dn9duTesin (e) ursegluguanumionideliunng (g, =1+e)
Wiathundenns nAsionssninemua3eadieUsunsiuniiousiUszanduaadsuuinudangiu e

(natural log) wudpuduiusanandidnvazludunss Aagui 2-33

Inp'

[y '

JUN 2-33  anuduiussenineenuaSeadieUTinasiumheusessavsnaagy

31nauns 2-29 lunisiiinwss-oaunssdiedndunginssudarain awnsanaAlugdads
USunasduiale deaunis 2-30
E 1
K,=——u =P (2-30)
3(1-2v,) «
wuudapswevlyeralilantuasin dnvazduisluszuuresmnudulszdnsuaaeiuaiy

wudesuu (p'-g) é’ﬂLLamﬂugUﬁ 2-34

threshold ellipse

ccotg

JUN 2-34  fuihannluluuiaewenyesd
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wAU 87 (Cap yield) aunsawndounlituegiunnududasnieul (pre-consolidation stress,

pp) EsaLARIAN YUz vesilantuAsIn TugUnuuanudfvesmAule faguin 2-35

==

SR
Ai\jk;

e

S

s

failure surface

e ]

s
UM 2-35  dlanduasin lussuuanudunanvesiuuinaewensosd

[

g

s

NN

* A v [ Y
}\, AD AYUNITOANINALUST

K AD PYUNTUINAIRALUS
C A9 LIITAMNET (KN/m?)
d Ao yuusaduaniu (°)

A o (o]
¢ Ao yulmatu (°)
g9 A waz K 1 ua1ilaainni1snaasunisendinieuihuuniedf (one-dimensional

compression test) dAuduiusAunsieuniuuiaeseuy awnsaasuld dwmisa

A15197 2-3  anuduustenuves A uay K Auuuudug

Relationship 2" P
Cam-Clay parameters A .
l+e l+e
Dutch i i ti ! 2
utch engineering practice — ~—
CP AD
Internationall lized t S v G
nternationally normalized parameters 23(1+e) ~ 2.3(1+e)

WUUIa9EsnnLleweus (Hardening soil model)

LUUINADITNSALAUNIYUAAILIT0I1A0IAINUAUNUSTENINIAIULATYABUILNUAUAINULAU
WesuulaamaunisiamesluanluanimnisvagevanuwnuluReulvszuiedn (Duncan & Chang,

1970) WUUIA9815AUTNwRea L tauN1StamasluanlunN1591809ANUEUNUSTE1IN9ANULAS U LUAS
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(vertical strain, €,) AuANUIAUITYLLUY (deviatoric stress, g) TUAAINANTNAGDUANLALLUUIZUIY

11 ANUFURUSVRIANULAULAYANILASEAAINNTNBTUIEAIEANNTT 2-31 Feanunsnesuiglamesy

'
P

AegUN 2-36
1_ 49

& =—

-t (2-31)
Ei 1_(q / qa)

gl g, Ao AmAnudunmiuldliaudugsgeiianiu
E Ao dilugdaisusi

deviatoric stress
|01-03|

asymptote
e ymptote

G [——mefrr—pe—mem =

axial strain -¢,

JUN 2-36  Anuduiussenineeuiukazaaesenvadlawwe sludntuNIVnge UL LY

FEATRIS
WIFITHBIAIUNND
C AD AWSIEAUTNEIUsEANSHEA (KN/m?)
0) Ao yuwsudsnnuUszansna (°)

Vo e yulaadu (©)

WIFITLHBSAUARNLUE

EX o Aduausiilundasnsded 50% veshdsgsanditoulunsszuiedt (i/m?)
Er, P Alugaadudaainnisnageulolaiives (kN/m?)
EY  fo Andslugdaannisiiiuussnouusa (kN/m?)
m  fe mvddwesilupdaderuneesaeion
W3AB LAY
v, e ddutheduaninnisoeunsNL
p* e mwmﬁué’w?ﬁa(pref :100) (kN/m?)
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2.5  fegenuldeiingides
251 Auwmllgngaunng

Shibuya et al. (2001) lpvimmegeumeauaudRvesiumleInsinny annsnaaeuly
b4 a wa < < % 1 1 . <
velfuinisuarnisnaaeuluauiu lunsinudlegrsiuuliignsuniu(undisturbed sample) Lty
MBNTEUBNUINYWIA 76 Tadiuns Naadsalwilafugnians vinsmaaeumensesanunudeu
wuuliissuieun Megavunaldusugudngna 50 Tadwns g9 100 Jadiuns ToduUssavsussiunu
Auta K=0.7 dwiuRuwmilenseu uar K=0.5 dmsuAumileauts idoumedniiniunionnd

0.05% stou#t lnganunsaasua1ene AW 2-4 uaglaaguamisilinafouiaasuunse fs Ause
Bawnies (o) wiriu 0 wazyuusadeaniu () wirdu 34° dwsufumilorseu dwfumioinds

AussBnmilen(c) Wi 20 kPa wasyuusudeaviu () witu 25°

Supot et al. (2002) lavihnsnageufumieingavme iiufmegrsuuuliignsuniu nageuse
\3esanunuLUUnans (cyclic triaxial) Fudufuangmansaluming1ds aminendeniing ua
uInedoinunsmans amnsainannuaienld 0.01% nnanisnaasunuIAlugdaideud

AULATER 0.01% LTu 80% veslugdaideuninnisinrmeniuisindudou aunsouansls fegun
2-37

A1597 2-4  HANNITVIAFBUAIULAUTDY Shibuya et al. (2001)

Depth Sy Esec,0.001%
(m) (kPa) (MPa)
56 26 20
9.6 35 33
13.6 435 33
17.2 70 75
18.5 97.5 66
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o
0

VS0 kP 10 My

okl |

o
P

' ' x + 0o MO e oD

=)
2

Normalized shear rodulus, Geg/Gumgx

UM 2-37  nsanasvesniuUslsiammsaelugdaieugegaves Supot et al. (2002)

fiwail (2546) leAnwrfanansznuvesauiveusinsgyiuuuindng wazaaautania
namansvesiumilsrgeunsunn Ingldiedemaaevaruunuuuuiging MedrsAuiniain
PasnsalmTIne1ds Aszduainudn 6.0-9.0 g Hunmsnaseuuuudasaeiuarlissuiei
fimihouseUszdnsaa 50 wag 100 Alathania ideusneadud 0.10 uag 1.0 1B5nd Bnsideud 2
wuv Ae wuuliusanszyiriginsednsdeliles (continuous cyclic loading) waznuuliusanszviniy
Fnsitavdu (staged cyclic loading) I@EJLmﬂszﬁﬁ’gﬁ'mﬁé’ﬂwmwam?imﬂmwugﬂl%ﬁ HANNS
NAFOUNUIHANTENUvRIANNALTINTE UL insvesRumilsseunsanny laifinansznuses
Tugdaideu fauanslugud 2.42 wiArdnsdrunismirazananintos fauanslusud 2-38 uay

HANSENUTRIsNINAaeUaekuuliiiinaserlugdadou uagdnsdiunmig

20 ¢ 1
| | | /pYinitial = 0.2,
(0"chn = 50 kPa ® Gppiatis =2
o (g/p)initial = 0.40

0.10Hz. { & (g/p’)initial = 0.60 |

i

=0~ 5C-Test
(" ® (g/pYinitial = 0.40
o Joiniel w 0,63
. 1.0 Hz. ® (g/p)initial = 0.62
& (g/p’¥initial = 0.86 }

- L * 8C-Test

Shear modulus, G (MPa)
=
b s

tn

0.01 0.1 1 10
Single amplitude shear strain, ys, (%)

5UN 2-38  wavesmunveIusINIsuuuigInsrelugdaReunimheusaUseansnasusu 50 Ala

Unanna (M, 2546)
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U (2548) Anwnginssuvesmlugdadeudunieinsainny adelv iunmegeu

Luudadimiguiifunnianig (K=o /o', =1) bavuvulidiindunnitanis

(%
(Y

(K =c",/c", =0.8,0.6) \doufegrauuuliszuein naaeulagldiaTomageuauununfnnauu

saa (3

WOSAALIUA 51T RAAUSIAAULE Ul UYI9NITEAFIANELNLAZ LR UFDENAY LazinA1IAITLLSY

ARURDUNNALIMMIAT LR AR DY NEIINNTZUIUNITIAGIATELLASD DOULTI (Unload) Va4

WAUEed (OCR=2) WanISNAdaU

'
a1 v ] v v

A0ULANULAY (stress state) IogAiA18nsd1unTonmAY

1%

nwulugaadouluylinisensinig

[ a

wuutuyniianisiaglduidunianisdaniiudy e

[
= a

vieusesednSuaiade (p’) Wndu wagnudnitledamaigirliviniunniianig (A1 K anad) A

IS I

lugdadouduwiliduanasme ansauansld degun 2-39 fundidnsidiunmsdadiniedininnii

'
[ I~

adia

a

a

a A

#ils (OCR>1) HAnlug Aunegluanindnaululnd (normally consolidation) N3¢y

Y

DUEININ
MigksUTEaANSHaaALItU Nuudammedliiunnienwasliviiunniianig dwansdy

Q{I ! A g ! a ! 1 a a a a i ! ! (%
JUN 2-40 Tusgninansieudiegneiu Avmieussussaninandeinansenuegraunnderlugda

LU

80

® iso (k=1)
=08
A k=06

60 |

40

Shear modulus (Mpa)

20

20 40 60 80 100 120 140 160 180

Mean effective stress, P' (Kpa)

JUN 2-39  navemmlgusaUsydnsranfeiumlugaadeuluanimnisdndimeiniuansany
(K=1, 0.8, 0.6) (nquq", 2548)

50

(K=0.8,Unload)

ocR1 mOCRlﬂ 18
OGR=1.65

(Isotropic. Unioad} — >
40
A
30 -

—
oh

20 1

Shear modulus (MPa)
Shear modulus (MPa)

NC Clay

0 T - T T

0 T T T T T T

0 2 40 60 80 100 120 140 160 180 0 20 40 80 &0 100

Mean effective stress, P' (KPa)
1

JUN 2-40  wansEnUveIANdnTIE@IUNTERfIAserlugdaReu (a) MIdamAgILuUmY

120 140

Mean effective stress,P" (KPa)

ynfiem (K=1) (b) 138adanetuuuldiviiunnfianis (k=0.8) (nqug, 2548)

160
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v

awv A = ' < a = Y aad
el U NA1ANLTIeIRumtleIngmnny Tuauiu Aae358uq Sochan (2008)

1%
=

UspenAbiisn153As e RAUR I UUNaI 8T 0d eyl LN TUANSEAUAUYRIUTEMAlNY
o o Y aay v A « d' a A & oA A
wiouun1snaaeumgIsldnauAiauadlukLINWINgNAe Waun1InTIvEeUALL YRl

=< o A [ 1 1 Id dy ay v I I~

Foinsnaaeuluaniuieneg lulsemalnediuau 7 uis lnguuseanduituila 3 uwis Ao NFenne
a a 1 Y o I o a a I~ I gj

nayauys wadedlnd lavihnsneaeulnenauwndaniianiy wazdlelnuoendusseys viavun 16

i1 Fauandluguil 2-01 nismageuntsoaniu 3 duneu fe mavageumagul MsuUasoyalng
Tdnanisuvasvesyiiosluvigliaesdid uazmsdnadounduitemanindudeu 344 A/2 ua
A3 Taodl A fie Arweninau nnsnaaeunud msfwindeunduilemeinnuiinduidoy
F1638 /3 Winaftaonadosiunisnadeudieisouy duanduguil 2-42 Fafuisinsginduin
wuunaneYesduanaiwhezdudnmadennieildlgdmsunsdsiadnvazvssduiululssma

Iy dusunisfinwrsumalinnisnageunudl yaaunsalbazanyuen1sineildlunisfineiil

a A

a1u1sadsralaaniignds 20 wes laerisdialiwnasiilaaauiisainuinsindygiuiuwsnidu

[

srezUsransasay 20 04 30 VBIANEND TAANUINTIAFUUIUALINDIAIAANE

A7) q

1 2 3 16
! A 8 © 5
D Source
r_:] Geophone

JUN 2-41 M ImaaeuARURILUUATEYRIFY I
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10

20

(a)

Depth (m)

40

50

60

70

Vs (mizec)

100 150 200 250 300 350 400

——MASW-lamda/2

—8—MASW-lamda/3

=—#—Downhole

—%—Boring Log

—#—Downhole (Ashford et al.
1597}

(b)

Depth (m)

—4—MASW-lamda/2
—B—MASW-lamda/3
——Downhole
—e—Eoring Log

(c)

Depth (m)

&0

70

Vs (misec)

400 500

—#—MASW-lamda/2

—8— MASW-lamda/3

—&— Downhole

—%—Boring Log

—e—Downhole {Ashford et al. 1357)
——SCPT(Shibuya et al, 2002)

SUN a
Y

3

252 fudug

2-42 P TIPAUEIUAUANENINNITVIAGEUAINY (a) PWIaeNTalNTIVIEnae (b) NSy

gnflening1unaun (o) antumaluladunaelds (Sochan, 2008)

ladauddenfnwnansenuvessviinalain (Pl) va9Aufon1THoUANRIVBIRSIKUUTNIN T

Vucetic & Dobry (1991) dvilnana@nilnansenusealugdaideu hagdnsidiunismiig Ingiidil
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waraRnilAuny Adulslsinvedugda@eunmsmelundaideuaianeilaunumifand

lusui 2-43 fudflanmnataingennuduiusseninanuauiazaueseauuuininsiuuildy

WU ad LN IR URT AN T NNAIARNAINAINLLATIAYUIAF

10 : —
08 |
0.6 T
UE PI=200
o sk 50100 1
= o
[0CR=1-15 \\\\
0.2" \ -
0.0 | 1 I 1
"0.0001 0.001 0.01 0l 1 10
CYCLIC SHEAR STRAIN, 7 (%)
5UN 2-43  wansznuvewvinaaindenlugiaideu

Alitking (2006) Anwnansenuvesmiisusawuuliviiunniianiweelugdaidou lnevinig

NAFDUAYLATDILIIOAAIULNUNAAAULUULADITDANUS 196087197578 TUNITNAFBUNIANNAITAT L

megluanmvaiuwaziiy lagldiBuaingiedu (@ir-pluviation) lunismageunuusafinIeul

WinunNAANIwasEUIEET Lagn1sageuLuUEafIA el AU ien1awagsEuIetl 11330

AAURBUAENIEINlUTINTERMAeUT larluyiinsideudiegeiuy Kan1snaaeunyudl Alugda

A l;( 1o 1 a a Q{I ’ o 1 1 1 U dl !
Weowvemseiuegiumheusslssaninaids (p) uazdnindutesing (e) Aandlugui 2-44 e

lugdadeunlannuswiudadmmeuinuuminduyniiemaaziuuldwiiuyniiamadanuuaneieiy

dWintiey Famnetawansznuanussiudamaneiiuuuliviiunniianedives duvianisiadoud

W9 G,

—p' Tugenisi@eusnegnsiinuilduadeiuiulugisnisensimednslunsnaaeauiluy

wssAuiiunniiensiulssiulivinduyniianig dwanduguin 2-45 dnfunieusaUsydnsuainde

(p”) HdviEwavgreNFolugRadeu

160 1——

140

120

=]
3

=
=)

@
=

.
=3

n
o

o

Dense specimens.
Final Confining stress = 200 Kpa

Fle) = (217 - ef'i(1+e)

v Ise (K=1)
Aniso (K=0.8)
Anigo (K=0.6)

-~"A 100 {

|
! Linear (lso (K=1))

| - Linear (Aniso (K=0.8))
| i Llnesl ar (Aniso (K=0.6))

120

Loose specimens
Final Confining stress = 200 Kpa

| Fie) = (2.17 - effif1+2) .
|

B0

60 1

! Fle) , MPa

Grmax

|
| 20 4

&0 100 120 160

Mean effective stress, p' (Kpa)

(a)

140 180 200 Z20

v

240 260 0 80 100 120 140 160

Mean effective stress, p’ (Kpa)

(b)

180 200

UM 2-44  mswdguudasenlugdaausiednsdiutesiniummnunuUseavonalfe

ANNAUlausA 200 Alavrania (a) anmmsieuwlu (b) @anmnsigray (Alitking, 2006)
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o
e
&

Densa specimen
Final Confining strass = 200 Kna

Loose specimen
140 | Final Confining stress = 200 Kpa

B

n
=
a

120

g

100

&
=1

el
¥ - G during consalidakon lk=1) | |

2 B
T

60 Q‘ | ~ M 7~ G during eonsclidation (K=1} ].

- G during shiang (K=1}

Elastic shear modulus, G,,, (MPa)

{ | -’ — G auring consoligation {K=0.8)
—4— ¥ - G during consalidation [IK=0:6; | |
—& @ — G duting shraring (€=08) ! 20 —F— @~ G duing sheanng (K=08)

—e— ' - @ during consalication (K=06) | | —8—p' = G curing consoligalion {K=0.8)
B

B g = G duting shearing (K=06)

Elastic shear modulus, Gmax {MPa)
@
&8

—&—p' - G during shearing {K=1) |
e p
g

=
=)

[

a 80 00 150 200 2500 300 350 400 A4S0 500 S50 a 50 W 15B 200 250 300 350 400 450 500
" Mean effective stress, p’ {Kpa) Mean effective stress, p’ {Kpa)
(a) (b)

UM 2-45  lugdadeuiumhisuseUseansnadesenitmisendmmeiniunisieusiegaining
sulausna 200 Alavrania (a) @anmvsiewuy (b) @niunsienaiu (Alitking, 2006)

s

nndfeluefniiuinladnisfnymginssuvesiumileinsunny AngItunenuatnd

mansiludiulng drusidonsinunamanivesiumioaninns AdnvmgAnssuvesiu way

v 9

awv o a Y % 3

wafimeifiddylutsseduarnaioniinfedsdogios waramddefiftunsunamansdy
$ndusiestinislintesileNidnuazianziiiedasamgAnssuvesiuluvasifunsauuining 4
wesiodnandsiauns Sdueidedliinsfnvinginssuvesiumieanganms ludu
namans InglfiaTeamaaouauunuinfunisiaaiuaioanisly wasfndauuunesdaiuud Lite
AnwngAnssuvesiumdeinsamnn waziinsairauuiasadiieviunenginssuvesiu lngende
anuduitussenislugdaidoutuaredoaiildnnmageuanauided milduuudinesazendei
Noufdananntaznanasin
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UNN 3 29AIUN1SIY

= Y '
3.1 A0uiLaznIsAuAI9E19
3.1.1  @auiiiufaegn
megiildnageuludregrsdunieinlauianiiuivinalanaisngamng Aguiasnsal

Wi Ineae walnuiu wwaeitlnd vsnanfudegiaunveanimssusuguaessvnia

3.1.2  3Emseizd1sianaznisiiuaaegig

WEngud1TRVAEUNIUAUINaNs 10 lwudwes lagldadnuzauieanudn 3 wes uwayld
Uaon (casing) WiintlosfungquinneWanats faudaa1udn 3 wes agsiinislddndinssunn
(percussion wash boring) aufan1udniifesnis drunisiivdiegsfuidunuuasanin
(undisturbed sample) Ingldnszuanuis (thin-walled Shelby tube) vunaduRIUALENA19A1EUBN
7.3 wuiwns v 1.5 Jadiuns 817 60 wuiwes naasliluAuyussuna 50 wumiuns watnmyu
fruanzdafutunszvenlsiiaantu maduiedisldvinaivlufufumiadoufhunieuds
Urunans yn seey 1was ieieduiuivietudefudann vnsdeusnianssuenuig
\osannfuudeilinszuenuiaiinanudome Tngnnsiinanuvuivesnszuenuiady 3.4
fodiuns WlefigliiRnaudsmetunszuon wazanunsonzanzadunuld Weldfedsiuiy
11ud MWiiteulefiduauazane wndeulariinenssuanung Lﬁa{]aﬂﬁ’ulﬂﬁﬁmmiqzmﬁafﬂu

A9Y19AU

3.2 Asesilavagdauluviesufjinnis
3.2.1 AseslievnadaunlylussuuanuLnu

LWASDINARBUAULNY (triaxial)

(%

wimegeuauwnunltlun1svaaeullevie ELE Ju EL25-3516/01 dauandlugui 3-1 n1slv
wssiudeEefiuaIeTslannsy (load frame) aunsaliusalgean 50 Aladdu Tdiudegnesiun
fywnaidusugudnana 50 Tadwns g9 100 dadiuns Wawmausanunssiulagega 1700 Alalra

N8 9R5115IN15L U9 U 0.00001-9.99999 TadilunsHouNT
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U 3-1 iATesiloanuuny

LASDIAIUALANLAU (digital pressure controller)

LATRIAIUANAIINAY (DPC) Aawanslugudl 3-2 8ve GDS n1snaaeullldiATasnluAuALsu
U 2 i AIMTIINTAIUANLTIIUGAE (cell pressure) WagBNFINTlaAIUANULIIR UM (back

pressure) ansainanusuliazien 0.1 Alatania InUsunslaaziden 1 gnuiaidaduns

Ul 32 1A3esmuRuAIISY (DPC)

dl v = v
LASDIUUNNYBLA (data Logger)
a o = v a v ] . a o o Y a ' o & = &
Lﬂi@ﬂﬂu’mﬂﬂ]@mﬂa g9 ELE ?u MMT700 Series Lﬂiaﬂ‘Uumﬂ‘U@HaN 11 VRIALY LY WULATR9D

[

nvimthnlunissudygralwilnanndidsdgygyia (transducer) sinee Alin uddssioludanio

g

ARNTIWMES AnvazvaunIsduiintoya faandlugui 3-3

5UN 3-3 1asestiuiindeya
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aaa

waalannelu (local LVDTs)

=

Wuszuun1sinn1siaaounn1elure$nog19iu 399N 15ARAILaANNAIUT19999819874

lnufnRs 2 6 woalAnvldavie RDP Ju D5/200WRA /131 wliauuuanluveuval anunsainssesls

+ 5 fafiuns anuazleadnn duwandluzun 3-4

5UN 34 woaldi

e IUNIanTiaA (proximity transducer)

(%
v 1w a o

FaadtyayIaunsendif Bve KEYENCE g1 EX-205 Series a13nsninszeglansus 0-5 fadiuns

[ aada

AUAZLBEA 0.04% 909 F.S. Audaaue 1.3-13 Alawdsnd ddsdygransendifidunisianig

£ a a A

LPADUNIALNNTVYNLNI DNAVDIFIDENNDDNNIAIUTY Iaen1sTinasinanirunssdezailidoundnnu

Y

1 a (%

Fognediu fesdsdaumsenddin lnsururlsydesalillonasiniinnalniugeresineg1afu fe

wamalugud 3-5

sUN 3-5  fdsdyaamsendda

ABLRILADS
A a s o Y al o o v ' A v a U e Y
Lﬂia\iﬂ@ll‘W'JLG]@TV]']ﬂu’]VﬂUﬂ'ﬁUUVIﬂ‘U@M”aG]'Ng] ‘V]?N‘U@%all'm']ﬂLﬂﬁ@ﬂ‘UuV]ﬂ‘Uailua Isﬁﬂﬂmiu

wivlaleulunisiiuiuiindeyasieg
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a a @ < A a
3.2.2  ADYUDTIZUUNITINAIULIIAAULADU
LWULMBSALIUS (bender element)

wunessawusildlunisnageu §%e PIEZO SYSTEM, INC. Ju T226 Standard Brass Shim

YA
U I U [} v a

AR 440 18509 szevlnse 175 lulasung Ussnaume 2 f1 Ae ddsdgyainfndangiuauuy

(top cap) {WuTI8 Auedng 1125 Taad wazdsudygufndigiuiiuans (pedestal) 10udn

Bnd anusinedng 1250 Taad Aawanslugui 3-6

UM 3-6  LuuneTBAmuATAARluLAToELLNY

\3esrfindnyanm (function generator)

wieariniladyaia 8o Agilent Ju 33220A anansalidndanduguled Udmas 5u
ansden wasitadld Tnendusuledanunsoldaruilddud 1 lulaadend fa 20 wnzdsed aunse
fﬂLLauwagmlﬁéfum 10 fiadlaad 89 10 Taadt laeTnaingasenndu Tilumsiudadyayraddlugah

dedfyanauaziuesadlaalay anvaziasaanlladya i duanslugun 3-7

poadladlay (oscilloscope)

poadlaalay 89 Agilent 3u DSO3102A WuuAInv 100 wneidsnd & 2 dosdyayia Al

YBIANUANANY 2 TaaLIaf/B89 D4 5 1aR/999 ANUAAIALAABUIBIANURNANE 3% v89 10

3.4
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Nadalian/v99 04 5 1an/v09 B3 4% 99 2 Taalasn/v04 049 5 1aa Nad/109 33999819 IALe
2 U lUAUN/499 D9 50 JUN9/499 1ATR9E1USAIRAUANNFNSURIAAUNULIANLA SNULIASDIDDE

Flaglau daanalugui 3-8

sUfl 3-8 ooadlaalay

3.3 3501591809ANUAU-ANULATEA
NATElAIaINgRNITTUANNLAL-AINATEAMIENgu)Barafn Feldaunisniendaeans
wazdnngefAenanain Jsllmnuadududeunndalaldlusunsumsuinnesidusgelunisinse

anan Felelusunsy Plaxis 2D

3.4  AFN15NedaU

(%
)=

Ansnadeuuaztuneuiieg lueuAdeilildunsneaeulufesufiiinng Tavinismaaeu
frogafiumieanginn Melniosauunuiivivusnisiannueiennisly wazinanuiiedy
Feudsiuunesdaud 1nduriinisiasgidoyalasutsoenidu 2 dau Ao daunism
Auduiugszrinnuiusaraaioanuulidady anduinisadswuusiasmegingsy
AsLAu-ALLATEadsuuUTaesildnguidanafnfunquinatadin iewTeulisuiunanis
NAFOUII waznaannIsuageuluieslfiinisnazirliieuiisuiunanisnaaeuiuuied
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Abstract. This paper presents an experimental study on the influence of principal stress direction and
magnitude of intermediate principal stress on the undrained stress-strain-strength behaviors of Bangkok Clay.
The results of torsional shear hollow cylinder and advanced triaxial tests with various principal stress
directions and magnitudes of intermediate principal stress on undisturbed Bangkok Clay specimens are
presented. The analysis of testing results include: (i) stress-strain and pore pressure behaviors, (ii) stiffness
characteristics, and (iii) strength characteristics. The results assert clear evidences of anisotropic
characteristics of Bangkok Clay at pre-failure and failure conditions. The magnitude of intermediate
principal stress for plane-strain condition is also investigated. Both failure surface and plastic potential in
deviatoric plane of Bangkok Clay are demonstrated to be isotropic and of circular shape which implies an
associated flow rule. It is also observed that the shape of failure surface in deviatoric plane changes its size,
while retaining its circular shape, with the change in direction of major principal stress. Concerning the
behavior of Bangkok Clay found from this study, the discussions on the effects of employed constitutive
modeling approach on the resulting numerical analysis are made.

Keywords: torsional shear hollow cylinder; stress-strain characteristics; failure criteria; generalised
stress; Bangkok Clay

1. Introduction

Natural soils are believed to possess cross-anisotropic behavior due to their mode of deposition
which is one-dimensional in nature. Anisotropic consolidation stresses align platety particles and
particle groups with their long axes perpendicular to the major principal stress. As a result, the
mechanical behavior of natural soils will depend on changes in the orientations and magnitudes of
the principal stresses which are common situations of most geotechnical constructions. These
effects should be investigated to better understand the fundamental behavior of soil which is
necessary for the development of advanced constitutive models so that the formulated stress-strain
characteristics can be used for reliable prediction of soil behavior in the field. Such developments
are primarily based on experimental data from laboratory tests.
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The conventional triaxial apparatus (TX) has been commonly used in the laboratory. It offers
only two stress states which are the non-continuous change of the major principal stress direction
(o) between 0° in compression and 90° in extension modes coupled with a jump of the intermediate
principal stress parameter (b) from 0 to 1. To evaluate the behavior of soil element under more
realistic and general loading conditions, it is desirable to be able to control the magnitudes and
directions of all three principal stresses independently. The plane strain (PS) apparatus and
directional shear cell (DSC) offer attractive capabilities for examining of anisotropic
characteristics; however, they cannot control . True triaxial (TTX) and torsional shear hollow
cylinder (TSHC) are the most popular apparatuses to study soil behavior under general stress
condition. The TSHC apparatus is capable of: (i) achieving acceptable uniform distributions of the
stresses, (ii) fully independent controls over and measurement of stresses o, o,, 0y 79, and (iii)
accurate measurement of strains &, &, & )0 The TSHC apparatus is the only laboratory test
which can control both major principal stress direction and magnitude of intermediate principal
stress.

Anisotropic characteristics of undisturbed clay under general stress condition have been widely
studied by TTX (e.g., Kuwano and Bhattarai 1989, Kirkgard and Lade 1991, 1993, Callisto and
Calabresi 1998 and Callisto and Rampello 2002) but with much lesser data by TSHC (e.g.,
Gasparre et al. 2007, Nishimura et al. 2007). Among TSHC data available, there are very limited
data on TSHC with independent control of @ and b. In addition, despite its common field
occurrence, very little research has been conducted to study the response of Bangkok Clay under
general stress condition. Therefore, there is lack of data for Bangkok Clay to facilitate its
formulation of advanced constitutive model which considers the effects of major principal stress
direction and magnitude of intermediate principal stress into account.

Presented here is an experimental study of the undrained deformation and strength
characteristics of Bangkok Clay under general stress condition. The TSHC and triaxial tests are
performed on undisturbed Bangkok Clay specimens under undrained compression/extension
condition (CIUC/E) with various principal stress directions and magnitudes of intermediate
principal stress. To the best of the Authors’ knowledge, this research is the first instance for
Bangkok Clay where such combined loading response has been systematically investigated with
explicit accounting for the variation of principal stress rotations and magnitudes of intermediate
principal stress on an individual basis.

2. Description of experimental program

The essential features of the TSHC system used in this study were described by Fukuda et al.
(1997). The apparatus was stress-controlled by a computer-based closed-loop servo-system. The
hollow cylindrical specimens had inner diameter = 30 mm, outer diameter = 70 mm, and height =
120 mm. Fig. 1 shows three normal stresses which are axial (o;), radial (o;), circumferential (o),
and one shear stress (75) components on the soil element in TSHC. These stresses can be
controlled by adjusting torque (M7), axial force (W), outer cell pressure (p,), and inner cell
pressure (p;). Fig. 1 also shows the work-conjugate strain components &, &, &5 and j4 In this
study, the average stress and strain components on soil element were calculated according to the
equations given by Hight ef al. (1983). The inclination of major principal stress with respect to
in-situ vertical direction () and the magnitude of intermediate principal stress which is usually
represented in term of b parameter are defined in Egs. (1) and (2), respectively.
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All TSHC specimens were isotropically consolidated to their in-situ mean effective stresses
before undrained sheared at constant mean total stress (constant p). The in-situ effective stresses
were calculated from unit weights profiles, groundwater pressure profile considering drawdown
condition (Phien-Wej et al. 2006), and coefficient of earth pressure at rest (K,) from pressuremeter
tests (Prust ef al. 2005). A back pressure of 200 kPa was applied to ensure specimen saturation.
After completion of the saturation process, the Skempton B parameter was greater than 0.95. The
termination of the isotropic consolidation stage was judged from the dissipation of the excess pore
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pressure (Au < 1 kPa). In case of compression and extension mode, specimens were sheared until
achieving failure at large strain. However, in case of tests with o =45°, the final shearing stage was
terminated when either failure was observed or the angle of rotation exceeded 30°. The loading
speed of shearing stage was prescribed by the rate of increase in principal stress ratio (d(ai'/ a3')/
dr) of 0.00075/min which was sufficient to ensure fully equalized pore pressure.

The advanced triaxial apparatus, incorporated with local axial and radial strain measurement
systems, was also employed in this study, the detail of which was described by Yimsiri et al.
(2009). Submersible LVDTs (Cuccovillo and Coop 1997) were used for local axial strain
measurement and proximity transducers (Hird and Yung 1989) were used for local radial strain
measurement. The TX specimens had diameter of 50 mm and height typically of 100 mm. The
specimens were also isotropically consolidated to their in-situ mean effective stresses before
subjected to standard undrained compression shearing which involved axial loading under
strain-controlled condition, with nominal external axial strain rate of 0.2%/hr, while keeping the
cell pressure constant. In this study, the TX data supplement TSHC data in that: (i) TX data
provide additional data where TSHC data may be less reliable due to stress-nonuniformity and (ii)
TX data can investigate small-strain behavior.

The undisturbed Bangkok Clay specimens were retrieved from the ground by ¢ 100 mm piston
sampler from Lad Prao area in Bangkok between the depths of 7.0-14.6 m. The profiles of soil
properties are presented in Fig. 2 together with locations of all specimens. Most of the soil
specimens were taken from medium clay stratum with index properties of approximately: Liquid
Limit (LL) = 54-88%, Plastic Limit (PL) = 18-33%, Plasticity Index (PI) = 35-58%, natural water
content (w,) ~ 23-55%, and total unit weight () ~ 17.0 kN/m’. The OCRs of all specimens are
between 1.2-1.5 (Shibuya et al. 2001). Nine torsional shear tests were carried out each with
different a and b values. The a values were fixed at 0°, 45°, and 90° and the b values were fixed at
0, 0.5, and 1. The torsional shear hollow cylinder test program is shown in Table 1. The symbols A
and B stand for o and b, respectively, and the numbers afterward indicate their values (e.g.,
A00BOS5 means a=0° and b=0.5). The triaxial test program is shown in Table 2. The CIUC tests

Unit weight, y (kN/m®) W, LL, PL (%) Suuc (kPa)
0 10 20 30 0 20 40 60 80 100 O 10 20 30 40
4 L L } } L L
water content
= = = -liquid limit \
6 4| — — plastic limit
A90B10
8 i \ . |
—_ \
E \ J
£10 A90B05 Soft clay \ Soft clay ] ft clay
) [~ — T AmsBos  § T 7 __"_\___/_'_‘__ -7
S e | N
12 A45B10 / )
A00BO5, AO0OB10 Medium clay / / . Medilim clay Medium clay
14 } — v xan 3 ] ,__I.____-'_'__.___ _________ — — ]
A00B00, TX-3V, TX3H '
Stiff clay Stiff clay Stiff clay
16

Fig. 2 Profiles of soil properties
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were performed on both vertically- and horizontally-cut specimens which corresponded to the
conditions of (a=0°, b=0) and (a=90°, b=0), respectively. The stress paths in deviatoric plane of

all tests are shown in Fig. 3.

AD0BOO

r

T*av %
TXAV A
A45BOO*

A00BOS
A45B0O5*

AOOB10**
@, 1s at in-situ vertical stress direcfion. A45B10*
* g 13 at 45° with m-situvertical tress direction.
** Tests subjected to severe stress{qnon-uyniformity.
A90BO0O**
r TX-3H
r C
O TX-4H
A90BOS
A90B10
Fig. 3 Stress paths in deviatoric plane
Table 1 Torsional shear hollow cylinder test program
Depth W, P a
Test No. € o b
(m) (%) (kPa) )
A00B00 14.5 20.2 0.54 105 0 0
A00BO5 13.5 22.2 0.59 100 0 0.5
A00B10 13.5 253 0.67 100 0 1
A45B00 12.0 543 1.44 85 45 0
A45B05 11.0 61.8 1.64 75 45 0.5
A45B10 12.5 49.4 1.31 90 45 1
A90B00 11.5 534 1.42 85 90 0
A90B05 10.0 79.3 2.10 65 90 0.5
A90B10 7.5 55.6 1.47 45 90 1

*p,’ = isotropic mean stress; w, = natural water content
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Table 2 Triaxial test program

Test No. Specimen direction Depth (m) w, (%) € Do o (°) b
TX-3V Vertical 14.5 27.7 0.73 130 0 0
TX-4V Vertical 13.7 293 0.78 120 0 0
TX-3H Horizontal 14.5 23.5 0.62 130 90 0
TX-4H Horizontal 13.7 25.0 0.66 120 90 0

Although, TSHC apparatus can control the magnitude and direction of the major and minor
principal stresses while independently varying the magnitude of the intermediate principal stress, it
achieves this with the expense of stress-nonuniformity across the specimen wall. Applications of
difference in external and internal pressures and/or torque cause nonuniformity, the degree of
which depends on the stress state, specimen dimensions, soil stiffness, and constitutive law of the
soil. Investigations into the stress-nonuniformity in TSHC specimens were reported by Hight et al.
(1983) and Sayao and Vaid (1991) using linear elastic soil model. Wijewickreme and Vaid (1991)
revealed that for a given stress state, a linear elastic assumption overestimated the stress-
nonuniformity in the TSHC specimen and the nonlinear elastic assumption yielded much larger
domain of general stress space that can be explored using TSHC device. It has been pointed out,
however, that stress-nonuniformity across the wall of the TSHC specimen would always be
expected in the vicinity of the corners (a=0°b=1) and (a«=90°, b=0) where the value of (p,—p;)
is high and with lesser degree in the regions where M7 is high (i.e., in the vicinity of a=45°). In the
current TSHC program, there were 2 tests which were likely to suffer from stress-nonuniformity
problem, i.e., AOOB10 and A90B00. However, the TSHC test A90B00 can be supplemented with
TX test TX-3H and TX-4H, all of which have identical stress conditions. These tests with severe
stress-nonuniformity are noted and taken into account in following discussion.

3. Stress-strain and pore pressure behaviors

Fig. 4 presents the stress-strain curves from TSHC in terms of normalized deviatoric stress
(g/p,") versus deviatoric strain (g,;), the definitions of which are shown in Egs. (3) and (4),
respectively. At any b, Bangkok Clay tends to exhibit a softer response when the major principal
stress becomes more horizontal (« increases) with more pronounced effects when o increases from
0° to 45°. The value of b has relatively less effects on the stress-strain curves. The effects of a on
stress-strain curves found in this study are similar to TSHC data reported by Zdravkovic and
Jardine (2000) on quartzitic silt and Kumruzzaman and Yin (2010) on sandy silt. The effects of b
on stress-strain curves found in this study are similar to TTX data reported by Prashant and
Penumadu (2005, 2007) on reconstituted kaolin. Fig. 5 presents TX and TSHC results of
comparable conditions. It can be seen that TSHC results show more anisotropic characteristics
than those of TX (TSHC>TX at a=0°, whereas TSHC <TX at a=90°), the reasons of which may
be that: (i) the A90B00 specimen has a tendency to suffer from stress-nonuniformity and to a
lesser extent that (ii) A90BO0 specimen is taken from softer stratum than other specimens;
therefore, it tends to yield softer response. Moreover, the results from this study are comparable to
the TX results (CK,UC) of stiff Bangkok Clay specimen (at 18.5 m depth) reported by Shibuya et



Undrained strength-deformation characteristics of Bangkok Clay under general stress condition 425

-
(2]

I— ACOBOO
1.4
AOOBOS

=

AUUET

A90B0O* T - Aeeod
;;’ é-msmo:g@—ﬁ

?‘* £
A45B05 A0B10

/ |' Tests subjected to severe stress-nonuniformity.
T L}

Normalized deviatoric stress, q/p,’
o
=]

0 2 4 6 8
Deviatoric strain, £ 4 (%)
Fig. 4 Stress-strain curves at different & and b

1.6
1.4

[ A00B0O

|
[ __Shibuyaetal (2001)|

12 [ A et
1 f/ | X4V

i ﬁ‘fﬁf TX-4H
0.8

Normalized deviatoric stress, q/p,’

I | agoBoo* |t
0.6 - //
0.4
0.2
0 [ Tests subjected to severe stress-nonuniformity.
0 2 4 6 8

Deviatoric strain, £, (%)
Fig. 5 Comparison of stress-strain curves

al.(2001). Some differences in the observed stiffness may be due to the difference in consolidation
conditions.
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Fig. 6 presents the excess pore pressure data in terms of normalized excess pore pressure
(Au/p,) versus deviatoric strain (g,). It is noted that Au of TSHC is from constant p test which
excludes the effects of change in p during shearing. At any b, Bangkok Clay tends to exhibit a
more contractive response when the major principal stress becomes more horizontal (a increases)
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with more pronounced effects when a increases from 0° to 45°. Bangkok Clay also becomes more
contractive as the value of b increases but the effects of b cannot be observed for the case of a=
45°. The effects of a on excess pore pressure found in this study are similar to TSHC data reported
by Zdravkovic and Jardine (2000) on quartzitic silt and Kumruzzaman and Yin (2010) on sandy
silt and also similar to TTX data reported by Kuwano and Bhattarai (1989) on undisturbed
Bangkok Clay and Prashant and Penumadu (2005) on reconstituted kaolin. The effects of » on
excess pore pressure found in this study are similar to TSHC data reported by Kumruzzaman and
Yin (2010) on sandy silt and TTX data reported by Prashant and Penumadu (2004, 2007) on
reconstituted kaolin. Fig. 6 presents TX (excluding effects of change in p) and TSHC results of
comparable conditions. It can be seen that TSHC results show more anisotropic characteristics
than those of TX (TSHC <TX at a=0°, whereas TSHC >TX at a=90°), the reasons of which have
been discussed earlier.
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Fig. 8 presents stress paths in terms of normalized deviatoric stress (¢/p,’) versus normalized
mean effective stress (p'/p,’). The results show that o has relatively no effect on the stress path
characteristics. The stress path ata=0° (A00B00) shows dilative behavior after reaching maximum
excess pore pressure which makes the stress path turn right with increasing deviatoric stress.
However, the stress paths have tendency to move to the left as b increases due to the generation of
more excess pore pressure except for the case of a=45°. The effects of b on stress path found in
this study are similar to TSHC data reported by Kumruzzaman and Yin (2010) on sandy silt. Fig. 9
presents TX and TSHC results of comparable conditions together with TX results of Shibuya et al.
(2001). All data show conforming trends.
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4. Strength and stiffness behaviors

Fig. 10 summarized the effects of o and b on normalized undrained shear strength (s, /p,")
(where 5,= gmax/2). Fig. 10(a) shows that Bangkok Clay has lower s,/p,’ when the major principal
stress becomes more horizontal (a increases) with less pronounced effects when a increases from
45° to 90°. The values of s,/p,” from TX seem to be less affected by o (more isotropic) due to the
reasons discussed earlier. Fig. 10(b) shows that s,/p,' decreases as b increases for o =0° but with
less effects of b when a=45° and 90°. The CK,UC data of stiff Bangkok Clay reported by Shibuya
et al. (2001) and CK,UC/ E data of medium Bangkok Clay reported by Seah and Lai (2003) also
show relatively consistent results with this study. The effects of « on s,/p,’ found in this study are
similar to TSHC data reported by Zdravkovic and Jardine (2000) on quartzitic silt and TTX data
reported by Prashant and Penumadu (2005) on reconstituted kaolin. The effects of b on s,/p,’
found in this study are similar to TTX data reported by Kirkgard and Lade (1993) on undisturbed
San Francisco Bay Mud and Prashant and Penumadu (2007) on reconstituted OC kaolin. Some
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remarks should be made here that there was non-conformity of definitions of undrained shear
strength among the literatures. Some define s, in two-dimension (s,=(o;— 03)/2), whereas some
define s, in three-dimension (s, is a function of .J,).

Fig. 11 summarizes the effects of « and b on normalized excess pore pressure at failure (Auy/
p.'). The value of Auyis the excess pore pressure from constant p test and taken at g, = 6%. Fig.
11(a) shows that A us/ p,’ increases as the major principal stress becomes more horizontal (a
increases) with less pronounced effect when a increases from 45° to 90°. Fig. 11(b) shows that
Auyp,’ increases as the value of b increases but the effects of b cannot be observed for the case of a
=45°. The values of Aus/ p,” from TX (excluding effect of change in p) are also relatively
consistent with TSHC results but they are less affected by a (more isotropic) due to the reasons
discussed earlier. The CK,UC/ E data of Seah and Lai (2003) also show similar results.

Fig. 12 shows the effects of a on the variation of friction angle (¢/) and stress ratio at failure
(M)). The friction angle (¢) and stress ratio (M) are calculated as defined in Eqgs. (5) and (6),
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respectively. The failure condition in this analysis is defined as the points of peak deviatoric stress.
The results show that both ¢’ and M, have non-monotonic relationships with a and they have the
lowest values at approximately a=45°. Fig. 13 shows the effects of b on the variation of ¢/ and M.
The results show that ¢/ increases with b especially when b changes from 0 to 0.5, whereas My is
relatively constant with b. The results of TX from this study, Shibuya et a/. (2001), and Seah and
Lai (2003) are consistent with TSHC data but with more isotropic characteristics. The effects of a
on ¢ found in this study are similar to TSHC data of undisturbed London Clay which show a
minimum of ¢ at a~45°-48° (Nishimura et al. 2007) and also similar to PS data on reconstituted
kaolin which show a minimum of ¢’ at a = 60° (Kurukulasuriya et al. 1999). However, some
studies reported a monotonically decrease of ¢/ against an increase in a (e.g., Zdravkovic and
Jardine 2000 and Kumruzzaman and Yin 2010). The effects of b on ¢/ found in this study are
similar to the data reported by other studies (e.g., Kuwano and Bhattarai 1989, Kirkgard and Lade
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1993, Zdravkovic and Jardine 2000, Prashant and Penumadu 2007, and Kumruzzaman and Yin

2010).
#= sinl(ﬂj (5)

' '
O, +05

IV 6sing'v1 — b + b

3+(2b—1)sing'

(6)

Fig. 14 presents shear modulus degradation curves in terms of normalized secant octahedral
shear modulus ((Goc/)sec/ po") versus deviatoric strain (g;). The octahedral shear modulus (G,.,) is
calculated as defined in Eq. (7). The stiffness data from TSHC can be measured to the strain of as
small as 0.01%. The results show that G, gradually decreases as ¢, increases due to the non-linear
nature of soil. Moreover, Bangkok Clay becomes less stiff as the major principal stress becomes
more horizontal (o increases) but this cannot be clearly observed for the case of 5=0.5. The b
value has relatively no effects on stiffness.

A
Goct = 1
3A5q

(7

Fig. 15 summarizes the variation of ((Goe)sec/ po") at & = 0.01% with a and b. The results show
that the normalized shear modulus decreases when the major principal stress becomes more
horizontal (a increases) but the effects are not so obvious when o increases from 45° to 90°. The
normalized shear modulus seems to decrease with an increase in b but the effects are relatively
small. The relatively small effects of b on the normalized shear modulus found in this study are
quite different from other studies which report that, as b increases, the stiffness either increases
(e.g., Kuwano and Bhatarai 1989, Kirkgard and Lade 1993, and Prashant and Penumadu 2004) or
decreases (e.g., Zdravkovic and Jardine 2000).

The undrained stiffness anisotropy is presented in Fig. 16 which shows undrained Young’s
modulus degradation curves in terms of normalized secant undrained Young’s modulus (£, ../ p,")
versus axial strain (&,). The E,, .. is calculated as Aay / Ag; and ¢, is equal to &. This definitions are
considered justified for a=0° and 90° since oy and & have similar directions for these conditions.
The results of TSHC and TX of comparable conditions (a=0° and 90° with b=0) are presented.
The TX results can investigate the data for strains as small as 0.001% due to the virtue of local
measurement systems, whereas the TSHC results can show the data for strain as small as only
0.01%. The TSHC and TX results show similar anisotropic stiffness characteristics where
Bangkok Clay is stiffer in vertical direction under undrained condition. The ratio of £, / E,,q at &,
= 0.01% from TSHC data is approximately 1.5, whereas the ratio of £, o/ E, 4 at &, = 0.001% and
0.01% from TX data is approximately 1.7. These ratios can be compared with those of other
undisturbed clays as shown in Table 3. It can be seen that the undrained Young’s modulus
anisotropy of Bangkok Clay, which is lightly-overconsolidated clay, is opposite to those of
London Clay and Gault Clay, which are heavily-overconsolidated clays. Under undrained
condition, Bangkok Clay is stiffer in vertical direction, whereas London Clay and Gault Clay are
stiffer in horizontal direction. However, it is interesting to note that the reported value of San
Francisco Bay Mud, which is also lightly-overconsolidated clay, is similar to those of London
Clay and Gault Clay rather than that of Bangkok Clay.
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Table 3 Ratios of £, o/ E,, 99
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Soil Euo/Eyo0 Strain range References
1.5-1.7 Intermediate This study
Bangkok Clay 1.6 Small Ratananikom ef al. (2013)
1.7 Small This study
San Francisco Bay Mud 0.7 Intermediate Kirkgard and Lade (1991)
0.8 Intermediate Atkinson (1975)
London Clay .
0.6 Small Yimsiri and Soga (2011)
0.6 Small Lings (2001)
Gault Clay L
0.6 Small Yimsiri and Soga (2011)
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5. Failure criterion

Fig. 17 shows the variations of ¢’ and M, with b parameter of 2 cases, i.e., (a) a=0° and 90°;
and (b) a=45°. The prediction of ¢ and M; by five commonly quoted failure criteria are also
superimposed in these figures by fitting the model with the results of triaxial compression
conditions. The details of the failure criteria and the parameters used are summarized in Table 4.

Table 4 Failure criteria (after Potts and Zdravkovic 1999)

Failure criteria Parameters
Mohr-Coulomb model
Failure criterion: f=43J, —M(@)(p'+c'cotd')=0 =0
3sin @' ¢ =32° (for a=0° and 90°)
where M(0)= i =27° (for @ = 45°)
3 cos@ +sinOsin @
Extended Tresca model
Failure criterion: f=4J,c080-k=0
\/_ k =65 kPa (for a = 0° and 90°)
3k = =45°
where M) = 54 kPa (for o = 45°)
p'cosf
Drucker-Prager model
Failure criterion: f=+3J, =M (¢")(p'+c'cotg')=0 =0
6sin &' ¢ =32° (for a = 0° and 90°)
where M(¢') = —¢ = 27° (for a = 45°)
3—sing'
Lade-Duncan model
. o _ _ Vo N c'=0
Failure criterion: f=43J, =M (@)(p'+c'cotg') =0 § = 32° (for o= 0° and 90°)
=27° (for & = 45°
where M() are roots of: 2M(0)*sin30+9IM(0)* —10.67=0 7° (fora=457)

n=27.40, m=0.40

Matsuoka-Nakai model

Failure criterion: f=43J, =M (B)(p'+c'cotg')=0 =0
¢ =32° (for o = 0° and 90°)
where M(0) are roots of: 24.25M(6)’ sin36 +82.11M (0)* —84.32=0 = 27° (for a = 45°)

*Note: &= Lode angle

M
6N1—b+b> —(2b-1)M

¢'=sin"!
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The results show that the variations of ¢’ and M, can be best approximated by the Drucker-Prager
failure criterion. Furthermore, the failure conditions of Bangkok Clay are also presented in
deviatoric plane for a constant mean effective stress of p'=100 kPa as shown in Fig. 18 for 2 cases,
i.e., (@) a=0° and 90°; and (b) a=45° (see also Fig. 1). Fig. 18(a) (« =0° and 90°) shows the
failure points symmetrically about the vertical axis (o;") due to the hypothesis of cross-anisotropy
of the specimen obtained from the field (Ratananikom et al. 2013). The five commonly quoted
failure envelopes, the details of which are shown in Table 4, are compared with the experimental
data. Again, it can be seen that the Drucker-Prager failure criterion shows best fit to the
experimental data. It is noted that the results of A90B00 (on o;- and o;’-axis) are smaller and do
not fit the proposed failure criterion well, which may be due to stress-nonuniformity. Fig. 18(b) («
=45°) has the experimental data for only 1/6 of the full failure envelope; however, failure points
are plotted in six-fold symmetry about the origin due to the hypothesis of isotropy which is
postulated from the case of a=0° and 90°. It can be seen that the Drucker-Prager failure criterion
still fits the results well. The Drucker-Prager failure criterion found for undisturbed Bangkok Clay
from this study is consistent with the TTX data of similar soil reported earlier by Kuwano and
Bhattarai (1989). However, other studies on undisturbed clays report that their failure envelopes
are rather similar to Lade-Duncan type and also show anisotropic characteristics (e.g., Kirkgard
and Lade 1993, Callisto and Callabresi 1998, and Callisto and Rampello 2002).

Fig. 18 also presented the plastic strain increment vectors on the principal strain axes which are
superimposed on the principal stress axes. The plastic strain increments are taken at g, = 5% to
avoid effects of strain non-uniformity and it is assumed that the strains at this stage are fully
plastic. The results show that the strain increment vectors appear to be normal to the Drucker-
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(a) a = 0° and 90°

Fig. 18 Failure surface on deviatoric plane of Bangkok Clay
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oy’
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= = -Mohr-Coulomb
— = Matsuoka Nakai

190 -Lade Duncan
= A TSHC
(b) a = 45°

Fig. 18 Continued

Prager failure envelope. This indicates that the failure envelope and the plastic potential are
identical corresponding to an associated flow rule. This finding is also consistent with the data of
undisturbed Bangkok Clay reported earlier by Kuwano and Bhattarai (1989). Other studies on
undisturbed clays report that their plastic flow rules are both associative (e.g., Callisto and
Calabresi 1998) and non-associative (e.g., Kirkgard and Lade 1993, and Callisto and Rampello
2002).

6. Relationship between individual strain components

Fig. 19 shows relationships between strain components of tests with b =0.5. These tests are
performed in order to investigate plane-strain condition where & is supposed to be negligible. It
can be seen that the case of A45B05 shows very small development of &; however, the cases of
A00BO5 and A90B05 show some development of & toward the final stage of the test. The results
may imply that the plane-strain condition corresponds to b of slightly less than 0.5 for o = 45° and
corresponds to lower b values for o =0° and 90°. This finding is consistent with the data of
undisturbed Bangkok Clay by Kuwano and Bhatarai (1989) who reported that »=0.27-0.5 for
plane-strain condition. Other studies also reported b = 0.2-0.66 for plane-strain condition (e.g.,
Kirkgard and Lade 1993, Zdravkovic and Jardine 1997, and Prashant and Penumadu 2004).

Fig. 19(b) (a=45°, b=0.5) corresponds to conditions where o,, o,, 0y are constant with 7,
continually increasing during the test. It is evident that only the shear strain component g
dominates during early stage of the test and the normal strain components &, &g, and & remain
negligible which means that the development of shear stress during the test has no effect on any
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normal strains. Considering the conventional cross-anisotropic elastic equation of total stress for
TSHC condition as shown in Eq. (8) with reciprocal rule, this implies that the six cross-coupling
terms in the compliance matrix can be taken as zero. Moreover, according to principle of effective
stress, the compliance matrix in terms of effective stress also has identical form.

1 v, v, 0
E.E E,
Ag, v, 1 vy 0 Ao,
Ae. | | E, E E, Ao, )
Asy | | Vg Vig 1 0 Ao,
Ayzﬁ EZ Er Eg ATZ@
1
o 0 0 —
GZH

Fig. 20 presents the evolution of principal stress and strain directions together with principal
stress increment and principal strain increment directions during undrained shearing. The
definitions of directional parameters are given in Egs. (9) to (12). In all tests, the principal stress
direction is constant throughout the tests; therefore, the principal stress direction is identical to the
principal stress increment direction (a=a,). The results show that all tests with the principal stress
directions coinciding with the principal axes of the material (¢ =0° and 90°) show coincidence of
the principal stress increment and principal strain inclement directions. The example of these cases
is presented in Fig. 20(a) for test AOOB0O. The tests which involve rotation of the principal stress

5 \
§ — o (angle of the principal stress direction to the vertical)
) ® «, (angle of the principal strain direction to the vertical)
@ O &, (angle of the principal strain increment direction to the vertical)
o
b 2.5 1
e
=
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[}
% 0 - ——
3}
£
c
=
®
- 25
c
S
?
8 A00BOO|
® 5
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Deviatoric strain, ¢4 (%)
(a) AOOBOO

Fig. 20 Evolutions of principal stress and strain increment directions
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Fig. 20 Continued

direction away from the principal axes of the material (cases with a=45°) show some deviation
between the principal stress increment and principal strain increment directions. For tests A45B00
and A45B05, the principal stress increment and principal strain increment directions show small
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deviation of up to £2° at g =0.06% as shown in Fig. 20(b). However, test A45B10 shows a
difference of up to = 17° during the beginning of shearing stage (&, = 0.06%) before gradually
converging to remain within + 1° after ¢, exceeds ~3% as shown in Fig. 20(c). The difference of
the observed principal stress increment and principal strain increment directions during the
beginning of shearing (small- to intermediate-strain range) is due to the cross-anisotropic elastic
characteristics of the material. Subsequently, during undrained shearing, both directions are
gradually converging due possibly to: (i) the adjustment of principal axes of the material to
coincide with the principal stress increment direction and (ii) the evolution of plastic behavior.
This observed behavior during undrained shearing is similar to the results during inclined
consolidation of quartzitic silt reported by Zdravkovic and Jardine (2001).

.. . 1 _ 2
Principal stress direction a=—tan™" LT 9
2 o, -0y
.. ) . 1 _ 2A
Principal stress increment direction o, =—tan N =00 (10)
2 Ao, — Aoy,
.. . . . 1 o 2
Principal strain direction a, =—tan ! ) (11)
2 £, — &
.. .. .. | 2A
Principal strain increment direction a; =—tan B0 (12)
2 Ag, — Ag,

7. Conclusions

This study presents the experimental study of undrained strength-deformation characteristics of
Bangkok Clay under general stress state by TSHC and advanced TX apparatus. Several behaviors
are investigated and discussed including: (i) stress-strain and pore pressure behaviors, (ii) stiffness
characteristics, and (iii) strength characteristics. The results of all tests are summarized in Table 5.
The study shows evident influences of the direction of major principal stress and the magnitude of
intermediate principal stress on the observed soil behaviors which can be summarized in Table 6.
Most of the experimental results from Bangkok Clay are more or less similar to previous findings
reported for undisturbed and reconstituted clays. However, the result on stiffness is quite unique
from other studies where it is found that » has small effects on shear stiffness. This characteristic
may require further investigation.

The anisotropy of undrained Young’s modulus (E,,/ E, ) of Bangkok Clay is found to be
approximately 1.5-1.7 at small- to intermediate-strain levels. It is found that the undrained
Young’s modulus anisotropy of Bangkok Clay is opposite to the reported values of other
heavily-overconsolidated clays. However, an inconsistency is still found with the data of San
Francisco Bay Mud, which is also of similar stress history to Bangkok Clay. Therefore, the effects
of stress history on undrained stiffness anisotropy should require further investigation. The
anisotropic elasticity is also presented in terms of the non-coincidence of principal stress
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Table 5 Summary of experimental results

Test p.’ (kPa) s, (kPa)  Auy(kPa) ¢ ©) My (Goe)oo1% (MPa)
A00B00 105 79.6 37 30.4 1.22 26.8
A00BO5 100 65 -12.5 45 1.22 18.5
A00B10* 100 59.5 1 24 591 1334 20.0 4
A45B00 85 38.2 15 27.3 1.08 12.8
A45B05 75 34 15.2 40.2 1.12 11.3
A45B10 90 375 14.4 34.6 0.95 113

A90B00* 85 34671 3571 21871 08571 12871
A90B05 65 34 12.8 45.9 1.24 18.1
A90B10 45 19.5 16.8 45 1.14 6.8
TX-3V 130 80 9.1 28.8 1.15 -
TX-4V 120 67 -1.2 28.2 1.12 -
TX-3H 130 75 -11.7 28.6 1.14 -
TX-4H 120 60 0 26.1 1.03 -

* Tests subjected to severe stress-nonuniformity

Table 6 Summary of effects of a and b

Parameters Effects as a increases Effects as b increases

Decreases, especially when

. o o Somewhat decreases or constant
a increases from 0° to 45

Sul Po’

Increases, especially when

' — AKo©
Ausl p, o increases from 0° to 45° Increases, except when o = 45
.. Increases, especially when
4 — o 9
% Minimum at &= 45 b increases from 0 to 0.5
My Minimum at a = 45° Constant
Goct001%/ Do’ Decreases Small effects

increment and principal strain increment directions at small strain for tests with a = 45°.
Furthermore, the results of test A45B05 (a=45°, b=0.5) imply that the six cross-coupling terms in
the elastic compliance matrix of effective stress and total stress (i.e., Eq. (8)) can be taken as zero.
Therefore, the elastic behavior of Bangkok Clay can be modeled by a conventional
cross-anisotropic elastic compliance matrix.

Both failure surface and plastic potential in deviatoric plane of Bangkok Clay are found to be
isotropic and of circular shape which also implies associated flow rule. These results of Bangkok
Clay are quite unique comparing with those of other clays. The failure envelopes of most
undisturbed clays are reported to be of Lade-Duncan type with anisotropic characteristic.
Moreover, the plastic flow rule in deviatoric plane of other clays is mostly non-associative. As a
result, if Bangkok Clay is modeled by fitting non-circular failure surface in deviatoric plane (e.g.,
Mohr-Coulomb) to triaxial compression data, as commonly done in normal finite element work,
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the strength analysis results of plane-strain condition should be underestimated (Grammatikopoulou
et al. 2007). This study also reports that the plane-strain condition for Bangkok Clay is found to be
at b less than 0.5 and also depends on a.

It is also found that the shapes of the failure surface in deviatoric plane still retain their circular
shape with their sizes changing with the change of direction of major principal stress. This is due
to the dependency of the friction angle (¢/) on a. The results show that the failure surface in
deviatoric plane shrinks as a increases from 0° to 45°, when it reaches its minimum, and expands
as a further increases from45°to 90°. As a result, if Bangkok Clay is modeled by fitting constant-
size circular failure surface in deviatoric plane (e.g., Drucker-Prager) to triaxial compression data,
as always assumed in normal analysis, the strength analysis results should be overestimated.

It is noted, however, that the results from this research provide a preliminary discussion on the
behavior of Bangkok Clay under general stress condition because only a limited set of b-values (=
0, 0.5, 1) and a-values (= 0, 45, 90°) were used in the tests. There may be questions about the
accuracy of the derived curved shapes of both failure surface and plastic potential in deviatoric
plane. Nevertheless, this research is the first instance for Bangkok Clay where such combined
loading response has been systematically investigated with explicit accounting for the variation of
stress rotations and magnitudes of intermediate principal stress on an individual basis. A more
comprehensive TSHC investigation supplemented with other test results, i.e., triaxial and true
triaxial tests, is underway.
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Notation

The following symbols are used in this paper:

b intermediate principal stress parameter

E, undrained Young’s modulus

E. undrained Young’s modulus in vertical direction

E.E, undrained Young’s modulus in horizontal direction

G octahedral shear stiffness

G shear modulus in vertical plane

LL,PL, Pl liquid limit, plastic limit, and plasticity index

My Torque

M, M, stress ratio

OCR overconsolidation ratio

Di inner cell pressure

Do outer cell pressure

p' mean normal effective stress

v’ in-situ mean normal effective stress

q deviatoric stress

Sy undrained shear strength

w axial force

W, natural water content

Au, Auy €XCeSs pore pressure

o major principal stress direction

a, Oy major principal stress and major principal stress increment directions
O, Ol major principal strain and major principal strain increment directions
y total unit weight

&y deviatoric strain

&1, &2, &3 major, intermediate and minor principal strains

&y &y E0y Vo0 axial, radial, circumferential and shear strains

o1, O, O3 major, intermediate and minor principal stresses

O, Oy, O, normal stress in x-, y-, and z-directions

Oz, O, Oy, Top axial, radial, circumferential and shear stresses

Virs Vi Poisson’s ratio for radial strain due to vertical direct strain and vice versa
Vi, Ve Poisson’s ratio for circumferential strain due to vertical strain and vice versa
Vio, Vor Poisson’s ratio for circumferential strain due to radial strain and vice versa
d(oy'/o3")/dt principal stress increasing rate

4 07 friction angle
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