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frdufintuiiosninns consolidation fefunidssuusadouililunisiinsghifiosninuesan
Puiflosuama FOS Aitfeefianiadummdsfunsadounuulissueimodumien Tassnsided
Janaeuanuululiveiuifia normalized soil parameter (NSP) dnsufuwmilesgounginne
lngadunisnaaeu CKUC fuddegiafumnieigoungamnluaniiz normally consolidated

(OCR=1) hagAN¥INANTENUVDIAIEAEIU vertical consolidation stress to maximum part
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Aidsfunsadounuulissuie (s,) Huanauiinieindsiddyvesdiumiey suduan
fr¥svesAumdersenitanisiuussvulissvetilasauyiildinsuisuwUamesUiuimg
agalsfinuen s, lﬂﬁzi@mauﬁe‘?ﬁugm%qﬁmwswﬁuﬁmaﬂswumﬂwmaﬂa%’a WU ANwENISIREY
. ANNIEVDULYN, DATINTT VTR DU, confining stress, @N17¢ initial stress (.9 Wroth, 1984; way
Kulhawy & Mayne, 1990) l§dn1s@nurfinansinfdsfunsaudounuuldssuisivesiumiend
aruduteusnnnirfdlatuluatonou fidunisesnuuuiadssnmussgiusnfuniedilisy
aganTevdhulagiuisdunsieseidalszaunisalegnunnuazldaunsausziliunanuuiug
YOINANITIATITAAeg1Uueu Tun1sTAsIziniadmnssulgiilansentnisnaud1Agyves
HANTEVIUTDINTTTUNIUAIRENAUSENINNMSAUIBE 1R AaLTAveIRUEMSUNTIATIEN 19U A1
frdssuusudeunuulissnethueshuiliamnnmeaeuluiojifinig Smnsuginssmingindos
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NIzUIUNMBNUMBE AT aNSWIBNMBgvAudmsUN IadeuluiesUfufints Aasduldlalen
ieganulaziludunuvesiuluauuiwiinduarednielianing in-situ effective stress (11

Tanaka, 2000) uilumsufoalasialudeufuiegsfumieseulny Shelby tube dlifagng
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unil 1 anudAgeslgmnvinnisise

(NG uaginaila SHANSEP gnuiauelay Ladd & Foott (1974) dwiuinaila Recompression

Y |

A18819AULYN reconsolidate lufnan1e in-situ effective stress LLazQﬂLaamLUUlajizmaﬁ’]

dwiuinalla SHANSEP fagneiuavgn K, consolidate U7 effective vertical stress (G, Niien

1.5-2 171989 maximum past pressure (O max’) La239 unload lﬂﬁﬂ'ﬁ preshear consolidation
stress ﬁéfﬁl\‘iﬂﬁ (Ladd et al., 1977)

lefiteldudannueifeafumeia SHANSEP Ianansafiaglinuantfivesiuluaumnildgnies
ol ieandymuesnissuniudiegnsiumaiin SHANSEP ¢ consolidate fegnsfuluf stress

11NAINENIN overconsolidation ratio (OCR) Tuawiuvatewin 1Wunasendniulagiiluinfuniy
595uvRagiianIn overconsolidated 1antoy (fA Oy e’ 31NA1TVAADU 0edometer 11NNIIAN

in-situ effective stress (O,,’)) 5@LLﬁ’jw%uau%hJLﬂsgmmﬂmﬁumm’jmﬁ G, ludagtuinu @
@01 normally consolidated m195581 3ne1) dedussiidraiudinasld mechanical
overconsolidation AR INN19IUABULYAY effective stress TurpsUFUANTzinamToufy
apparent overconsolidation ¥o4AuANsTINYAND199zIARIINMTIUAIULU AV BIEN I WINE DY
AENEINITTUOY LU ageing Waz/M30 cementation FeuNafiiendn soil fabric structure $113%
vanvangliuansinginssuvesiunusssumAunndaaindegwiuiignlrusduriesl foanis
f9ugi31928A1 OCR Wiy (WU Jamiolkowski et al., 1985)

”mqﬂismﬁﬁummu'i{faﬁlﬁamimaaummLﬁulﬂlﬁmammﬁm normalized soil parameter
(NSP) dmiusiuwmilergaunganny lagsniiunisnaaey CKUC fumegsdiumilergaungainnsly

@n12% normally consolidated (OCR=1) uag@nwinansznuueiA1dndIu vertical consolidation

stress to maximum part pressure (G, .'/Oyma’) (1.5 09 3.5) m'awqaﬂiiummﬁu—mmm%&m—
Ardasunsadaunitgldnisnagsunisnanuulidsesuietn 9UITYUIATIEANANTENUVD
consolidation stress wazauduldldvanwifn NSP dmsuaumieisaungamnaiioldunugiu

lumsuszendldinaiin SHANSEP
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unfl 2 Massunsadauvasnuuulissuleun

2.1 WeRNTINVRLFIUIINAUMTEITENIeN1sHaas1eAuALnY
AumusssuRgnegludnin overconsolidated liunAdeslaeiianmaruduegiign O’ lu

U 2-1 Tnefidu limit state curve Saduveuivavesannzdanaindaazdarlugdauay coefficient
of consolidation 110 1ilefiansansegafuilogiidunnarsseninanisnoainsduiuauasdl total
stress path A9L&UW OPF (gﬂﬁ 2-1a) wnfa1saunlugy effective stress @1m5uanIn undrained
pgeauy il effective stress path fifien mean effective stress p’ a7 fadu O'U’ Iugﬂﬁ 2-

la

;J‘U‘i'?'i 2-1  Stress path ve3fegfulifnasvesdufuay (after Tavenas & Leorueil, 1980):

(a) Single-stage construction; (b) Staged construction

Leroueil et al. (1978a, b), Tavenas & Leroueil (1980), Folkes & Crooks (1985) I & ¥
Leroueil & Tavenas (1986) lé@nuingAnssuresiumisinielfiduinalsvesduiuouain
1Asas9AnAuaY 45 LLW%"@I@ﬂI@EJﬂTﬁmeﬁ%’a%amn piezometer TiRndaldAsnansvosiuiuan
$1uau 135 doya nuirdngAingsuves pore pressure wuuldszutstiniiios 8% vesdoyanmun

] a

Yoyadiuu1nuanianisiin consolidation 581314 first loading luvuzAduwdeadeiianin
overconsolidated 1@ pore pressure #ildosninaiuszuialflaeiidn AwAG, Laﬁlaagjﬁ
0.43 afurn effective vertical stress azifistusanganiluannliiszunetilaed stress path
Wdu O’P tazAunileiazds limit state curve ﬁﬁ;ﬂ P’ LL‘Vluﬁfqﬂ U 51230 P’ dlA effective
vertical stress TNALABIAU O s’ I9NUIBAIIUIIAULUTHI92TIAT maximum past pressure

s¥1I19n19n0da519 annzilladunanulu 60% vaensdidnen wndenslrusasalufumndendsdl
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@01 normally consolidated (agj*uu state boundary surface) M1iiA1 coefficient of consolidation
towaziingAnssunuuliszunetilagasd stress path Wwdu PP wanfiansidiiign F wazenvae
\An strain-softening MaLEW F'C’ VLAY critical state (g‘Uﬁ 2-1a)

TunsilveIn19Noas19AUAUNNILUY staged-construction AI0E19AUNRYRINANAUAUaNIEH

Y

stress path A1u3UT 2-1b iledugaAnIsnaasnaduLsn stress state 3g0gNA A° 58NS

Y 9

consolidation TULINAT pore pressure AzdaIBfILALAT effective stress AzLNLTUAIY stress path

WU AR’ 581919N15A0E5199UT 2 Auuileaelianan normally consolidated gl stress path

a

AILEU B’D’ 108N consolidation TU? 2 Lagn13ADaII9IUN 3 98l stress path A1uLEw D'E’

wa a

way E'G’ 4ag139e G'F’Ce lawiin193UAN90 Fe’ wagiiia strain softening msldu critical state

(Tavenas & Leroueil, 1980)

2.2 ANSIASITAEDYTAINVDIAINAY

ad a L4 a a (3 a a a = ! aa v Y
IBNT1IIIAINSHLLUU (I)=O u‘E—JﬂJIsmuﬂ'ﬁ'lLﬂ%"]w}il,ﬂﬂEjiﬂ’]‘W“UENﬁ?WWUGUENWULMUEJ'JEJEJUVWQJG]’JW]EJ

Y a IS

& aa . . ~ a ? a = <
1 (INLIUAULRUEILVINUANIN highly overconsolidated) tHBLNANITIZUIYUIAULRUYIISLUILT

ioe

[ ]
[ a o

Juaalun1TieTgiagiasuianneningingareanizndilidiianisseuiedn lunsdlvesdiu

1
v v =

WATETIFITULT AR UTDIAUDI9ALAAALTIDINNNITIZUIULIAILUIIAITHINITIATIZIR LU

e

long-term, drained, effective stress analyses

(%

N uANUFINVBINITHATITRLUU P=0 ldaduislay Skempton (1948) FBlauyfdnliing

<9

£% '
[ [y I

szunethagviunmadeutarahdsfunsadounuulissunewesiu (s,) famsilitutuusiign
nseein Faudainldnnsinsgsiuuy timit equilibrium tagld (=0 waz c=s, Tnefi ¢ = cohesion
intercept Waz § = friction angle lnefien s, maaau%amgﬁfhLﬁuﬁﬁumaamm%ﬂumaau e
s, awnsamldainnismaaeulaflafinszsinfiaanuduluauiy Bishop & Bjerrum (1960) SiAsnes
mitRdleAugansieaimedanaieduiuonuuiuiumiesousavaguine s, awnsonld
31nn1snaasy field vane (FV) luauiu %39 N1sMA@ay unconsolidated-undrained triaxial

compression (UU) %38 unconfined compression (UC) luasufjisinis

Uagtuniseanuuuagldisiesziwuu §=0 tagldan s, ann1smeaeu FV, UU, we UC wise
TruaLaENUIIHEaN TR EinasUaonds agnslsinunuimanisunasy UU way UC ddasiin
fio () ianansolvidoya stress-strain fignépaiilasandegsiulalsogneldaning initial stress 1
ONABILAZIINANTENUIINNITTUNINVBIIBENAY wae (i) Tnlvien s, Flalundedouaziinsyanes

1NLHBIINAITTUNIUAIDE AU UL LU ULALNATOIINTINTEBULAY anisotropy
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2.3 fassunsaRauvasnuwuuliszuien
% d‘ % o U W = a = a 1 g d‘ o U QII a
AusiRgIiumMasulssdeuvesiukaznsidesuvesiuluanngldssueiind Ay iaad 4
#IU0 AD N1TTUNIUAIDYINAY, strength LLag stress-strain anisotropy, HANTENUVY strain rate,

waENaANTIU normalized (Ladd, 1971)

2.3.1  N13IUNIUAIDEINAUY

N155UNIUMBENAUTENININISIAUAIBE19 THARA1I5UNIUAB soil structure (Lambe,
1958) manszmuianunsaanasdemaianisiiuiiedisiintuudldanansadesiuldnmun s
sunuRlegsaulagnAnuyilag 1y Davis & Poulos (1967), Ladd & Lambe (1968), Seed et al.
(1964), wag Skempton & Sowa (1963) AUWMAFIAYYBINITTUNIUAIBENAUAD stress relief i
Mnmsihfegutunanduiudn iesnsediuliiianis swelling Fodusain negative
pore pressure TuA10819AU Ladd & Lambe (1968) Lug1135n15U5210UdnI1n195UNIU08195U
1A8N13LUTBULBU negative pore pressure AinTulushegeiuiumfiuasiiatudmsu perfectly

undisturbed sample @mSufegaRuIINATEUBNLAUMBENAIINAINANATE ATNUIIATA TR LS

QzUseNnl 20£20% UoaA1909 perfectly undisturbed sample AaduN1sTUNIUAIDE1RUT Y
a1 effective stress lusiiegafiuanasegannilaseuieuiuatluauiy wsiainliie

N158RANUDIAT s, BN UTTUIU 20-50% V8318999 perfectly undisturbed sample

2.3.2 Anisotropy AU strength Wag stress-strain

auyfgiuinds s, Wuiladuresarudulumafutugnnuitlibuauateninuanisia
strength anisotropy ¥84AUL#H87 Hansen & Gibson (1948) 1m%wqw§1umiﬂﬁzmm strength
anisotropy WAZAMUNEIEINTLMANUFLRUSSTWINA 5, 2INNTVAADULUUAIWAZATTNAIL
Lf-ﬁ'aﬁﬁamiVlmﬁauﬁ%’u%aulﬁ%lﬁﬁuﬁammﬁwé’zgsuaﬁ‘wqaﬂiiu anisotropy uiiAedesTusull
L) miﬁmmm%qzﬁa plane strain (Duncan & Seed,1966; Henkel & Wade, 1966), Lﬂ%ﬂﬁa NGl
direct-simple shear (Bjerrum & Landva, 1966), Lﬂ%a R Cambridge simple shear (Roscoe,
1970), LazLA3Rile true triaxial (Hambly, 1969; Shibata & Karube, 1965)

WeRnTIu anisotropy vesidesuusadeunuulissurethanunsontadu 2 dw dwusnile
inherent anisotropy U uKawe9 soil structure AAnTuseninenisiuan ﬁaaéwﬁuﬁﬁwqﬁﬂiim
inherent anisotropy U1nLYU varved clay %qlﬁ]u%’jwuaq “silt” way “clay” @adunu drufigesie
stress induced anisotropy 6??@Lﬁuwamﬂmsmmaqﬁﬁmwm principal stress warnsUdsunyag
299 intermediate principal stress $¥%#119n15L120U IuWWﬂﬂﬁﬁﬁNaﬂizwusuma'auﬂizﬂaufj%

N1TUNTINAUAIYATINABITLUUAMUAULAE NI IVRIAI0E19AUNzAnT W uEUIN AT
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wa

farsanillananaluguil 2-2 FaanianImANUAUIRATEINSEUIUMTITRAMTUNTAIR1aY AiAnng

Y84 major principal stress MIURA (G4 tawanslusy

LONG VERTICAL CUT LONG LOADED RETAINING WALL

gﬂﬁ 2-2  ANNAMUAUFIUSUENINNTIURAY (Ladd & Foott, 1974)

é’m%’uauﬁmamﬁhjLﬁuﬁﬁzuﬁgﬂLaaumssl,éfamwﬁLLaqugiJﬁ 2-2 NALNUINAT s, IINAT
nAdeU plane strain active (PSA) fifunninAiildainnismagaay direct simple shear (DSS) wawdl
A111NNT1A7 1L INN15MA@BY plane strain passive (PSP) 1 s, 7il#a1NNISNAGEY triaxial
compression (TC) Tnevirluazwrinfusiiléann PSA d@ue s, fildannisvagau triaxial extension
(TE) 9zsninenfibéann PSP Usyanas 10-25%

5197 2-1 wamawansnedeuidssunsadsunutldssunethilldannisnagousiasee fu
normally consolidated Boston Blue Clay Fadu marine illitic clay fidaudie sensitive A1
undrained shear strength 1131nN1SNAEBU CKU wavkanadudndiunu vertical consolidation
stress (O,) mimaauﬁﬁmimmm principal plane (DSS, PSP, and TE) agvinlsiinnisanas
Y99A7 5, WAYAISLRNTUS strain AU wansznudazundmiu low plastic clay 111171 high

plastic clay

A9t 2-1 Anisotropy U89 undrained strength 989 normally consolidated Boston Blue Clay
(Ladd & Foott, 1974)

Type of test 5/0,. Vs (%) 5/sUTO)
CK U Plane strain active (PSA) 0.34 0.8 1.03
CK,U Triaxial compression (TC) 0.33 0.5 1.00
CK,U Direct simple shear (DSS) 0.20 6 0.61
CK,U Plane strain passive (PSP) 0.19 8.5 0.57
CK, U Triaxial extension (TE) 0.155 15 0.47

* shear strain at failure
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2.3.3  HNanIgnuvas strain rate
$UIT8AUUNNN (WU Bjerrum, 1971; Bjerrum et al., 1958; Casagrande & Wilson, 1951;
Crawford, 1959; Richardson & Whitman,1963; Taylor, 1955) LaninAtassuusadouuuulusyune

nlaannisneaeuluiesujUiansazudsivdeuluny strain rate 914 Inevalddmsunisveasy

triaxial compression Hun1sanases strain rate N9 log cycle Ag¥inlH s, anasuseuas 1015%
Tneeiazdufy plasticity Waz creep U9IAU nansznuiiiAnan undrained creep ARaTusEIN
nsdoudeazyinli pore pressure Lﬁ'wﬁu, effective stress anay, ae strength anay e strain
rate anasfaziinanliiin creep unTuiiliian s, anas Femanseyiiiiaaudidalunisinsed
Ugynnognun @Sy highly plastic, creep susceptible clay Huaznagoum TC strength Inely
axial strain rate WU 60%/431u4 (Avhludmsunisnageu UC wag UU) Saanunsaiandu 1.2-
1.3 Wihwosrn&siilgainmsld axial strain rate Wiy 0.5%/431us (Awludmsunisnageu CK.U)
Bjerrum (1972) wansiznseanuuulngldnanisnageu field vane shear Inefidn FV strencth

o o A I\ o o A

sosgnuiuunlagldmusuninlaannnisissuiiuarmaminlaiueingeivinlv factor of safety

Wiy 1.0 dnsunstinianisith lnedauyfgiundininuunndnaiileawinainnanssnues

<

. < [
strain rate \Wunan

2.3.4 WANTIU normalization

UITYIIUIUNNA (WU Henkel, 1960; Parry, 1960) AUAUIMTEINA18TUALEAIIINANTT
nadoUNAUINTETITiA1 overconsolidation ratio (OCR) winfuwsilan consolidation stress sinsfiu
(393A1 maximum past pressure (G max ) $197110) %sﬁﬁﬁﬁﬂLLazwqaﬂiﬁm stress-strain Wiiloufuiie
gvilifdndnazuni (normalized) fern consolidation stress wansvnasudLandlusuf 2-3 G
Lan idealized stress-strain curves U93N15NAFDU isotropically consolidated AU normally
consolidated clay fifn consolidation stress (G.’) wirffu 200 wag 400 kN/m? ilevhnnswiensa
nsnageulmilangld (0,-0./0. axvilfiduisaoaduduidoatu dadu normalized plot 4
awnsolduanimginssuvesiieg1afuuuy nomally consolidated fiagianeléian consolidation

stress AiuanAULazIdoufIsnITIAdaUTdAREITU WYRANTIN normalization LWWuassdmsuan

pore pressure §3¢
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&

Fe = 400 kNP

8

-
/

(o = o3)/ 5,
3
—

¢ = 200 k/nf

]

] 25 50 &} 100
AXIAL STRAN, %

(0) TRIAXIAL COMPRESSION TEST DATA FOR 3 = 200 AND 400 kNAr®
03
g e g
& 02
al/
Pos
Y |
o] 25 50 75 100
AXIAL STRAIN, %

(b) NORMALIZED PLOT OF TRIAXIAL TEST DATA

JUN 23 feg19veamgAnIsu normalization 91NNNINAGBY triaxial compression fuduwmilyd
\ioiden (Ladd & Foott, 1974)

TumsuFiAngAnssa normalization a¢lianysaiuuumiloufuiuandlusui 2-3 Tnesinagdl
AMULUTUIIUTENINE normalized plot #il#a1n consolidation stress m199) mmmﬁaﬂmm’m
arulsifudaferveusagiogafuuarauunndsresnimadeuusiazads 3R 2-4 wananu
LANAIUDINANITNAADU CK,UDSS AU normally consolidated Maine organic clay Wownain

ANKUTUTINYBIANTUluntafiulag consolidation stress §UT 2-5 WaARINISLARNTUYBY
undrained strength ratio (s,/G,’) AUA1 OCR (G, . /Oy ) 3NMNHANIINAFBY CK,UDSS AUAY

wiled 6 vl Joyalllaainnis consolidate AIBE19AUNINATT in-situ O, ¥&7 unload LURIAT

OCR #1199 Fawandnsinvespuaiafieqiiauadieiuuin JUN 2-6 waeadayaaingud 2-5 Tndl

lugUves overconsolidated s,/0,” M3938ANALI UTNENN normally consolidated Vadusagi

v a

Joyavesdu 5 sausnaglunseunauiazanusanandlanieaunisi (2-1) laedial m = 0.8 (minly

[

A1 m N1ana397n 0.85 fit 0.75 e OCR winTuazlansmnand1ildn) deyaannismaaey CKU

plane strain Wag triaxial YosiurdaineINULAAINISINNTULDIAT 5,/C’ iU OCR tuilaufiugun 2-
6 lneiin1siinTuiitesnindntiosd msu vertical loading wazannnindnteediusu horizontal

loading

(Su /O-vc')OC — OCRm

(2-1)
(Su / Gvc I ) NC
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P
=T
ey teisininde Lot
a e e ]
e
02
™ Notes :
= Fw r02s0imgnt | [ L T e
T Moo i % i % . gt
al Tp is the sheor siress | |-~ | 70 | 58 | 099
i e —o0— [s548] 44 | 150
in the sample —o—[77e4] 52 | 3.00
L) (3] i 25 = 30

SHEAR STRAIN, ¥, %

31]17; 2-4 %’agamsmaau normalized direct simple shear fiu normally consolidated Maine
Organic Clay (Ladd & Foott, 1974)

8 W, PIL
No |9 g [LT | 0 g::, Organic
@D |es 34|10
i @ |e5 |4 |065 /
(2) Bongkok Clay
i ® |9 |75 |oss [,,r® Atchatalaya Clay,
@ |4 |21 [o8 / /
65 |39 | -
o ® |3 ||= "‘
*"Cioy"and "silt“loyers /
. ,@ g:::lon Blue
; §
10 / !
g {
s / /
‘\= / / / 2
il onnecticut
08 74 ) /® Volley Vorved
// i ”
7 d o /
06 // /4
// L
04 /,/f// / Note *
/ // Sy = brp) max.
~
~
02 //
9 2 8 10

OCR = Zy/ Fye

31]17; 2-5  Undrained shear strength ratio vs OCR 21an15nadayu CK, U direct simple shear
(Ladd & Foott, 1974)
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[ T L B [

(] H |

u |

e |
(=159 |
“S s '

= -
gle sails @ 1o ®—LY,1
adl= I I 'l 7
|0 | &
wlo /|
Z>_4 " ——
8_, | //
Ea‘ = 7l ol
S|= 2 —Soil
S 3 &
-~ g< A |
b:—'o I v ¥

:b’ //

"9"-.2 | &7

-Q? 4

: r jisssen.
| 2 4 | T - v )

OCR = Oym/Oje

Ul 26 nsiiisudiinsues undrained shear strength ratio vs OCR annMsvadey CK.U
direct simple shear (Ladd et al., 1977)

Overconsolidation agvyy effective stress envelope agan pore pressure parameter A
SUT 27 wanen1sanasuasan Ac fu OCR Fadumnmadidrdalunisifistures undrained strength
ratio Y849 overconsolidated clay JUAINA1IEIUAAINITANAIVRINGANTTY anisotropy VB4
undrained shear strength anisotropy YosRuTinageu MmsJLW!’J'W stiff fissured clay 199N

a . ' Aa i
WERNTITN anisotropy ’eJEJNMﬂImEJ‘VlﬂJm K, ¥41nn31 1.0 41N

Soil Test Sym|Reference

Boston | PSC |—o—| Ladd
Blue Clay|[ PSE [—=—|et al. qo7n)
AGS CH [ TC [|-o-Domes&

Lz—l £ ] e e ,“%.OTre
Lo} ’
08}
As 06}
04
o2t Verhcal ~J
Loadmg o |_“_
(o] =
! 6 10
08¢ | el
=F—~ NAGS
KS 06 / | i . |
o5f |K,=cu(rj)_/t_u(\f] i §
04L ] o T
2 A=Y 8 K0
OCR=Oyny/Oic

gﬂﬁ 2.7 nswWasuwlamesn As ez K, AU OCR 21nn15nageu CK.U (Ladd et al., 1977)
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U 2-8 uanIn1sUszendlY normalized plot lunsUsziliunansgnuves stress history e
wqﬁmamwuhﬁzmaﬁw lnguansan E/s, vs OCR 91nn1snagayu CK,UDSS 98961 5 FinTiszeu
N1ieu 2 sefu Bwanwnliufiadefudmsuiudssiandneg fadiinisdsuulases
modulus U stress history AgfiaudugauNInAIIAMNENR UGV undrained strength wag pore

pressure

000

T T T T 300

) (a) 5

¥ .M Taity:2/3

iAF Ta/yzl/3

BOO | 400

klale}

m
3

o
e

200

200 00L

OCR = 0/ O, OCR =0, /0,

;J‘U‘I'?'i 2-8  Normalized undrained modulus vs OCR annn1snagay CK,U direct simple shear
(Ladd et al,, 1977)
aztulumafuadsasuldimgingsn normalization annsaldlésuiumiemannvansvia
FehlnAnanuazainlunsuansrataziuioufisunan sadoukazainsaUssiiunansenues
wlinuesRu, stress path, wag stress history AangAnssuvesiulsegruduszuu ogelsiniu quick
clay k8¢ naturally cemented clay &l high degree of structure 3 lalan In gANIIY
normalization tiesanlassadrsvesiumaniasidsunlaseerannsewinens consolidation Ui

AN stress 6N

2.4 ASNAgaUNIAINIasUBsRauLuUlisTUlLn

A1 undrained shear strength (s,) 31nN1sNageUluvieIlfUAn15Mgn normalized Aeein

effective overburden stress (G,,’) %58 maximum past pressure (Oymax’) Lﬁuﬁﬁﬁﬁﬁﬁmiuﬂﬁ
UsgLiiuA shear strength Wag stress history vasauniioaluauiy Imsiuammfumwhmsumau
%ﬁamwmamﬁumLLasgﬂLLiﬂﬂszﬁﬁﬁﬁmﬁu i Wuwuy compression ﬁ@mﬁanmmaaﬁuﬁuau, WUy
direct simple shear FUSnRINFITATULLITYUIY, UAZLUY extension Tidu toe UoaRuAua
farfurn undrained shear strength ﬁﬁ;mﬁm‘]ﬁlzﬁﬁwmﬁmW’iwwqaﬂiiu anisotropic UaIAuLUEN
f1 undrained shear strength ssqannsaialasnismaaeuluriesufifiniseneeilian nvauian,

loading stress path, L@y strain rate A9 RaAIDLNAU
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soil structure YBIAUALEITUWIRILYNTUNIULTBININNTTUIUNSIAUSIBE RuLazllause
Tnaeslamilowduluiasliinis Jagduldnseminiinismagey unconsolidated-undrained

(UU) Tinanisneaeuiliungefiowasklsusiuegnaunniiiesnin 2 wanade (i) Auwlsusiuees

degree of disturbance #e¥ilsk preshear effective stress, G.” fiAnanasageuin wag (i) Feusdn
nsnufednRuazdunuy “perfect sampling” AfadinansznuAaNgANTTU stress-strain 8E193N
dlosaniilesnmadeusuduiiann stress wuu isotropic lallaann stress wuu in-situ K, (Ladd
& Lambe, 1964; Skempton & Sowa, 1963); Noorany & Seed, 1965) n1snadaukuy isotropically
consolidated-undrained (CIU) Aigsiidoidedo (i) wiloududsduisdosinnisnadeunuy K,
consolidated-undrained (CK,U)

FauUsiaesiansanlunissiiunis consolidation lun1smaasu CK.U Ao () vertical
consolidation stress O, (ii) consolidation stress ratio, K.=Oy /O, , Wa (iii) stress path lag
1a1wean15 consolidation Aldlunisludsrmaninanudunsunisiden gﬂﬁ 29 uans 2 nallad
Heuldiulaewans K, compression curve aasaninluauiuiazluiasuifinisd1msu slightly
overconsolidated soft clay 9a 1 kay 2 WaAAIdANIN effective stress TugunuazanIn preshear
dwmsunisnadey UU a1daey (Ims;lamgajﬂﬂﬁmiL‘U?i&JuLLUaWmmm%ﬂumaauiwdwmmﬁ‘u

FoY19RY) dmsumalin Recompression Wuag reconsolidate Avg9AUAL K, stress path LU

A1 O, =0, fauandlugadl 3 diugn A §s D 1Uugaiuansen stress Tnavialuildlu SHANSEP

WAlA

(=]

<«—VERTICAL STRAIN, €,

VERTICAL CONSOLIDATION STRESS
0,. <Log scale,

@ IN SITU NET OVERBURDEN STRESS
@ PRESHEAR CONDITION FOR A UU TEST

(3 PRESHEAR CONDITION FOR A RECOMPRESSION
CKgU TEST

D PRESHEAR CONDITIONS FOR SHANSEP CKoU
TEST PROGRAM

gil‘ﬁ 2-9 n3EUIUNTT consolidation d1usun1snagaau CK.U (after Ladd et al., 1977)
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2.5 Sample disturbance
2.5.1 Sampling disturbance

91Uv83 Hvorslev (1949) Wenfunsdrnasasifiudiegsfudmadunidueonaissnsdman
Tunsinwdadesnegfifinasie sample disturbance Mo laviMsAnwIUTIvasaLYe)
YDINITIUNIU LU wammmiﬁ’uamﬁau, freezing, nansiAusnen, wagnis redistribution Y4
Audulufiog19in (A Kallstenius, 1958, 1963, 1971; Lang, 1971; Milovic, 1971; uag
Schjetne, 1971) m’mﬁwauﬁmamamﬁwmmmﬁasmmﬂLﬁmnﬂmsﬁﬂmmaﬂiwmaamslﬁu
ARg1aRURUUANN danan1snnaeuluesUjuifinis sample disturbance WinaINNITHANTBINIS
Foufndusewinoumedudsdiuinnazintudle stress path vasiaagsRuunz state boundary

o o

surface ¥83AU sampling disturbance AztAnTuianInANTUAINLALaNrad1AY 2 Usen1s AD

9

mu?ﬁagﬂ‘wNﬂammﬁaaéwamﬁaamﬂmzmumuﬁuéﬁaEmamt,agmiamawm total in-situ stress

1
v

Tavenas & Leroueil (1987) a3uretlaymill il

a) Perfect sampling: #MYUAUALSTTUYIRTT in-situ stress ﬁﬁ;m A (gﬂﬁ 2-10a) N15AUMAIBEN
WuU perfect sampling az9inl9LAR stress path AA; Tuan1w undrained (A1 mean effective
stress p’ A1Ae7) FeagldvinliiAnn1ssunaufuuinidesann stress path fanvagly yield
surface agalsNnudmiunsdves lightly overconsolidated clay (3 B Tugy 2-10a) 9zifin
stress path BB, #ve199xduianu yvield surface waziinnns destructure vasduwmileaneuiioy
Luganan stress WU isotropic Fiiuswansinddinnsiufegeiuesifunuy perfect
samnpling Afaa1u1507az5UnIufeg19Aumeafifian overconsolidation ratio #1lé (La
Rochelle et al., 1981)

b) Tube sampling: Baligh (1985) way Baligh et al. (1987) lanansinnisinudingnelaeg tube
sarnpling 7l AUAANITYULSILUY compression, extension, ka¥ compression SoUfidas

AUEIPU Lae199wdl stress path uldu abede 1ugﬂ17'i 2-10b Baligh et al. (1987) dauanq

[
I 1 =

91@A1 maximum strain €, MATUIUNTEUINNSAUTIBEULALTUAIUAITRIIAIUYBIAIY
MNveINsEUandalduHIuAUINa1eINTEUan Hight (1987) kuzi1inAsaziinsussunm

maximum strain 13¢AATUTLNINNTLUIUNITAUFIDE A INSUNTZUDNLAAZILUY  NINAN
Ermax WOBNIAN strain NMITAVEIRIRENAUAIENINALLA stress path Aefiuanslugun 2-10b @

fansaglu failure surface wazaziinsanindunsiiusegemuiinun wimna € OUNTN
A7 strain TURvesI0EeRUAsANNAZYlI stress path dudaitu failure surface ﬁﬁ;@ F (;J“LJV{
2-100) uaziBg19AUaTIARNNS destructure wililasandn strain AITRTNozdALALTUANLAD
plasticity oty plastic clay aglasunansgnuann sampling disturbance Wasna1 low plastic

clay (lean clay) Iﬂﬁ“ﬁa%aﬁiﬁuaﬂﬂm Lacasse et al. (1985)




UNM 2 Maesuwsadauvasnusuulisyuietn

% o

.= -b b
b\ o I I" o~
® b b
3 i 9 i

2 ' o 0 p s

i / TVt on B C‘l/ 5_.v—ﬁ;”h od / J”v;dn

(L it li??) (after Boligh et al, ,1987)

erguell ,
a) Perfect sampling b) Very good sompling ¢) Bad sampling

gil‘ﬁ 2-10 Stress path s¥®inNenSIAUMIBENSHU (after Tavenas & Leroueil, 1987)

HANTENUYDY sampling disturbance AangAnssuves clay mmiaaqﬂlﬁlugﬂﬁ 2-11 Fauans
MsUTeuiisunanisnageuduiildain low quality tube sample wag high quality sample iie
frogsRuilamnImaINaNITNAREY triaxial a¥1¥AN stiffness Way peak strength anas (U 2-
11a); nan15nageau consolidation 2x1%A1 maximum past pressure Wag compression index anas
(Ul 2-11b); uazifnn1nUdsunaswes yield surface (3UT 2-11¢) Fedumndesnisldnmaudii
IFnniseaeuiuluriesufiinislunisesnuuuiianudniuegdiiagdewinmaaoudu
fegaduiifiaunings fedudsfinisimunidnnfuimedfuiifinuaings wu 9uided

UWINYIAY Sherbrooke wag Laval (Lefebvre & Poulin, 1979; La Rochelle et al.,, 1981)

5:—10&;-"!_, Yomoska
o TOMPY

Lis |
|| wtock .0
tube (Semlo

mBlock
® 200 mm Laval sampler | _
© 50 mm piston sampler

A
[ T

Saint-Louls
1

| |
Monialfo di Cosfro chay fi——"3 11 2 L
LYY (] = w3 L] L "
1 ‘l I AN LALN
| ) -

j b) Oedometer tesls. c) Limit stafe. . i
) UﬂdrﬂJrrﬁil‘:!iif;g:riefégb} (from Holtz at al., 19886) (after La Rochelie et al., 1981)

Werticol strain €,

g
T |

Délormation oxlole ¢, %

gﬂﬁ 2-11 wWansgnuvdd sampling disturbance (Leroueil & Jamiolkowski, 1991)

] [
I ¥ =

UM 2-12 a3Unansznuves sample disturbance RONANIINAADU oedometer WuALUUT
Talalaeyluiu conventional piston sample 983AuLnileINT low to moderate sensitivity uagsl
A1 virgin compression ratio (CR=C./(1+e,)) ADUTU19AIN 15989 Schmertmann’s (1955) @usald

WeaUseuI in-situ compression curve YOIAUAINANIAENUIIAULNTEIN sensitive kA s

. ISP 3y d' A . 1 U 1 1
compressible 41NAEUAT O 1’ 88 CR N18A81UDIAN sample disturbance 11N AIBYI1UYU

2-12
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N13AN®ITIUIULINAY naturally cemented Canadian clay Iagld sampler ¥HnneLagilidunIy

@uéﬂmwmmmmuaz block sample WaAIANNKUTUTIUVDIAT O\ ey’ UTTUIU 10 DY 30%
(Bozozuk, 1970; Eden, 1970; La Rochelle & Lefebvre, 1970; Milovic, 1970) usnaintan CR §4
Qﬂﬂswmﬁaﬂﬁ]’m sample disturbance 8819110 Ladd et al. (1972) 1as1891u477A1 in-situ CR &

Y 1

AUsEIM 2 Wivesrfilaainn1sadeuiufieg1s Osterberg sample ¥94 sensitive marine clay
(liquidity index = 1.8, PI = 15%) WanaINUEINUIIAT in-situ O, e’ 91NN1TNAGDULAIANAY
Useanas 20% fauudaaguladn sample disturbance g udntosaunsodnanseNUABNaNnIs

NadnyU oedometer U3 highly structured soil

(a) Effect on Compression
Strain

v

log Oy

(b) Effect on Coefficient
of Consolidation

log 0y

(c) Effect on Rate of

Cu Secondary Compression

log Tye

Strain . (d) Use of an Unload-
| Reload , N Reload Cycle

1 ==\

Unload” N

S )

.‘l-_‘
i
28 50N

_—

log O

gﬂﬁ 2-12  WanIENUUDN stress history Wag sample disturbance #aNaANTIINAFDU oedometer
(Ladd et al., 1977)

aumgues sample disturbance iangUszMsiAnTusziansLifog1siy, mavuds, uay
A154USnEY sVl effective stress 1036108 19RUANAIAIMSU soft to medium clay F4az
thlUgn13anasuesAn strengths Wag modulus 91ANSMAADY UU Lileifisudunaann perfect
sampling TuPBsNIsaRaiazLUsUAuoganniurinuesiuarnssuiunaiufiosaiu uay
Tnazfintufuaudnlasanizfu soft to medium fiflAudnunnnia 10 4. Raymond et al,
(1971) lawanswanisnaaauiu naturally cemented Canadian clay 3161 s, 910 tube sample ¥
Usganal 30-60% AndnAiiléain block sample Ladd & Lambe (1963) lduansdoyavesiiu soft

to medium clay a1euliafilaT sensitivity AHIUIUNANLEASINAT s, TlAAINAISVIR@EY UU 9zl

2-13
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ANUTZU 20-50% VaaAdiliann perfect sample wag sample disturbance 9¥anA1 undrained
modulus ludnsfiunning (Ladd, 1964)
Ladd & Lambe (1963) t@UD3IIN1TANAIVDIAT S, 3INN1INAFDYU UU Wosan sample

disturbance fianuduiusiunIsanadveann effective stress NLAALHBINNIIINATLUIUASLAY
feg1enu laglasinnisinen effective stress (O’) vaesiagsaulunisnaaay UU neuasyinnig

WBoukarnuAMUFURUSIENTINNAT O./C,, wagr s, (O, = isotropic effective stress after

perfect sampling muaun1si (2-3)) lafianusisnuanuduiusluiuesfsiiudmsunimadou

CK,U triaxial (Okumura, 1971) Ladd & Lambe (1963) 148n31du ©./0, Tun15usuwian s,
PInMsvadeu UU wiefiansannanssnuves sample disturbance

AINUUIAAAINETD Nelson et al. (1971) wag Okumura (1971) F9latauenn “degree of
disturbance” fawansluaunisii (2-2) Tnedlarsenineaud (lignsuniu) wawils egslsinunis

WasuuUaswesnuantivesiurrliulsiulaenseiua Dy uasfiddyAeuuAniagldlatunuia
WYANTIUWUU undrained gnAluAulagal effective stress Wi dw3u highly cemented soil 9%
flan s, wUsIAsueasntoeuA consolidation stress fitioanina apparent O, ., (Raymond
et al.,, 1971; Townsend et al., 1969) Fauns T o. awliifuuselemiuinidn egrelsiniy
dwmiuAumisrunfaiunsoldan Dy WilonsUszunun mvesiegeiildlunimaaey UU 1#
usnnideeaduin sample disturbance iNanseNUADAT undrained shear strength UINN16D
A Gy TFANNNINATEY 0edometer
Dg=1-0,/Cp’ (2-2)
NIRSEIUNDINaNTENUTRY sample disturbance siafeaganulun1mageu UU AduduF i

Tusiauaulaundulunisldnisvaaeu CU efnwingAnssuwuliszuieiives soft to medium

clay \eannnns isotropic consolidation Ui o, Tneluidonagllaen strength fiunniuly
(Casagrande & Rutledge, 1947; Schmertmann, 1956; Bishop & Bjerrum, 1960; and Ladd &

=

Lambe, 1963) FauFefinsiauenszuaunis consolidation LLUUﬁuﬂLﬁaammaﬂizwmm sample
disturbance 1 N1 isotropic consolidation lﬂ‘ﬁ G. = Y5 to % U99A1 in-situ O, max (Raymond
et al,, 1971), K, consolidation Ui in-situ stress (Davis & Poulos, 1967; Bjeruum, 1973), kag K,
consolidation lufien laboratory G max’ furnnInAT in-situ (SHANSEP maflaves Ladd & Foott,
1974)

2.5.2 n15UsslU sample disturbance
d' . P a c’{ 1 < Y 1
AITNN 2-2 aEUaWLWGﬂJ@Q sampte disturbance N@1U1TDLNAVUIZTNINATZUIUNITLAUNIDYNY

cohesive soil 9INMAULANE @usaIlUNBENANIsaRIUANNIBansEAUlamenIsTdmaTlanig

2-14
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AusegsRunfTukaziinisaudaziiuineimunzay maiadiegildgniauidu (gu
Sherbrooke 250 mm dia. block sampler, Lefebvre & Poulin (1979); wag Laval 200 mm dia.

tube sampler, La Rochelle et al. (1981)) ifiifiusiiagnawuy extremely high quality sample 84

A soft brittle sensitive clay nsAnwmaniuansinnseuiunsiiudiegrsnunnauaslinanis
NA@8U drained compressibility Way peak triaxial strength (undrained wag drained) Muasuld

agsunniilawfisuiusiegne conventional fixed piston sample (La Rochelle & Lefebvre, 1970;

= a

Raymond et al,, 1971) sgrslsAniunisiiumegrauvuiivaeiaziisiaunaiuludwmsunisdrsa

A o = A

Aulagmlumdmnssudgiiuagliannsaldlatunisdrsiafuissduanuasieguenils uanaini

AUVRBUY WU stress relief wagn1siianeasenaluiegsduniniiniuiiegrwiuiieglaundn ay

Taunsnanseaula (WenanleIsNALALUIN)

A58 2-2 a1LsYed sample disturbance lu cohesive soil (Jamiolkowski et al., 1985)

Headings ltems Remarks
1. Stressrelief | 1.1 Change in stresses due to - Excessive reduction in Gv due to light drilling
drilling hole mud causes excessive deformations in
1.2 Eventual removal of in-situ extension
shear stress - Overpressure causes excessive deformations in
1.3 Eventual reduction compression
(removal) of confining stress | - Resultant shear strain should usually be small

- Expansion of gas (bubbles and/or dissolved

gas)
2. Sampling 2.1 Sampler geometry: These variables affect:-
technique diameter/length, area ratio, - Recovery ratio
clearance ratio, accessories - Adhesion along sample walls
- piston, coring tube, inner - Thickness of remolded zone along interior wall
foil, etc. - Continuous pushing better than hammering
2.2 Method of advancing - To reduce suction effect at bottom of sample,
sampler use vacuum breaker
2.3 Method of extraction
3. Handling 3.1 Transportation - Avoid shocks, changes in temperature, etc.
procedures 3.2 Storage - Best to store at in-situ temperature to
3.3 Extrusion, trimming, etc. minimize bacteria growth, etc.

- Avoid chemical reactions with sampling tube
- Opportunity for water migration increases with
storage time

- Minimize further strain

2-15
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Fredasriamanivilinisfushedspudnlng ildaslvifedsiufivinsananig perfect
sampling é’qﬁ'?u%mmﬁmmimﬂﬁﬂiumiﬂizLﬁu@mmwmmﬁaaéwLLazm’mLsﬁﬂﬂumﬂﬁmma
nadoUAUloanKansynUTes sample disturbance Iaeil 3 adiafidonldlunsUssiiuannmues
fe819Aufe radiography, 157 effective stress 199 1NN1TAUAIB819AY; Lagn15UTELIY

compression curve 31NNNINAEBU oedometer

Radiography
. [ ! A a 1 [ a 6 A = [ [y ] [y
radiograph LUU§UA8MLAAIINNNTATY X-ray NIUINQUUNANEYINIzURaLTUFREIUNUAIIN

¥ )

LUYBY proton NNTENU 93970 X-ray photon fate8nu1a1n cathode ray tube %w'ﬂwzq

fnglunrandusinafuduegiunnumuuiuresing TnsfisUdieann radiograph slinansefudiu

Aodrufinnunuiuiusiaziialy radiography (negative) wiazadnelugudne (positive) feuidn

radiography agldununuluanddendmnssudgitaeanizly UK dmsunisia strain laeld lead

shot Haaglusognsiu (Arthur, 1972) winsldegaduszuuiunszuenifiumegafiaduanlaiuy

radiograph ANsauARSALE

- yipvesiuindu granular %38 cohesive

- &nwares macrofabric fiAnwn bedding plane, varve, fissure, shear plane, LLazﬁuﬂ

- A158 “intrusions” WU sand lenses, NBU#AY, shell, calcareous nodule, peaty material,
drilling mud, LLaz?JI‘LJﬂ

- Jasievesesuaniilesan gas pocket

- #n31904 sample disturbance faudunvaglifinnssuniuionsazegiivouesiogisauinis
sumueganndsinAnfivanevessietng

é’ﬂwmzma'wﬁmuim,jhjmmmﬁasﬂizL:ﬁulﬁé’astLﬂdwmﬂﬁaasmﬁuﬁﬁuaaﬂmLLéh (@814

UogApelinsiAnIouANFAI9E1980nA) Faiiu radiography 3afunisvadeuuuuldvitaredmiu

Fonduiignsuniutiesiianainusaznszueniiuietiaitenismaaeundimnssy uavdadely

N1FTNLHLNNINAIUINNNINI I IDEsTITan mmIzay Teyamariagddydmiu

Tasanisfifisruau tube sample Ho8 L¥ululansinis offshore exploration Norwegian

Geotechnical Institute (NGI) 1615314 onboard radiography Tud 1983 Lﬁaﬂiuﬁuﬂmﬂﬁwmaﬂ

[

FegaRuTTuiAvaINiunzLa (Bn 300 1.) 9nnziawile (Lacasse et al. 1984)

n1379 effective stress Ma491NNISLAUSBE19FY

“Perfect sampling” Mmaﬁamilﬁuéhasmauﬁhjﬁmﬁumuimquaﬂmﬂmiamawaa in-situ

a A

shear stress WU undrained, Ag=0.50.,"(1-K,) "nauyiitfudianindudinieinegieauysaiay
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*Busaunisy (2-3) (Ladd &

@A isotropic effective stress 16931nN13 perfect sampling, G,

Lambe, 1963) Tnei A, = (Au-AG)/AG,-AG,) d%5u normally consolidated clays agdian A,
= 01102 was G,’/Cp,’ = 1.010.15 n151AUAI9819MUY perfect sampling a2l s, anas
WissUseanm 5E5% udtziUBeunUamaingsy stress-strain agaunifosannindewsuduain
d@0IN isotropic LL%uﬁQSLﬁuaﬂWW Ko stress (Ladd & Lambe, 1963; Noorany & Seed, 1965;
Okumura, 1971; Skempton & Sowa, 1963)
Ops =0y [Ko + Ay 1-Kp)] (2-3)
AUMRYBINITIUNIUMBE AU Tilduandlun15197l 2-2 9vanan effective stress Ua4
Frog19iuan o, Tiduanfivesnia O, Tnefinadnsvosan o, @unsaialaly triaxial cell i3l
fine porous 7l base pedestal (G,’=cell pressure-pore pressure) #39n13kd pore pressure probe
yundnidnlulusedeiuiiddignusansesih feyanansiidr 6./6,, Taevhluazuszunm
0.20.2 dusunisiiusiegslaenszuanuIIwes soft to medium to clay 713l low to moderate
sensitivity ﬁﬂamﬁﬂmmdw 5-10 4. N158A@NVBYAT effective stress 31N O, TUdu G, d14199
Antuldfinutunsiitiiesa1n mechanical disturbance ws1znnsideuilnduiu low OCR clay
9uViliAn excess pore pressure Mduuan msammﬁmmmLﬁmmﬂmsmméfmamﬁmﬂﬁ@mﬁﬁ
9 ndau cohesionless fildanunsasnwianin pore pressures Mfuauld wioandufifinngsunau
1N remolded (more compressible) layer ﬁ@ij%Limwﬁwmﬂi%Uaﬂ nsunsaiasiliiia
N158Ma3Y99AT O’ (Schjetne, 1971) Lazann1a3u03d Norwegian clays F9ann1snadeau CKU
triaxial compression #i reconsolidate 1UfiAn overburden stress (Bjerrum, 1973) agelsinu La
Rochelle et al. (1976) WUTANSTNUT s Tosad MY strongly cemented clay
Unidevatvauldiausinen 6./0, aslunvdiBsUSuraves degree of sample
disturbance (191 Ladd & Lambe, 1963; Nelson et al., 1963; Okumura, 1971) Laz@iu1sauiven
dawualiulunisanasvesdn s, 3nn1maaeu UU uddeldiveyavesanuduiiusseninem

C.'/C,. fuNansznuvad sample disturbance fionan1snaaay CU %38 oedometer 4anaINtia1

6. /G, wldlilafu highly cemented clay losa1na1 G, arwnsafiandugudldlagliinns

UMY soil structure VBIRUMAIN

N15UsElU compression curve 31NN15NAEBY oedometer

sample disturbance nNANANTENURD compression curve 31NNITNAGBYU oedometer 1911

v sedimentary clay iy (soft to stiff consistency, low to moderate sensitivity) lTuanuweugsall

- 91A1 consolidation stress, o, TneaziiAn void ratio anas (W30A strain LANT)
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Aa 1l o oA

- ibinsseyauniasaiidesgainlaenIvilin1smen O, . Mlseinuaslaeniluasyinli

1
A Oy o’ AARY
- ¥l compressibility i uszninenis recompression Waga13%1L% compressibility anadlu
@9 virgin compression region
Ut 2-13a uanwansEnumaniinenan1sagey oedometer fuspgsRuTiunaInnsyuen

Y

\uieg1ieaiuves offshore Holocene clay fauiiin Test A agliidudoyaigldlavazuansin

\Uu underconsolidated clay u#i Test B 19A1 G, 8903101NTINTIU stress history Muasa
VYRITUAUTY UanINU Test B §alvie virgin compressibility igandnunn JUN 2-13b wWisuiiiey
compression curve 210 block sample Wag tube sample W84 brittle, sensitive clay @Lan 931

sample disturbance ¥l compressibility 531319 recompression inTulLAsiHansznulduIngoe

G\ max WA virgin compressibility Fanansvaaoufinansiifuunfdmiu cemented Champlain
Sea clay lnsauddelduansirdedldnszuonifiusesiiiduiuguénarddugunifiofiazinw
NOANTIY stress-strain Y89 overconsolidated intact clay 1la (anﬂiiumsﬂu yield envelope)
(19U La Rochelle et al,, 1981) feiunnsld conventional fixed piston sample 8133znsENUNIB LU

NENUAUALMIILAZFUTI9Y81 virgin compression curve JuagiUTAEURNUALENANYBINTEUDN

LS YUAUDIAU
a) onmoc()j:tm:Az_iuf_n AL Y983 bD)crHamer am CL‘“;:R.;'S::};!DJ
0 T T T TTT7m O
- - n
£ wf 4 £
> >
= [svm]| zermi{w e ca | z 20
= | |uso | s6s josas <
= 20| o |mre | ees fo2es «
L "5 230+ il
¥ e PUSH SAMPLER W, =i Tl
-’“,QTJ ¥ |' =-33s Il-..
Pase -8 7m0
sol L 1111l Lol 14 i t 1 Ratin
w0 0o 000 0 100 1000
CONSOLIDATION STHESS.G;C(I(PGJ CONSOLIDATION STHESS.ﬂ"c(hPa)

gﬂﬁ 2-13  WanIgnuued sample disturbance #10 oedometer compression: (a) Orinoco Clay
(Azzouz et al., 1982); (b) Champlain Clay, St. Louise (La Rochelle & Lefebvre,
1971)

2.6 wAlA Recompression
wAtln Recompression tagnldlay NGI WleUssuanuaudivesiuluauiy Bierrum (1972)
IlanIiNanITNAaaUNgANIIY stress-strain 3NA1Iaaey UU Minafliuniedsuazasdiinin

AranIstangAnssukuuliszutsu1vesfuriletsounuyeiadeaeelinis reconsolidation tu#
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field stress ImEJﬁﬁ'mmamuﬁwaqﬁaasﬁqﬁuﬁLﬁms‘ffuﬁsummLﬁﬂﬂ%@é’ﬂﬂalﬂquaﬂﬁu%awaaﬂu,a:;
mechanical disturbance ftfos naldsiiesninnisuiniivessegafuasaidaldmnaesig
fiugn reconsolidate TUfl in-situ effective stress nouazyinnIsNAaey Fanadfae () free19fu
143y stress mflousvanmluau uay (i) ihilgadulnefognsfussnitnssuiunafuieds
fiuazgniueenly wiafla Recompression leignldfegnsszaunmdifatunanismagou triaxial 1
N52YNNYU fixed piston sample V095U low OCR clay #aeviln (Berre & Bjerrum, 1973) WLagmuln
A18819AU low plasticity clay 3¥9ANaNTENUAIN sample disturbance 11NN11A78819AU high
plastic clay Laznsanaswesnudulumanuilasen sample disturbance sevhlfiAnnisifinTy
vourdwesiu lummssiudunisiiuduves sample disturbance anansaviliinnisanaswes
$1§9909RULaY NS NTUYB strain at failure §113U reconsolidated specimen LnAdA
Recompression iéfgﬂsl‘ffﬁu highly structured Canadian Clay #2¢ (La Rochelle et al., 1981)

Tuvn19nssdut ud 195U tube sample 9949 normally consolidated clay € n 15

reconsolidation 17 G’ azvilusuinsanasdunalian undrained strength gaiiuly Aaudidn
susfunisendinuesdl OCR=1 snfuuiensd v ‘U%L’JmﬁmL‘fJL!‘U'a51\1ﬂaUGUEJzLLaw%L’Jmuaﬂijm
Unnudithaelng Fail unstructured natural clay $7uauanniiian OCR dosunnauinliang
reconsolidation 1U‘171|f\;m'71' 3 Iugﬂ‘ﬁ' 2-14 919azylnAanslaan strength finnniiulidle sample

disturbance Wnu wenanldiisnslunisuseidiuinimaiin Recompression aglinaiawainly

'
a

NA1UUADANINTOLEEY 8ALIUDIALYIINITNAABUAUAID19AUNT oMUY degree of

disturbance 14

o

<—VERTICAL STRAIN, €,

VERTICAL CONSOLIDATION STRESS
0,. «Log scale,

@ IN SITU NET OVERBURDEN STRESS
(2) PRESHEAR CONDITION FOR A UU TEST

(@) PRESHEAR CONDITION FOR A RECOMPRESSION
CKoU TEST

D PRESHEAR CONDITIONS FOR SHANSEP CKgU
TEST PROGRAM

5UN 2-14  nszuiums consolidation dwiunisnagey CK.U (after Ladd et al., 1977)

2-19



UNM 2 Maesuwsadauvasnusuulisyuietn

WBNANNANTENUVDY sample disturbance Aldanansauseiiuldegnaudugn anulaiutueu
ypamAila Recompression NMstdenAT K, Manzan lumisnguisiuasaginduel in-situ K, 39
gnflayUszanudmiunalnnig preconsolidation ﬁLﬁmmﬂmmauaﬂmﬁamﬂ mechanical N13
nAaeY one-dimensional recompression 9z L{l¥iA1 in-situ K, ignéeaiilosainuanssnues

sample disturbance Warn1371A1 K, Juagiuns loading iag unloading esUfuRn1suIaum

wWu NGl Tdn19maaeu oedometer WO INAT Gy o’ (WAEAIUIUKIAT OCR) hazly empirical

correlation w84 Brooker & Ireland’s (1965) winUszuauan K, (Berre, 1981) uanaini NGl gel4
N32UIUNNT consolidation 1ag isotropically consolidate Fregr9nulud (o IINTuABYLRLAT

o, \Wu 0., @msunsdl K<1) dwmsunsageuiuvesUsemanaunienyiussndnldai K.

[%
&Y

Uszanad 0.5 89 0.6 Fafinsaninfuanfivnzaudmsu cemented clay Tuusioniu

NTEUINNITVIMATLIA Recompression Fugiadl

- ASTUAUNNSHMLNEANNANIE MU highly structured, brittle clay L%u high sensitivity clay,
cemented soil, weathered crust, Wae heavily overconsolidated clay

- lduwugdnlvldwmaliiaiinu normally consolidated clay tWs1¢n19 reconsolidation 1U

G0’ =0\ ma’ 81938 IINAN1TVIAGDU in-situ s, taAmnLAulY

- m'ﬁmﬂaauﬁm'ﬁ%ﬁmiﬁ’]miﬂizLﬁu in-situ stress history Lﬁam’sﬁlaaummgﬂﬁawmm Sy 17i
IHuaviioldlunng extrapolate/interpolate

- wuzd1liindu block sample Wagd1MSUAIDEI1IAUULUYU weathered hag highly
overconsolidated clay Fvonvarlsmunzauiiazldinadia SHANSEP

- 9199¢lAn s, AvdesiAuludimSu overconsolidated cemented clay Ll 83910 sample
disturbance (11 Champlain clay) waze19agliian s, furniuludmsu normally &9 lishtly
overconsolidated “ordinary” clay

- feelin1TUTEUIIAT in-situ K, ﬁaLLﬁ’i'maﬂiwusuaﬂm’mﬁmwmmaqmﬁ%lﬁﬁﬁ@wi’]f"fu
NaNIENUIN sample disturbance

- A239zdn1991n1970 in-situ stress history WWe (i) UszuraiAn Ke; (i) extrapolate wa

interpolate Yaya; kaw (i) ATINADUANUAUMAAUNAVDIAT 5,/C.," il

2.7 Normalized soil parameters
Han1sEnAIINUTEAUNMSaITWUIRuUTEaTwuNniingAnssu normalized behavior 1Uu

UsglowogannlunsduluuskudniunsuaninatazUssiiungfnssuvesiu Wundaauing

'
v a

in-situ maximum past pressure, G, ., HluAfd 1A igalunisauauuuilinveangfinssuves

o

(%
o % o

Audmsudaymdmuuannnasuuldssuigdiuassuietl unluausiLmlwe yield envelope @4

2-20



UNM 2 Maesuwsadauvasnusuulisyuietn

WUesEninangAinssudatafind strain auIALENAUNGANTINNAERNT strain vualng gglsAn

MAdelnaqlauansdngusnaves yield envelope é’q%uaQjﬁmalﬂiumiﬁﬂﬁlﬁmm G F28
NAANALLANFAII5EUINNGANTIU normalized stress-strain-strength 984 overconsolidated
clay ﬁLﬁ@Lﬁmmﬂﬂaiﬂmﬂﬂaﬁumi cementation

Ladd et al. (1977) las1usiunansenuvasa overconsolidation ratio a1 K, wazAnauUs

undrained stress-strain-strength %aﬂaumﬁm%uﬂmm Iﬂ8%’@33aa'aummwmiﬂmﬂwms

NAAU SHANSEP #3992 K, consolidate #108139Auuuy undisturbed Tuluvauian virgin

compression Way rebound LU7 OCR #1399 FIUUAT G, s’ @195UF0E15IUNIINAGDUWNATIA

SHANSEP agLAnLiiea31n mechanical overconsolidation %ayjamwmaaumwﬁﬁ SHANSEP AU

Atlantic Generating Station (AGS) plastic marine clay (Pl = 43%7%, LI=0.6£0.1) LaAnAA70E19V
NHHANTIU normalization Y89 mechanically overconsolidated clay Wuedned (Koutsoftas &
Ladd, 1984) E‘U‘ﬁl 2-15 uang effective stress path a1nn1snAdaU CKU triaxial compression (TC)
ua triaxial extension (TE) fuUfI9819AUT OCR = 1, 2, 4, uar 8 e OCR LfiuTusUIne0s
effective stress path axiUasuainnsiaeslumeedudeslunan U7l 2-16a néen log OCR
versus log 5/, 91nn1Inaaau CKUTC, TE, way direct simple shear (DSS) n3#lu log-log
waomdudunsazannsananslasaunisi (2-4) Taedi S Ao undrained strength ratio vaddu
normally consolidated (OCR=1) clay gﬂ‘ﬁl 2-16b wanINSIUABULUAIUDIAT shear strain WAZAN
Skempton’s pore pressure parameter 73U (peak strength) 'g‘d‘ﬁ 2-17 WERINGDALUULAEINY
dmIun15nAdeU undrained shear 484 cemented James Bay B-6 marine clay lngdoyavesdiu
overconsolidated mﬁ]’mﬁ?aﬂ’]\‘iauﬁ reconsolidate iﬂﬁ stress €Wo8NI in-situ O\ max Aoy
NHANITUVDY intact cemented clay) I@asﬁa;ﬂama\‘i destructured clay 7Tl OCR = 1 9z diAn

laboratory G, .’ Usesna 1.3 819 3 W83 in-situ G, may’
SU
o

-=SxOCR" (2-4)

'
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m—r— T T T I 1 T T T
-8
L]
‘6 m" ' 1
%- TC at oy iy
o %2
c
=
0 aif
-
¥ oo < '
w CRITERIA
B R Arg, A“l‘w‘rl;
H-0ah e e e
3 | 7C] © )
g TE . -
T o2 SMALLER SYMBOLS -
g FOR OCR » 10

=03 - W 1 L | 1 1 - Ca—" he— |

o1 02 03 04 05 08 07 08 09 10

NORMALIZED EFFECTIVE STRESS. p'/dp
gﬂﬁ 2-15  Normalized effective stress path 911 SHANSEP CK, U ¥83 AGS CH Marine Clay
(Koutsoftas & Ladd, 1984)

(&) UNDRAINED STRENGTH RATIO
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(b) STRAIN AND PORE PRESSURE PARAMETER AT FAILURE
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OVERCONSOLIDATION RATIO, OCR -(ISM’J‘:

31117; 2-16 WHANITH stress-strain-strength 310 SHANSEP CK,U v89 AGS CH Marine Clay
(Koutsoftas & Ladd, 1984)
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(@) UNDRAINED STRENGTH RATIO
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(b) STRAIN AND PORE PRESSURE PARAMETER AT FAILURE
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SHEAR STRAIN AT
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PORE PRESSURE
PARAMETER, A,
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OVERCONSOLIDATION RATIO, OCR = (J'D' e

3‘1117; 2-17  WgAnIU stress-strain-strength 210 SHANSEP CK,U @89 intact ag destructured
James Bay B-6 Marine Clay (Lefebvre et al., 1983)

'
v a

Aannaludain yield envelope w94 intact James Bay clay ﬁuqm’jwaa destructured

clay 8819101899310 strain Yualngiiiunaainnis consolidation AUAT in-situ Gy s’ WL

<

inN15¥11a18v849 cementation bond feluran1snagauluguy 2-17 wansnulideiioass

woAnssuA OCR=1 #081919u destructured clay adiAn A uannindntesuas strain A3UAT
11NNNUINEIMTUNITNAdBU DSS waz TE (@150 intact clay aswuinan Y; willoududmsunis
nagoU TC way TE enssdufuiinumnuunnansegnauindimsu overconsolidated AGS clay fiu
James Bay intact clay wansnuduiusiidudunseszning log 5,/O.s Vs log OCR Fanilourud

WUAIMTU mechanically overconsolidated clay Lad@195U normally consolidated clay 3gwWuqn
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1S (@UN157 2-6) a4 intact clay 9311nn3181 S Va9 destructured clay 170 (@1A97 35%
dwiumsnagau TC wazdnnndl 15% d§wsunisnagey DSS way TE)
Tuimnssuusiagiinismaaeu consolidation ileUszanm term settlement vadAuLmiy?
domikusnuansiieudiieatu stress history Wuuslomilunisussifiuiag correlate doya
nnan1snaaeuluiesujuanis Aaiianunsaldldfu in-situ strength testing LWu field vane #ne
5Ufl 2-18 uansteyanismaaey field vane 910 site snaqndonluwuuifefuiilédmsu corelate

A1 laboratory undrained strength ratios versus overconsolidation ratio %’auﬂauamamﬁmiwﬁ

210 site 5uﬂlﬁaqﬂlumﬂiﬁqﬁ 2-3 A1 5/0,," @m5U normally consolidated clay Huuwaliunuan
plasticity index wiloufufiiauelng Skempton (1948) waz Bjerrum (1972) @t m shazwudndl
A1UINATTLFaINNITNAEEU laboratory CKU tneianizeg1adan m azu1nndn 1 uandinsu
naturally cemented clay 11AM51uen S way m dmsuiunilsgaerilinismeaey field vane 1Ju
nsnageuiivszudalunis interpolate ILaig extrapolate Nan15nNagaaU laboratory oedometer

Lﬁaﬁlﬁlﬁmwﬁauyiaﬁu%ﬁ in-situ stress history

m'i'm‘?'i 2-3  pan1snadau normalized field vane (Jamiolkowski et al., 1985)

No. Site and soil type Pl (%) LI (%) Field vane References
S m

1 | I-95 Saugus Boston Blue Clay 2113 — 0.165 | 0.96 | Lacasse et al. (1978)
2 | Connecticut Valley Varved Clay 25-30 — 0.20 | 0.93 | Lacasse et al. (1978)
3 | Fore River Organic Clay with Shells 3418 — 0.74 | 0.83 | Ladd et al. (1969)
4 | AGS CH Marine Clay 43+7 | 06+0.1 | 0.33 | 0.77 | Koutsoftas & Fischer (1976)
5 | Bangkok Soft CH Clay 41320 | 07110 | 0.29 | 0.80 | Lacasse et al. (1978)
6 | Omaha Soft CH Clay 50 | 08409 | 0.28 | 0.97 | Navarro (1984)
7 | New Liskeard Cemented Varved Clay 25+5 — 0.185 | 1.51 | Lacasse et al. (1978)
8 | James Bay B-2 marine Clay 9543 | 26+09 | 0.16 | 1.18 | Ladd et al. (1983)
9 | James Bay B-6 Marine Clay 1343 | 19406 | 0.17 | 1.35 | Ladd et al. (1983)
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OVERCONSOLIDATION RATIO . OCR

31117; 2-18 Undrained shear strength ratio vs OCR 91an15vaday field vane (Lacasse et al,,

1978)

a1

mnfurdelaier m felng 1 wasdinisiudsuutamesdn OCR Wisndntosaisasfiansanin
A7 SUFVY/G iy’ UseanauAnaadl (£15% dnfu AOCR=2 uar m=1.0£0.2) Mesri (1975) Budiu
nsUszanailaenisieseiauduiugsening field vane way stress history @1%13U normally
consolidated wag slightly overconsolidated (OCR<2) post glacial clay fldsreaulineuninlaey
Bjerrum’s (1972, 1973) uanmnﬁmﬂ%’ Bjerrum’s (1972) field vane correction factor, U, ﬁﬁ
fugnuannnnsdiAnvesnisidivesaaiunuddlinadniin ts,(FV)/G, =s,/G,’=0.22 (Fausi
nMslnziiindnandaglifansannisnsranedvesauduiussendne Berrum’s (1972)
wag Pl correlation) Larsson (1980) aauen s/G,’ annsidivesAusuay 15 WAsTISiAN PI<60%
warldnadsaunisi (2-5)
S/Oyma’ = 0.2310.04 (2-5)
FatfuAn in-situ S/ max FnvandmunTinsiiaiosnmvesiuiuatoiaaziialy
N50ULALIAMTURY soft sedimentary clay 7151 moderate &4 low plasticity Ingsialy %’aaqﬂﬁ,
§$unisatiuayulasnanisvagey laboratory CK,U Mldausag mode of failure #in9qifianseun
WOANIIN anisotropy 1N peak strength TasuN13UTULAGIMIU strain compatibility fie nansznu
%09 progressive failure Fefitiiaualng Koutsoftas & Ladd (1984) aehdlsfimuiindngiuunsesned
TR 5/Cy e’ @MU highly plastic organic clay SA1annninfisesusndiadiu (gu Trak et al,
1980; Holtz & Holm, 1979; Larsson, 1980) f1@g19i4uA1v8s nonfibrous peat agilAAautgga
JefautiuimgAngsu normalized lfuAvmdendansanunsadnul structure voesuls

FEMINNITONLITUAUNTIAT in-situ stress LUgvaULwRYe3 virgin compression Ingfiumileaivaniidn
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fifn compression index fireud9asfl dauAuuszinn quick clay wag naturally cemented soil
aglaiuanangAnssu normalized behavior 194910 structure Yowiuazgniasuutasedaniile
ONLIINTEVIUAUNIIAT “apparent” maximum past pressure (Sangrey, 1975)

wu3IAA Normalized Soil Parameter (NSP) Lﬁm%uimmqmﬂmﬁﬁqmmLﬁquamiu
normalized behavior dm¥ufiufinansngfngsy normalized behavior azidululdfiagyianas
neaeuluoslfoRn1siien OCR fequazadne normalized wWiondmnsuusas OCR WidsINEu NSP

dusunsiay OCR aunsaldarnndenmardua liuann in-situ 1
lunisieseiadesamiduaguaudi NSP Alduesnigameal s/C., tagN G, = in-situ

vertical effective stress IngLA129111310A 5/0, . Ann1inaaeuluieslfdfinis un 2-19

wanan1sUasuLUaIve9aT s/G, .’ fuA1 OCR 91nn1snadey CK,UDSS Auduwilen 5 vila (el

Joyad3eaznszatgegnelu 5-10% vesAady) uagil shear strain rate = 69%/Flus dmTuns

VAGOUINBUNINUA  FINANITNAADULARIMILENNAT 5,/C, . giiuuiue OCR dwsudaunnuiia
wage1 index properties YBIAUNT 5 YHANATOUARUVDULIANINLALNINTUITIINANITNAGDY
CK,UDSS vosdunileasfindugnaziiuuiliuduimendu wwilduildmudmsunisnageulssian

auqy AuaudR NSP BuqildludyUgiinamansfon £/, K., Wag pore pressure parameter

a

Tngnszuiunisnagevluiesjunisiigniaunieldiuwuifn NSP Usznounienis

Y

consolidation TU# stress iA1MINAT1AT in-situ LileaANANIENUVBY sample disturbance Laglite

ausaimuea OCR legredmau 3en1siliuwuifn NSP emauauds NSP s

1.8 I

No [ [a LT Maine Organic
®|es |34 |10 { o
1.6
@ | e |4 |0865 /
[2) Banghkok Clay
4 ® |95 |75 085 ] I,@ Atchafalaya Clay!
@ |41 |21 |08 /
*l 65 | 39 | —
®l3 ||~
-y /@ Boston Blue
/ Clay
ug |
\2
« ) Connecticut

- / Valley Vorved
/ Clay

— Note:
Sy = brp) max,

2 4 8 10
OCR = Fym/ e

31]17; 2-19  ANUEUINUSIEINeAT normalized CK,UDSS strength parameter fiuA1 OCR @5u

funien 5 ¥ia (Ladd & Foott, 1974)
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g‘dﬁ 2-20 uanNaNIzENUee sample disturbance TugUvaandonsening void ratio was log
effective stress lauagildu virgin compression wﬁms‘z’iqsﬁuayjﬁ’umﬁmmaqaumﬁm, La1lunIg
consolidation, wazviinuadseuU consolidation stress MNLNTSanAT effective stress Fap819AY
agnanefuanin overconsolidated wagtinnsuinslagazdianinzaandu a lugui 2-20 1lelfn

Y

N19 reconsolidation AETANMEAULEYU b NGUALAU virgin compression  LB31nA15IUABULUAY

Y

Y

2949 void ratio MILANIINAITUILAIVDIFI0E1NAAIUDENIINITUARILLDIRIN Virgin compression 34
Ian1Iuee overconsolidated soil azwdenagldidu virgin compression w@ue LH8a91N0ENs
AuLuy undisturbed agl@sunansznuainnisiiumedrsiuunisanasussan effective stress
luraugfAInNUTUITADUTINAIT AelufIBE19RUaNIN in-situ normally consolidated 719 1 Tu
a a 1l [ =3 Y 1 a = . a a
U 2-20 9199UANINBDYNYA 2 NAIIINNITLNUAIDYNAULAZLENIN overconsolidated LiBLARA

Y

A5 reconsolidation fegnspuarilanmnduaniidu virgin compression fawans feumnyinis
wmaauﬁ’mﬂwauﬁamwﬁqﬂ@qumé’uﬁldauﬁ%ﬁué’u virgin compression fiaglinsuAn OCR 7
wiueu Feduvgliaunsaldauandd NSP Aifanumneld edrdlsfanuminiiegsiugn
consolidate nduUlUEw virgin compression faxdlen OCR = 1 ﬁaa’&i’mauﬁf\]ﬂﬁ@mamﬂ’a NSP 984
#re819Auluanin nomally consolidated 11 nFoIn1TAAIANTA NSP d1m5uf206197
overconsolidated #1n510A1 OCR a11150%ldlag consolidate faveedundulugidu virgin
compression nduand effective stress Wiieliildrn OCR Aigoenis ﬂizmumi‘ﬁuamﬂugﬂﬁ 2-

20 A3 consolidation 910997 2 lU 3 ausaenisanusslunge 4 wiielvlarl OCR AsiaInIs

Virgin compression line

Line b

disturbed somple during
reconsaolidation

VOID RATIO

VERTICAL EFFECTIVE STRESS
(LOG SCALE)

JUN 2-20  W&enuaINTT consolidation tiakanskaNszNUYes sample disturbance (Ladd &

Foott, 1974)

AatiunsTUILNMIAgUTIANTWNe IlaRaautR NSP fea consolidate faagadunauluy

\du virgin compression naunN1MAdeU awiinay consolidate TUMAN G, Uszunad 1.5-2 inues
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A1 in-situ G, .’ N13 consolidation Tunaugavinetinazfisliuseuna 1 log cycle 984 secondary
compression LiayilAkaNIENUVDY secondary compression LuuAsEIU InenssuIunIvngauy

Y

aunsaazulanail-

- consolidate fnaganuluiian vertical consolidation stress Useunes 1.5, 2.5, wag 4 LVi1v89aAn
. . s v | , a ~ PP a . . v
iN-Situ Oy max WAINAFBUNIAT 5,/O, " AUNUYINUNGANTIN normalized behavior aglian
5,/0,. AINBENUBEdIMTUAN stress TUINTU 2 A1 AINNUIIAT 5/O, . LUAaBULUAIAUAT
vertical consolidation stress MinsgvinuansinRumileatuliiinginssy NSP

! , w1 v , Ay & Aa ~ Y ~ a .

- VPEOUMIAT 5/O, fiuA1 OCR laglden O, Nleeiiganfumileddandingfinssy normalized

behavior ieldidu laboratory G, . WagiINIIMad@aUNA1 OCR Winiu 220.5, 41, uay 612
= a | av vo a A a oA A Y
Wiguiiguaniilaturanisnaaeuiiianslugui 2-19 wWensiaaeunnuuniete lnedeyanisee

Wudulaaseulazlasy

'
a 4

I [YRRpE g o & | . . . ! . Y
92U UAANT N TUEE9BINAZABINTIV in-situ stress WATAT O,y HAZHDINIT

NAN1SNAEDU oedometer ANAIBENNAUNTALNINED  IAgNUIINISWADN consolidation curve Tu

9 Y

'
a

U89 strain (WU void ratio) versus log Oy’ 9 end of primary consolidation unu#l end of

24-hr Agliien Oy’ NUWORBNTY  UonaINldinuinan1smaaeyu oedometer Lifiaaulasio

NANIZNUAIN sample disturbance WAUKaN1sAERU UC wag UU

2.8 waila SHANSEP

wmafia SHANSEP Aansyuiuniseenuuudmiufumietifing@inssu normalized behavior
ImaLLmﬁmﬁﬁugmmWﬂﬂﬁwmaauluﬁawﬁﬁ’ﬁmiﬁwmmmﬁ’ﬁaaaamwiuaumasimflusxw
unninsageudnd 3annstilununisdunisiiansan stress history 909Aulaglanziieniv

overconsolidation 9MnNMSANEIALIAU undrained shear strength aasAumtelanuAUUNUS
5¥17314 normalized shear strength (s,/G.,’) kag overconsolidation ratio (OCR) (R4o3u1eTu

Wile 2.7) wiatla SHANSEP a¥l¥A1 normalized parameter Wioayldiu stress history (O, hae
OCR) wostufunienluaumiiolinszsivanaul® strength-deformation fteldlunisiinsie
yadmnssulgiinely Bastldgrlilaefemeaoumaimnssusfisnnueiioanuansenuiiie
91N sample disturbance

5UN 2-21 Wiuiguns il in-situ Wae laboratory one-dimensional (K,) compression 484

slightly overconsolidated soft clay 9@ 1 a@aq in-situ effective overburden stress (G,,’)
sample disturbance MAnTuszninensiiuiegefulanenszuaniiuieg1sazanan effective
stress AULTUAITIRANIAIEYN 2 TILAAIANIN preshear d1m5UN1SNAGEU UU Davis & Poulos

(1967) way Bjerrum (1973) wuzii1inasiinisnageu CKU fudegneiulae reconsolidate TU7
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O, ieannansenuves sample disturbance nszuIUNTHILAANITanUSUMSIUNYA 3 B9

Tneluusumnsazanasuszanns 513% d1m3U normally uae lightly overconsolidated clay n13
anU3unnsasiionaasinls undrained strength SANRNTULNNAINAN8S in-situ uaze199ZAIY
LLUiUiausﬁuagﬁ’u degree of disturbance, ¥1AYDIAU, WAL stress history wan1Inagasy ClU
triaxial compression Fe31991ulng Bozozuk (1970), Milovic (1970), waz Raymond et al. (1971)
LE@nIIAT s, Rensasunlandniesviofidranaile degree of disturbance inTudmny
highly cemented overconsolidated Canadian clay #a18 %4 a Fauanadn destruction o9
cementation bond HAUEIAYLINTIINIOMINUNTANAITBIUTUINTVDIAIDEY Beere & Bjerrum
(1973) aqﬂﬁmnﬁwﬁmaq sample disturbance avilurnalsi strength anasdmsu “aged” plastic

Drammen clay (OCR=1.5) Iumamaﬁwﬁmsﬁaga%m normally consolidated clay (191 Ladd &

Lambe, 1963) u@ng31n15 consolidation 1U# G, dnagvinlilam s, 11nn31A7 in-situ strength

(aeAITULANAIITENIN in-situ Wag laboratory compression curve finaguINAR LU

O, =0y max (Schmertmann, 1955)

>

w UI ! |

; s ‘L\m (Ip

< O @---\J' IN SITU CURVE |
1 \(

5 \ gl =05-2) O
# A Y™t 2
3 LABORATORY CURVE \*

Qo AN

5 o

w @\‘ \

VERTICAL CONSOLIDATION STRESS
o,. (Log scale,

® IN SITU NET OVERBURDEN STRESS
® PRESHEAR CONDITION FOR A UU TEST

(@ PRESHEAR CONDITION FOR A RECOMPRESSION
CKgU TEST

() PRESHEAR CONDITIONS FOR SHANSEP CKgU
TEST PROGRAM

g‘dﬁ 2-21 AT¥UIUNIS consolidation d1usunisneaau CK,U (after Ladd et al., 1977)

dwiuAumienfiinginssu normalized behavior #nszuiunisvadeuiiansnsnanuansenu
Y94 sample disturbance ﬁQLLaﬂﬂugﬂ‘ﬁ 2-21 11 laboratory curve ﬁﬂ%u‘ﬁ’]é in-situ curve Wiapn
G, 11NNIUTENI 1.5 D9 2 IN1909AT in-situ O,y Faudmuiognsmulunmegey CK,U
7 consolidate 14 7 G, 2(1.52)C e’ M358 structure LA B UA U in-situ normally

consolidated clay waglvian s/0, . Nigndosluaaindanary nanduly insitu dann
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overconsolidated fifad consolidate fog13AulUTidu virgin compression Welwle in-situ
structure W& MA19NEUA unload Fegsrouftagyiinig shear (FuanafudydnuaiFvdenlusui
2-21) mavaaoufiaglidaya normalized dufud1 OCR idiosns Fwismunidofiugruveanaie
SHANSEP fiiauelae Ladd & Foott (1974) ierdunszuiunisvaaeuiinzannanszsnuves sample
disturbance neAuaENUR strength-deformation ﬁfﬂlﬁiuﬁaﬁﬂﬁﬁams

UM 2-22 uanansUszyndldinaila SHANSEP Lile undrained strength profile 91nA13
nagouU direct simple shear dwsutufumieniioden Tuneunsndonism stress history vosdu

AUAINN1INAABYU oedometer (FUT 2-22a) wa1INduUFIog1AUIEgNAday CKU lu
woalfuinislasldnszuiunisnlananliuas nanisnegeuaslianuduiusssninee s/c,..’

wazA1 OCR=0 ., /O WomIuIAn SHANSEP s, éﬁ“ﬂLLamlugﬂﬁ 2-22¢ LLazwﬁamiugﬂﬁ 2-22d

nTgUIUNslfaINITNITNagauiialladeya in-situ stress history N nTedowazldlaaniziiu

Y v

WdeaNdngAngsy normalized behavior fetudelglailafu naturally cemented wag highly

sensitive clay Usununisnageuisesldviniunsetesninfaesladdmsumaiia Reconsolidation

L% (% s 1

UAUTILNINNAT 5 /O, hazA1 OCR

£
a v A

yyfetnefutlalaeld in-situ stress

pgnglsnnumaiian SHANSEP ddelaUssufeidialaniiu
dmsvaumilonisguaravanusatlulddutuaudug nia
history Mg auvoItUAUTLUNLAIINN1TNAADY oedometer ATl SHANSEP lagnldiunis

29NLkUULATINISINUIUNNA (Ladd & Foott, 1974)

EFFECTIVE STRESS

o DSaBl oA poleest® 0 10 CK,UDSS Test
Sand o8 e
[0 1 Cy Cy /Oy vs .
z a’,’@ . 06 Lob Oy /Oye
- - . e
] /o AN . .
£ e Ur::llform el'-—ﬂ" i 04 Field Applicotion
w — ay u ’ . ’
o Deposit s Ao A . o2 [EUMW SR B 0;""!0“""]
sol 0';0 ; vo z
L
o]
Lig 2N i 2 = & (Log scale)

OCR=0;m/0yc AND Oy, /0yo

(0) In Situ Soil Profile and Stress History (b) Normalized Undrained Strength vs OCR

(c) Computation of SHANSEP cy Vaolues

Ul 222 nsUsEyndldinadia SHANSEP 41m3Un1591A51834 undrained stability Tneldnas

B Sy UNDRAINED STRENGTH, ¢
EL. | Oy | O [OCR | £ i,
vo | Yvm T | Cu oS8 1.0 1.2 L4
85 |18 | 72 | 40 |060|1.08 S, e
: s =
80 .
75 |28 |53 | 19 |034|095 2 L
= 70} ~
65 |38 (58| 15 |028|L06 7 - i
= et g
55 | 48 | 6.5 | 135 |025| 120 = PR
50 L L 1 1“ 1

(d) SHANSEP c, Profile for Analyses

nedayu CK,U direct simple shear (Ladd et al., 1977)
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(%
Y

TJupeuvaunaila SHANSEP ansaasulasisil-

[

ynsnageu oedometer consolidation L@ O\ max Tnenamsveaeuiidosiinanszny
911 sample disturbance WINWINAUNANIINAZDU shear strength lnan1svadey UU A1 G, may
‘mﬁsﬁuagjﬁu structure U949 soil skeleton mqﬂﬂ’jﬁmm%uiuu’mau%%aﬁ’l effective stress
NAIINNSAURIRE 18R

consolidate faag19aulun1snaaay triaxial n1elaani1iy K, consolidation luaan vertical

stress 1.5-4 L¥11989A in-situ Oy’

a

dm¥udan1z overconsolidation 19 unload faegrsduiieldinnisurndalu 1 adludian
vertical effective stress (G,,.") Alvien OCR #iioans

ndsanduiinisnageu undrained triaxial compression d1wsuRuiiingAnssu normalized
behavior WA s,/G,’ AsTidmsuA OCR nilaq

imsnegeugLivelilae s/G, . dusual OCR Aeqidedns

Jorvaaunaia SHANSEP tumail:-

A X og v a1 . A oA A & v v Y a
LWﬂu@quiﬁaqmqiﬂﬂigLﬂJUQq desugn parameter V]u’]LﬁﬁaﬂauqﬂaﬂUI@ﬂisﬁﬁfnllLGU']ELG\WI']U‘WQG]ﬂﬁiﬂJ

YDIAY

(%
a a

wialladlyilianunsauseiunuaud stress-deformation aneluanganuAuilgnuase
walladvilrlanmidatauves soil profile 91015 correlation S¥1314 stress history Lazn13
WasULUaa strength AUAIINEN
walladlliiAn9 conservative lantosduiunsinsgiaissnmuaziinuundeiioninniinig
DONLUULUULNT

a dy Y a L % v a G a IS a
wailaillasunisiigadivlassasduauauvsegusinlufumiemateyile
wATAlaANanIzNUvee sample disturbance FiONANIIVNAADUAIDEINNIN
wiatallduTunanIsaaeU effective stress Iuutoslun1studuinfuingfnssy normalized
behavior

a a [ a . . a t% a wa
duyAgIuAITuNgAnTsu normalized behavior anansafigalaluiesdjifinisuaznanseny
YosauyRgIUBUg AaunsaUszdiule
weallatlvdayauinninisnegeuiuuaufulaeiialdinedintudnteswasaiunsndasie
Sﬁau”aﬁuaa undrained shear strength profile o
wiatiadvinlanunsauszunaiA undrained strength YadRumteInIendsaInn1ldsuLlaDs

annluaunule W M3 softening LH89491NNTUINAINAUYDIIUYA

JLEULATTDINAVINALA SHANSEP TIa9il:-

2-31



UNM 2 Maesuwsadauvasnusuulisyuietn

(%
v a

=1 LY A ) & a ! v o a o 1 v a a
- LV]@HﬁuL‘VIﬂJ’]%ﬁlIﬂU‘UU@U‘V]LUULU@LG’IH’JINLMZJ']SﬁiJﬂU“UU@H‘VILL‘UiUi’JU LLag‘liJL‘ViiJ']%ﬁiJﬂUG’IUVWS

(%

WnnIstUasuLUasuey structure LfIE]Qﬂ consolidate Tuu1nnin Gy max b0 highly sensitive

clay wag cemented clay

[
)=

- waldafiluegiuaiuiineliu stress history Warn15UTEAIUAT maximum past pressure 7
\wotiold

e

- nmsvegeuluisslfuifnisdedldnssuiumsidudouniniliiunisnaaeuluunuay

1
o)

9g19RufBIgn consolidate TUT effective stress NfiAmINATIANLEdmTUNIINA@OULUY
Pl
- fauginlaevluAn undrained shear strength a1nwalla SHANSEP gu@ieiianinaAfilaainnig

NAFULUUAILAY  wifo1razldlulafuniseoniuul@eUssaunsainuuadLfy

29 unagd

AULUTUTIUYDINANITNAFOURIS BRI uaINIsLAnLlegaIn sample disturbance,
strength anisotropy, Wkag strain-rate effect G’ﬁamaﬂiz‘muéﬁ’aﬂdnhﬂéfgﬂﬂﬁmmaﬂwLﬂuizuﬂums
9ONLUULUUAIAY ashaliﬁmmmiﬁmiaamwuLLUU%&Lﬁ:ué’ﬂﬂﬁ%mﬂé’agjtﬁaamnmmamaﬁﬁf
finaginaneiuly Tnenslddeya strength 9ann1smagey UC wae UU dinaglvian s, Funniilesann
Wuann triaxial compression wagld strain rate GE (60%/421319) Tuvoued sample disturbance
fnazvinleden s, anas feunansenumandensssinarsiuluuazlinanisnaaey strength il
Anadsdmiunisesniuy aEJNi’iﬁmiﬁ%ﬂﬁiﬁﬁuﬁuﬂizaumiﬁmmﬂﬁ’lLﬁumiaﬂﬁw’muazmi
sindnaasiladesneg dldannsafivsmuauld fufufsdeuinadullfinanisesnuuilagizdasll
Uaonsienie conservative unniiululnelanizmniansan1snIEefI0g NUINYOINANITNAGDU
UC wae UU annunisalbasdudeusnniusnainuanssnues sample disturbance fagiiinduiy
AEnuazdatinsdsunlasues strength fuaudEn

nsldnsmaaeu field vane (FV) anansnagnanidsinuegeeniiiinainiasainnisvaaay UC
way UU Lilosannnisvaaeu FV fikansznuain sample disturbance fosnin egaslsfimunisuda
wan1svaaeu FV fianuldutusuganazdosendodoyaielszaunisal uanaintdmniufuuis
Uszunneadildannnismageu FV, UC, waz UU Sdlanldnseiu Bjerrum (1972) léiaue correction

factor dmsuldiunanisnaaeu FV agrelsAnunanisnageu FV @1alan s, 41An91A7 in-situ

=

strength 19fie 100% BeunninfavanunsauSuliaiee correction factor Miaue fatunslddaya
999 FV NU1880092 310N UTUAUNLN1SNAGBUNIAT correction factor LAgNI5ILATILINLT S

USAUNITUINNTMANYIVDINITIVUALA VN
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FruniseenuuukuuRIRLIreAdeya B srauntsalosnannuagieusiinasiinsld factor
of safety wiavinlinaniseanwuuiinulasndounniunususiuluniseenuuudldanse
Jpseaildegnedany warurendinisinasiuresauliudusuuay factor of safety liifies
woitaglinanisesnuuuiifianudasadoiisone lugaunisaluisndugeddnssuiunsesnuuy
flaziBuanindafiansunseazidonvesnuantivesiunisliuurdaiifudmauiuinni
nszuIunseenkuuilfinziiusslevddmsunisidluniseenuuudugded e asdlnsanuas
nanidganislinisiansandsszaunisaluaziligesnuuuainsandnidsunisesniuud
conservative 1niAulY nafia SHANSEP 1dl#laeviosufuAntsduuanniitoannansznuain

sample disturbance
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UNA 3 WRUNITATEUNTS

3.1  1A399UBNISNAABY

w3eadle triaxial gnldidunsesdondndmivnuided lngldiudregrafuauinduniu

=

AUGNAT 5 9y, Uawad 10 9. §1UveN triaxial cell Usenausie pedestal Lﬁmwé’f’aaejwaw,azmg
sxunenn 3 3 Iaeil 2 510U drainage line waxdn 1 318u cell water line drainage line Ldaufusia
drufineveiegeAuiloiuensIn1ssEuIetnsEwinens consolidation uenani drainage
line §adouiu pore pressure transducer kag volume change transducer diotn pore pressure
5211319115 undrained shearing uazUSunsvaIFog 1AL UABULUAISEWININS consolidation
40 stress AnseiAufieganurilaeda cell pressure Wag vertical load cell pressure
Feusafu pressure regulator WiaTsRuruaLazeuAilag pressure transducer vertical load 9%
nszvilag loading frame w1w piston finAsmeANEIAlneTaRsINseieae load cell warinanis

\AAeUIAIY displacement transducer i data logger Wit uiintoyan1snaaaulnugnluda

32 fuildlunisvaaes

Auililunmageufefumisiounsummadadu marine sitty clay Sansogliiuiisugy
lunananwessemealne Wesngunmaeguunznoutinuiivesindmssorluiisgu
pounasvasUssmalne suAuldngammelaeiiiluagtsznoudae backfill (very loose to medium
dense silty sand) waz weathered crust (medium to stiff silty clay) #u1 2-5 4. laedidwnigauns
wUumaes, A1 SPT N-value 5enins 2-21, wazArmnuduluinaiu 10-35% wdaainduszning
ANEN 3-12 u. 981U very soft to soft clay fifidmdy Taedien undrained shear strength 10-
30 kPa LLazﬁ’lm’m%ﬂumaau 60-105% finudn 15-35 1. W medium stiff to very stiff clay
famduanutina TnefiAn undrained shear strength 26-160 kPa uavAAmTulusaRY
15-60% pumiieaa 2 Judhedusnazionin “Auintleanganne (Bangkok Clay)” ntuaTAY
Faedu first sand daanduasiduduaduluanszadng clay uay sand/gravel druduiiuudaog
AMNANUTEIM 550-2000 U ANATEAURIAL Tanaka et al. (2001) 1@518971471 mineralogy UesdIu
clay fraction 89 Bangkok Clay Juseil (Besanvsurauinlddon) smectite, illite, kaolinite,
chlorite, waz mixed-layer mineral waAueuaiidiudsenaufidfafeo quartz Auwmien
nguNNaAn activity Uszanas 1 uaslianuduiussendng LL uag Pl agwilawdu A line lu
plasticity chart 110 microstructure YasAumieansamnaaunsauiulaind pellet ves pyrite Ui
9g fau ageregate zABUTINANLAZUTENOUMIENGUUDY clay-size particle fifllassadauuu
flocculated oa31slustafudIunmdy inter-aggregate pore laiwu microfossils 14 diatoms

= .. vl va a
7138 foraminifera 8nNLVIUNINARIAUY
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A9E19AUNNARDULAUNIIINUTIN NU. 51 VBININANTIFA-UATUIENIAENTEUBNU
anwartuAungaillauanslusun 3-1 wagan index properties YasAuwmileingannanaillauansly

A15199 3-1 WAYAINUANVDINIDENAUNLYIUNITNAZDUAD 6-7 .

M19°9% 3-1 Aaanl’ index properties vosAumdergeungaunnafian uiiufmegehiu

AU mm%u, Total unit weight, | Liquid limit, Plastic limit, Plasticity Specific
an@) | w, (%) Y, (kN/m?) LL (%) PL (%) index, Pl (%) gravity, G,
3 75.3 14.6 112 37 75 2.6
4 75.8 14.7 109 34 75 2.66
5 83.1 14.4 124 40 83 2.59
6 88.1 14.2 117 39 78 2.62
7 85.4 14.5 105 35 71 2.60
8 71.0 14.7 99 32 68 2.80

2 T
Location : MNakhon Nayok 1 Borehole No. BH.4
4 - At Limit, % Su from FY test
Soil Description PL Wn LL vm®
f——————

Highway Elevation (EL +4.28) 20 40 60 BO 100 120 12 3 4
0

Asphalt and selected |
fill material

Criginal ground
Ziavation

Soft, high platicity jb
.3 - dark grey clay (CH} = =
||| Al |
E_ | l l !
2% BREEREBUE
8 LA 131
5 _ | 1 | -,. |
R N
L L] )
6 — T ‘
b
| |
T = | T ‘2‘_‘_“‘.&““‘!
[

Medium stitf, lighty
grey clay (CH)

End of Borehole

i

[%
[ v a

JUT 3-1  dnwagdupuluuinuniiuiegimy

3-2



UNA 3 WEUAISALEUNNS

3.3 BHUNITINAADY
NATELINISNA@eU CKUC triaxial wuU strain-controlled K, consolidated, undrained
strain-controlled compression shearing Lﬁaﬁﬂmﬂmauﬁa normalized undrained stress-strain-

strength vesRuwmtigIgaungavnelugnIn normally consolidated lagvinisnaaeunIvug 5 N3

NAFBUTIAN O, /Oy e’ A1958MIN 1.5-3.5 ununvndeuanansaagulanagui 3-2

Constant-rate-of-strain

K, consolidation

WA G, /G e 99

Y19 1.5 wag 3.3

Undrained

compression shearing

g‘ﬂﬁ 3-2  UHUNITNAADY

3.4  A5N15NNADY
ﬁ?@&iﬂﬂauwgﬂ consolidated WU strain-controlled K, consolidation lUf@nn stress #

AB4N13MBUILYN undrained compression shearing lagiisuasidunveusiayTunaUmall

3.4.1 mMsiuAlegehy

A0819AURUUAIENINGNLAUTABNTZUBNUNVUIALEURIUAUENATS 7.5 4. ka1 90 .
MNANLEN 6-7 4. IABYAVRNIELULINEES IElBleNTEUsNUI9eRNINANTRLIANEDE seal Yany
W 2 §ruse paraffin wax ﬁuﬁLﬁaﬂaqﬁ’umsngLﬁamm%ufiauﬂ'ﬁsuuahiﬂéTﬂﬁmﬂﬁﬁ’ams i
HosUfoRnsfegeiuazgniueanuiainiesauariniduiudanuen 12 su. wduedeude
paraffin wax viufl Ingaglviamfouri paraffin wax figungiimiloganasuazarsidntesiiie
Joeriulallyf paraffin wax gnannuousnniiuludsazsinlinsousiudaasdunisgdonuandily
13 seal lngnisiadeusneesiuwilagnisdusiegiuadlu paraffin wax fivaeuagatgegnadig

WeldliAanesenan3eresine waeantwiuimegaauliluiesmuauanudusazgaugll e

9 Y
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ABINITYIINITNAREUIY trim Fregslvidvuiaduruaudnans 5 v, wazas 10 wu. lneglyd hand

operated soil lathe uag wire saw @1UYBIAUTN trim 9NUNALIFMIANNTULSNAUVBIFI0L19AY

¥
[ Y]

3.4.2 NISANANRIDEINAULAZNS saturation

[%
a LY 1 a

NOUNITANAIAIDE19AUALTINT flush Vi pressure line 181N de-aired water WiVl

SEUUBUMIMIBUT YI1AINEZDIR porous stone Ay ultrasonic cleaner wazhdluuinaunivly

(%
LY 1

ARNFIAIDENUUFIUYBY triaxial cell fifi porous stone way filter paper fiousdaet fada filter
paper strip 1314 8.5 @i, ATNLUIBIITEUFIe819R Wi eda8Tun1s consolidation wag pore
pressure equalization ndniuAsaUseE1eie rubber membrane uay seal auazvnesie o-
fing UYOUVBY top cap Az base pedestal 911918 silicone grease Lﬁaﬂmﬁumi%’ﬁmmaﬂﬁ'}
Mé’qf\]’mﬁ?uﬂizﬂau Perspex cylinder wag top platen assembly fug1uve9 triaxial cell Lauﬁﬂﬁ
W chamber A28 de-aired water
faudidedaiuensazdudidieiuaiianudululgdeziveserniaszndng rubber
membrane Lag@10819AU Lazly porous stone wag filter paper Fatu3aiinnsly back pressure

o

YU 200 kPa Loy lvidIeg19AuduRInIeueg 1wyl TnefiazAay iy cell pressure kag

[ (% '
LYY

back pressure fiazuduay 25 kPa x9N ANAMNAUIL SN cell pressure HAIANI
back pressure WNAUAT initial effective stress Y99FI9819AU (15-18 kPa) LL®A1 back pressure

=3

19 200 kPa flesnegnsnuliognstios 24 Tilus ARINTUUININ1SATI9d8U degree of saturation lag

1nA1 Skempton’s pore pressure parameter B value F9d1m5udiot199naasuazlial B value

1111171 0.98 Aeluszeziian 1 U

3.4.3 019 consolidation

MAIINNTFUIUNNT saturation AI8E19AUALYN consolidate N1elagnIm K, WuU constant
rate of strain K, consolidation lnen151 axial strain rate Yu19 0.0l%/ﬁ?jb’ﬂm %ﬁ%ﬂLﬁaﬁwaﬁQﬂﬁ
fegasruistheganysal senineiagiinisusuen cell pressure Ltavtlvian axial strain (871u
970 LVDT) fiAinfiu volumetric strain (81117 volume change transducer) Liiasainaning

namAeanIn K, 1nevinnis consolidation 1Udan o, Aifviua

3.4.4 019 undrained compression shearing
\le consolidation amyiiﬁ%ﬂﬂ drainage line Lazl3uN15 undrained compression shearing
Ingazsne cell pressure (O5) TinsfiLagiiia vertical load 9819114 UU strain controlled AaeA

axial strain rate 0.15%/97114 %1N151RUIUNTENT axial strain DA 20%

3.4
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UNN 4 NAaNISNAaBY

4.1 WNan1INA&#aU consolidation

Yoyananisnaasy consolidation 91NN15MAGBY triaxial Idagulunisieil 4-1 Feya
compression curve Kag consolidation stress path 1§TLLaﬂﬂugﬂﬁ 4-1 waz 4-2 audsu ednn
FetsRutamuaivinsageuLInaInANENTEI TS wEunsalUSeudisuAn maximum
past pressure LaEWEANTINNIT consolidation LAlanTs gﬂﬁ 4-1 wanI1 compression curve 7i
I@iimnunseiusgsisniunismaaeufl CKUC-2 way CK UC-4 lngUayaves CKUC-2 agjg‘fmd’]
Foyaduqvinlilsia1 maximum past pressure Aifindn dudeya CKUC-4 agganindeyadusiili
1AA1 maximum past pressure ﬁqqm"l

A1 K, ladiA5eiin 0.62 wag 0.71 Laeilidu K, consolidation stress path fiuuwilduaglAsas

FaruneAUIilean vertical consolidation stress WinAuA K, Swwdltuagiiududaiulaagng

(Y

daauaindeya CKUC-5 Faeflen c,. mﬂﬁfjmmﬂu 300 kPa wan1snaasuliian Compression
ratio (CR) waw Recompression ratio (RR) ln&ifesiulaefidnsidau RR/CR 51914 0.035 waz
0.067 Tneein RR/CR Tnevhluagegssning 0.1 uag 0.2 (Ladd, 1973) U7l 4-3 uansmsivdsunuas

Y
[ 1l
A I

Y99A1 K, AUAT O, Feanedn K, daasilugiawsnnouasiiaiiniuilon G, liNTy

A1519% 4-1 Wan1snA@au consolidation

N9 Curmad | Ouc’ | Cu/Oyma Ko CR RR RR/CR
NAADI (kPa) (kPa) Stress range | Average Stress Average
(kPa) range (kPa)

CKUC-1 105 153 1.46 0.64 110-150 0.279 30-70 0.016 0.057
CKUC-2 86 202 2.35 0.63 100-200 0.338 25-60 0.017 0.050
CK,UC-3 105 200 1.91 0.62 105-200 0.365 30-60 0.016 0.044
CK,UC-4 116 258 2.23 0.66 115-200 0.299 40-100 0.020 0.067
CK,UC-5 90 307 3.41 0.71 100-300 0.372 20-60 0.013 0.035
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Deviator stress, q (kPa)

K, value

Vertical effective stress, o' (kPa)

10 100 1000
0 =0/ —
2 W ———
4 %? --0-- CKoUC-2
. Q CKoUC-3
X OQ CKoUC-4
8
C — -
& Q% ‘AA —A— CKoUC-5
g 10 5 x
& 1 Q
x
< 14 QO ZX
° 4
16 X
18
20
= .
;JiJ‘VI 4-1 Compression curve
100
90 o~
80 ~ —
S P< —
70 7 —
60 _,J’ - -~
T= r
50 ”I/_/\
20 o Ed CKoUC-1
----- CKoUC-2
30 CKoUC-3
20 CKoUC-4
10 — —CKoUC-5
0
0 50 100 150 200 250 300
Mean effective stress, p' (kPa)
= . .
3Un 4-2  Consolidation stress path
1.0 v
\
1.0 \ CKoUC-1
L N CKoUC-2
0.9 \
' CKoUC-3
0-9 ‘\‘ CKoUC-4
08 ' — —CKoUC5
0.8 \
\
0.7 \ — /
\ ' ~
0.7 \‘\‘\l A /J
XY y/‘/ ,.__5
0.6 Al’\'\\ l'\\ \:_ )"
v ey N e’
0.6 v /R
0.5
10 100 1000

Effective vertical stress, c,' (kPa)

UM 4-3  msdeuuUasesen K, fiud G,
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4.2 Wan1INAEdU undrained shearing

M99 4-2 d3UNan1INAd@eyU undrained shearing wagnsnw p’-g, g-€, Au-g,, way

[y A

0,'/05-€, wanalugui 4-4 83 4-7 auddyu M1 maximum deviator stress (qy,) 167 failure
axial strain (€ wHgdYN 2.7%, A1 pore pressure parameter at failure (A) WRAgLN 1.30, kagal

friction angle (") 1wavogd 22.5°

A1999 4-2  WaN1IVIAERU undrained shearing
N1SNARDY At peak
€ (%) g (kPa) | pf (kPa) A ¢ (°) s, (kPa) | Eso (kPa)
CK,UC-1 3.6 84 84 1.40 254 a1 7300
CKUC-2 1.7 103 128 1.21 20.7 51 4600
CKUC-3 2.0 108 122 1.11 22.6 54 5700
CK,UC-4 3.0 134 149 1.38 23.0 67 6600
CK,UC-5 3.2 140 170 1.65 21.2 70 3800
180
160
s 140 = ~_ -
< 120 4 N
g N\
w 100 Jemmm== S
§ < \\\ 3
E’ 80 /::) ' CKoUC-1
g o -\ ... CKoUC-2
.0;.) 40 CKoUC-3
e CKoUC-4
20
= = CKoUC-5
0

0 20 40 60 80 100 120 140 160 180 200 220 240 260

Mean effective stress, p' (kPa)

E‘U‘ﬁ 4-4 a5 p’-q
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Deviator stress, q (kPa)

Excess pore water pressure, Au (kPa)

Stress ratio, 5,'/c;'

160

140

120

100

80

60

40

20

140

120

100

80

60

40

20

3.0
2.8
2.6
24
2.2
2.0
1.8
1.6
14
1.2
1.0

CKoUC-1
CKoUC-2
CKoUC-3
CKoUC-4
— — CKoUC-5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Axial strain, g, (%)
o
JUN 4-5 3l g€,
——T

= — CKoUC-5

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Axial strain, €, (%)
sUN 4-6 n3wl Au-g,
TN

= — CKoUC-5

0 1 2 3 4 5 6 7 8 9

10 11

Axial strain, g, (%)

‘Ll‘ﬁ 4-7 a9 O,’/05’-€,

12 13 14

15
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4.3  WeAnTIU normalization vasAuwmiteIgaungunwaluanIw normally consolidated

LHB99INNNTNAFDUNINUANTEYINT effective vertical consolidation stress AWAAANAUAIHY
299117115 normalize wan1snaaaUn8AN effective vertical consolidation stress (/o) LLasﬁj‘Ulﬁ
(% a < 5 5 y y y PN =
AINNTNN 4-3 Waem p’ /O, -9/O, ., /O, -€,, hay AU/GV,C -&, LLamﬂugU‘m 4-8 99 4-10

AINEIAU 91nFUTN 4-8 AeLIUTT normalized stress path (p’/C, . -/G.,) Manuadanwaziialy

Y84 normally consolidated clay 'gﬂﬁ 4-9 Wen< normalized stress-strain plot (¢/O,’-€,) R

WEMIIIAN deviator stress Lﬁm%uauﬁqq@qqqmdau%ammLﬁﬂﬁamﬁa axial strain WuTy A peak
normalized deviator stress (o/C,.’) aewinfu 0.52 3o normalized shear strength fidads
Wiy 0.26 Tenuinfinisiasuulasea s/G, fiuen effective vertical consolidation stress
U i 4-10 wams normalized excess pore pressure-strain plot (AU/GV,C’—Sa) Fawanainmn

Au/0, 10A8mU 0.24 91 g A1 normalized excess pore pressure LLTUDE19510L521UY29

& i q'

AULALENTINITINTUAARTAT axial strain 11N IUNTENIANGIEANAT strain 110 Tagwudndinis

WasunUawesar Au/G,’ fiua effective vertical consolidation stress

t:' wa . . a = ! .
M13199% 4-3  AuaudR normalization vesdumilergeunsunneluanin normally consolidated

A1TNARDY At peak

/0. p//C, s/0, Auvo,. Eso/C.
CK,UC-1 0.55 0.55 0.27 0.28 48
CK,UC-2 0.51 0.63 0.25 0.16 23
CK,UC-3 0.55 0.62 0.27 0.19 29
CK,UC-4 0.52 0.58 0.26 0.25 26
CK,UC-5 0.47 0.57 0.23 0.30 13

a-5
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Normalized deviator stress, q/po'

Normalized Excess pore water

Normalized deviator stress, q/po'

pressere, Au/po'

0.8
0.7
0.6
0.5
0.4
CKoUC-1
03 1| —om-. CKoUC-2
0.2 CKoUC-3
CKoUC-4
01 — —CKoUC-5
0
0 01 02 03 04 05 06 07 08 09 1 1.1
Normalized mean effective stress, p'/po'
.L]d. I ’ ’ )
JUN 4-8 Nagm p’/O, -¢/O,,c
0.8

— — CKoUC-5
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Axial strain, €, (%)
a I3
JUN 4-9 waen ¢/C,-E,
0.6
0.5
0.4
0.3
VY CKoUC-1
Vy/4l
0.2 /,’ ----- CKoUC-2
4
/’/ CKoUC-3
01 CKoUC-4
4 — —CKoUC-5
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Axial strain, g, (%)

gﬂﬁ 4-10 waen Au/C, . -€,
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JUN 4-11 §s 4-16 aguaaudivesiunlamnnisnaaeulagiandlusunisidsundasvasen

Ko 5/O s AU//O,, €, O, Waw Esy/C,” fupn consolidation stress ratio (G,c'/G, ma) 08

SUALLDUARNIT

- K, versus (O, /Oy max ):

- s/O0,. versus (O, /Oy max ):

- Au/GV,C’ versus (O /Oy max ):

- &rversus (O, /Oy max )

- (I)’ versus (O /Oy max ):

= Eso/O, versus (O, /Oy ma ):

JUM 4-11 wana31an K, dA1Aeud19asfinua (O, /0, ma)
FENI19 1.5 way 2.0 na9491nUUAY K, 2 NTUAUAT

(G /Oy ma) NNLAL

a0

UM 4-12 wan9inAn s/0, . Ardsy anadiuan

(O /Oy ma’) NN

a0

JUN 4-13 wanainmAn Aw/o,. dda1Asud1ananiual

(G’ /Oyma) TEWIN 1.5 Way 2.0 wasantua Au/c, . 9%

WLAUAUR (O, /Oy ) TLTNTU

'
a

JUN 4-14 uanadnen & dA1Aautensiiiua (G, /Oy ma’) 1

YINNSNAADU

JUT 4-15 uansanen @ dlandeesanasiuan (O, /Oy ms’) 7

Y
a =

bWNUUU

.:4 =

JUN 4-16 LaAIINAN Esp/O, . HANEABNAUAT (G /Oy ma’) 7

Y
[

a &
LNHUU

HANITNAGOULANIIIAT Ko, 5/0,, Au/o,., ¢, Es/C, YuodAuA (G, /0, ma)

Tuvueian & AoutlaTuiua (G, /Oy me’) ftuiiaazitnsegeufumiietgaungamnely

an1W normally consolidated agfaadanA1 consolidation stress Lz
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K, value

0.72

0.71

0.70

0.69

0.68

0.67

0.66

0.65

0.64

0.63

0.62

0.61

--—--_---"

0.0

0.5 1.0 1.5 2.0 2.5 3.0

Consolidation stress ratio, 6, .'/G, '

3.5

5UN 4-11  mswAguudasuesdn K, uen consolidation stress ratio (G, /G )

Normalized undrained shear strength, s /c, '

0.30

0.25

0.20

0.15

0.10

0.05

0.00

0.0

0.5 1.0 1.5 2.0 2.5 3.0

Consolidation stress ratio, 5, .'/0, .

3.5

U 4-12 msifguulasesdn s/C, .’ fiudn consolidation stress ratio (G, /Gy max’)
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0.35

0.30 ®
® 7’

U4
0.2 4
5 Y 7

—-——————-/

0.20
[ ]

([ ]
0.15

0.10

0.05

Normalized excess pore pressure, Au/c, '

0.00

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Consolidation stress ratio, 6, .'/G, .y

JUN 4-13  mswWdsuwdasvesdn Au/o, fiudn consolidation stress ratio (G, /G max)

4.0

3.5

([ ]
3.0 [ J

2.5

2.0 {

1.5

1.0

Axial strain at peak stress, g; (%)

0.5

0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Consolidation stress ratio, 6, .'/G, .y

JUN 4-14  mswfeuudasuesdn & fuAn consolidation stress ratio (G, /Oy max’)
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30
25 S
-!___-
[ ] ‘~-

—_ S
< 2 L ~2
=
9
e
S 15
c
o
2
9
= 10
[T

5

0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1
v,max

Consolidation stress ratio, o-v,c'/c

JUN 4-15 msidsuniaswesa ¢’ Auen consolidation stress ratio (G /G, ma)

60

50 S

40 S

30 ") N\
[ ]

20 ~

10 \

Norm. undrained Young's modulus, Esy/c, '

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Consolidation stress ratio, 6, .'/G, .,

JUN 4-16 MsiRsuuUasesdn Es/C, . fiuA consolidation stress ratio (G /G, ma)
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unil 5 a@gUNan1maaes

¥
LY

a =2 wa . . a IS ! A
NUITsHANEIAMENTR normalization YosRULTYIDOUNTUNNATIAT OCR = 1 lngn1svnaay

triaxial WUU CK,UC 1A effective vertical consolidation stress /1199 WANIINAADULAAIINAT K,
) ) ) ) él L% 1 ) ) dl U 1 v Id’( 2 U
/0., Awo, ., O, Ex/O,. Tuegiual (0, /0,m.) tuvusiian & Aoudsliddudua
(G /Cyma) 108RNIZALANNITUASULUAVDIATUNAIBENUINEDAT (O, /Oy’ ) HINNT1
2.5 sadunindeanisuszendldmaiin SHANSEP Aufiumilegauniinnagnas consolidate

foeneauluNa vertical consolidation stress ailA 2.5 1¥I1999A1 maximum past pressure
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This paper presents an experimental investigation on the failure criterion and plas-
tic potential of Bangkok Clay in rr-plane. The results of undrained torsional shear
hollow cylinder test on undisturbed Bangkok Clay specimens with various principal
stress directions and magnitudes of intermediate principal stress are presented.
The obtained stress-strain behaviors show clear evidences of anisotropic charac-
teristics of Bangkok Clay. Both failure criterion and plastic potential of Bangkok
Clay in mt-plane are found to be isotropic and of circular shape which implies a
Drucker-Prager type and associated flow rule.

1. INTRODUCTION

Natural soils commonly have cross-anisotropic behavior due to their mode of deposition
and in-situ stress condition. Therefore, the mechanical behavior of natural soils depends
on changes in orientations and magnitudes of the principal stresses. The development of
advanced constitutive models to formulate stress-strain characteristics needs to take these
effects into account. An experimental study on deformation characteristics of Bangkok
Clay under general stress condition is presented in this paper. The torsional shear hol-
low cylinder (TSHC) tests are performed on undisturbed Bangkok Clay specimens under
undrained condition with various principal stress directions and magnitudes of interme-
diate principal stress. Despite its common field occurrence, very little research has been
conducted to study the response of Bangkok Clay under general stress condition. The lack
of data for Bangkok Clay hinders the formulation of advanced constitutive model which
considers the effects of major principal stress direction and magnitude of intermediate
principal stress into account.

2. EXPERIMENTAL PROCEDURES

The essential features of the TSHC system used in this study are shown in Figure 1. The hol-
low cylindrical specimens have inner diameter, D; = 30 mm, outer diameter,
D, = 70 mm, and height, H = 120 mm. Figure 2 shows three normal stresses ¢, (axial),
oy (radial), oy (circumferential), and one shear stress 15, components on the soil element

Advances in Geotechnical Infrastructure

Edited by C. F. Leung, S. H. Goh & R. F. Shen

Copyright © 2013 Geotechnical Society of Singapore (GeoSS). Published by Research Publishing.

ISBN: 978-981-07-4948-4 :: doi:10.3850/978-981-07-4948-4_170 461



462 Advances in Geotechnical Infrastructure

Hollow cylinder coordinates: Element component stresses:

¥——Potentiometer

Element component straing:
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llow Cylinder Specimen

Inner Hollow Region

5

Figure 1. Torsional shear hollow cylinder Figure 2. Stresses and strains of TSHC speci-
apparatus. men [2].

together with its work-conjugate strain components ¢, ¢,, €9, and 7,. These stresses can
be controlled by adjusting the torque (Mr), the axial force (W), the outer cell pressure (p,),
and the inner cell pressure (p;). In this study, the average stress and strain components
on soil element are calculated according to Hight et al. [1]. The inclination of the major
principal stress with respect to the vertical direction («) and the magnitude of the interme-
diate principal stress which is usually represented in term of b parameter are defined in
Egs. (1) and (2), respectively. The stress-nonuniformity across the wall of the TSHC speci-
men would be expected in the vicinity of the corners (¢« = 0°, b = 1) and (« = 90°, b = 0)
where the value of (p, — p;) is high and with lesser degree in the regions where Mr is high
(i.e., in the vicinity of @ = 45°) [2, 3]. In the current TSHC program, there are 2 tests which
are likely to suffer from stress nonuniformity problem, i.e., AOOB10 and A90B00.

1, 1 2%
=t = 1
& = o tan (Uz _—— 1)
b= 2703 2)
01— 03

By considering stress state in 3-D principal effective stress space, the stress invariants
can be expressed by Egs. (3) to (5). The mean effective stress (p’) is related to distance from
origin along the space diagonal of the current 7t-plane (OA) (see Figure 3(a)). In 7t-plane,
the invariant of the stress deviator (J,) is measure of the current stress state from the space
diagonal (AN) (see Figure 3(b)). The Lode’s angle () indicates the orientation of the stress
state within this plane.

/ / /
r_ 0+t

: ®)

1 / /
Jo = [(01 =) + (03— 03)* + (¢4 — 01)’] )
6 = arctan M 5)
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(01 =0y=03)
\

Figure 3. Generalized stress state: (a) principal stresses; (b) rt-plane.

Table 1. Torsional shear hollow cylinder test program.

Test No. Depth (m) Wy (%) ey p) (kPa) a(®) b
A00BOO 14.5 20.2 0.54 105 0 0
A00BO5 13.5 22.2 0.59 100 0 0.5
A00B10 13.5 25.3 0.67 100 0 1
A90B00 11.5 53.4 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.

3. EXPERIMENTAL PROGRAM

The undisturbed Bangkok Clay specimens are retrieved by piston sampler. The index prop-
erties are approximately: Liquid Limit (LL) = 54—88%, Plastic Limit (PL) = 18—32%, and
total unit weight () = 17.0 kN/m3. The OCRs of all specimens are between 1.2-1.5. The
TSHC test program is shown in Table 1. All specimens are isotropically consolidated to
their in-situ mean effective stresses before undrained sheared at constant mean total stress
(constant p).

4. STRESS-STRAIN BEHAVIORS

The summary of experimental results is shown in Table 2. Figure 4 presents stress-strain
curves from TSHC in terms of normalized deviatoric stress (7/p,) and deviatoric strain (g;),
the definitions of which are shown in Egs. (6) and (7), respectively. At any b, Bangkok Clay
tends to exhibit a softer response when the major principal stress becomes horizontal («
increases) which is similar to TSHC data reported earlier [1, 4]. The value of b has relatively
less effects on the stress-strain curves which is similar to true triaxial (TTX) data reported
earlier [5, 6]. Detail results of TSHC test on Bangkok Clay can be found elsewhere [7].

9=13]= \}E\/(Ul —02)* + (02— 03)2 + (01 — 03)? (6)

g = g\/(& —€2)? + (e2 —€3)% + (g1 — €3)? 7)
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Table 2. Summary of experimental results.

Test P (kPa) sy (kPa) Aug (kPa) (,b}(o) My
A00B0O0 105 79.6 —-37 30.4 1.22
A00BO5 100 65 —12.5 45 1.22
A00B10* 100 59.5 | 2| 59 | 133 |
A90B00* 85 3461 351 21.8 1 0.85 1
A90B05 65 34 12.8 459 1.24
A90B10 45 19.5 16.8 45 1.14

*Tests subjected to severe stress-nonuniformity.
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E‘ _523_00_,__ * Tests subjected to severe stress-nonuniformity.

s 14

» A00B05

[ A B

s 12 / A00BT0f ¥ 5’

7] s

° 1 P — A90B00* T A90B05 Y ,._“’.’

N AR e B :

% 08 A 4 3

_g L= A90B10) H s

2 06 5 o
3 <

- 2 5

D 0.4 w

N

= /i = Extended Tresca  =mmm=Drucker-Prager

g 0.2 1f -=--Mohr Coulomb  — - Matsuoka Nakai 0.5

£ | -10 — - Lade Duncan @ TSHC (phi)

o 0 A TSHC (M)

=z -20 0.0

0 2 4 6 8 0 0.5 1
Deviatoric strain, £q (%) Intermediate principal stress parameter, b

. - ,
Figure 4. Stress-strain curves at different o F19ure 5. Variation of ¢} and My versus b
and b. parameter.

5. FAILURE CRITERION AND PLASTIC POTENTIAL

Figure 5 shows the variations of ¢, and M with b parameter. The friction angle (¢") and
stress ratio (M) are calculated as defined in Egs. (8) and (9), respectively. The failure condi-
tion is defined as points of peak deviatoric stress. The results show that ¢/, increases with b
which are similar to data of other researchers [1, 4, 6, 8, 9], whereas M ¥ is relatively constant

with b.
/ /
I =1 (91703
¢ =sin (U{+U§) (8)

6sing’v'1— b+ b?
3+ (2b—1)sing’

M:

)

The prediction of ¢, and M by five commonly quoted failure criteria are also superim-
posed in these figures by fitting the model with the results of triaxial compression (see
Table 3). The results show that the variations of 4)} and My can be best approximated
by the Drucker-Prager failure criterion. Furthermore, the failure conditions of Bangkok
Clay are also presented in 7-plane for a constant mean effective stress of p’ = 100 kPa in
Figure 6. Figure 6 shows the failure points symmetrically about the vertical axis (¢7) due
to the hypothesis of cross-anisotropy. Again, it can be seen that the Drucker-Prager fail-
ure criterion shows best fit to the experimental data. It is noted that the results of A90B00



Investigation of Failure Criterion and Plastic 465

Table 3. Failure criteria.

Failure criteria Parameters
Mohr-Coulomb model =0

. . . 3 H / °
Failure criterion: f = /3], — M(0)(p' + ¢’ cot¢’) = 0, where M(0) = m*iesw ¢ =32
Extended Tresca model
Failure criterion: f = /], cos6 — k = 0, where M(0) = p,\gg 5 k = 65 KPa
Drucker-Prager model =0
Failure criterion: f = /3], — M(¢')(p’ + ¢’ cot¢’) = 0, where M(¢') = 36f;?n¢4;’ ¢ =32°

=0

Lade-Duncan model ¢ =32°
Failure criterion: f = /3], — M(0)(p' + ' cot¢’) =0 7 = 27.40
where M(#) are roots of: 2M ()3 sin 30 + 9M(0)? — 10.67 = 0 m = 0.40
Matsuoka-Nakai model
Failure criterion: f = /3], — M(0)(p' + ' cot¢’) =0 =0
where M(6) are roots of: 24.25M(6)3 sin 36 + 82.11M(0)?> — 84.32 =0 ¢’ =32°

3M

.0 AR |
Note: § = Lode angle and ¢’ = sin Ve erayyrd |

(on - and (Té-axis) are smaller and do not fit
the proposed failure criterion well which may
be due to stress-nonuniformity. The Drucker-
Prager failure criterion found for undisturbed
Bangkok Clay from this study is consistent
with the TTX data of similar soil reported ear-
lier [8]. However, other studies on undisturbed
clays report that their failure envelopes are
rather similar to Lade-Duncan type and also
show anisotropic characteristics [9, 10].

Figure 6 also superimposes the plastic strain
increment vectors on the principal strain axes.
The plastic strain increments are taken at ¢; ~
5% to avoid effects of strain non-uniformity
and it assumes that the strains at this stage are
fully plastic. The results show that the strain
increment vectors appear to be normal to the
Drucker-Prager failure envelope. This indicates that the failure envelope and the plastic
potential are identical corresponding to an associated flow rule. This finding is consistent
with the data of similar soil reported earlier [8]. Other studies on undisturbed clays report
that their plastic flow rules are both associative [10] and non-associative [9].

,
Ty

= Extended Tresca

= Drucker-Prager

= = =Mohr-Coulomb

Y —— Matsuoka Nakai
Lade Duncan

A TSHC

* Tests subjected to severe stress-nonuniformity. ‘

Figure 6. Failure criterion on m-plane of
Bangkok Clay.

6. DISCUSSIONS AND CONCLUSIONS

This research presents the experimental study of undrained strength-deformation char-
acteristics of Bangkok Clay under general stress state by TSHC apparatus. Both failure
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criterion and plastic potential in 7r-plane of Bangkok Clay are found to be isotropic and of
circular shape which implies associated flow rule. These results of Bangkok Clay are quite
unique comparing with those of other clays. 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, 90°)
are used in the tests. There may be questions about the accuracy of the derived curved
shapes of both failure criterion and plastic potential in 7r-plane. Nevertheless, this research
is among very few instances for Bangkok Clay where such combined loading response has
been systematically studied.
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This paper presents an experimental investigation on the failure criterion and plas-
tic potential of Bangkok Clay in rr-plane. The results of undrained torsional shear
hollow cylinder test on undisturbed Bangkok Clay specimens with various principal
stress directions and magnitudes of intermediate principal stress are presented.
The obtained stress-strain behaviors show clear evidences of anisotropic charac-
teristics of Bangkok Clay. Both failure criterion and plastic potential of Bangkok
Clay in mt-plane are found to be isotropic and of circular shape which implies a
Drucker-Prager type and associated flow rule.

1. INTRODUCTION

Natural soils commonly have cross-anisotropic behavior due to their mode of deposition
and in-situ stress condition. Therefore, the mechanical behavior of natural soils depends
on changes in orientations and magnitudes of the principal stresses. The development of
advanced constitutive models to formulate stress-strain characteristics needs to take these
effects into account. An experimental study on deformation characteristics of Bangkok
Clay under general stress condition is presented in this paper. The torsional shear hol-
low cylinder (TSHC) tests are performed on undisturbed Bangkok Clay specimens under
undrained condition with various principal stress directions and magnitudes of interme-
diate principal stress. Despite its common field occurrence, very little research has been
conducted to study the response of Bangkok Clay under general stress condition. The lack
of data for Bangkok Clay hinders the formulation of advanced constitutive model which
considers the effects of major principal stress direction and magnitude of intermediate
principal stress into account.

2. EXPERIMENTAL PROCEDURES

The essential features of the TSHC system used in this study are shown in Figure 1. The hol-
low cylindrical specimens have inner diameter, D; = 30 mm, outer diameter,
D, = 70 mm, and height, H = 120 mm. Figure 2 shows three normal stresses ¢, (axial),
oy (radial), oy (circumferential), and one shear stress 15, components on the soil element
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Figure 1. Torsional shear hollow cylinder Figure 2. Stresses and strains of TSHC speci-
apparatus. men [2].

together with its work-conjugate strain components ¢, ¢,, €9, and 7,. These stresses can
be controlled by adjusting the torque (Mr), the axial force (W), the outer cell pressure (p,),
and the inner cell pressure (p;). In this study, the average stress and strain components
on soil element are calculated according to Hight et al. [1]. The inclination of the major
principal stress with respect to the vertical direction («) and the magnitude of the interme-
diate principal stress which is usually represented in term of b parameter are defined in
Egs. (1) and (2), respectively. The stress-nonuniformity across the wall of the TSHC speci-
men would be expected in the vicinity of the corners (¢« = 0°, b = 1) and (« = 90°, b = 0)
where the value of (p, — p;) is high and with lesser degree in the regions where Mr is high
(i.e., in the vicinity of @ = 45°) [2, 3]. In the current TSHC program, there are 2 tests which
are likely to suffer from stress nonuniformity problem, i.e., AOOB10 and A90B00.

1, 1 2%
=t = 1
& = o tan (Uz _—— 1)
b= 2703 2)
01— 03

By considering stress state in 3-D principal effective stress space, the stress invariants
can be expressed by Egs. (3) to (5). The mean effective stress (p’) is related to distance from
origin along the space diagonal of the current 7t-plane (OA) (see Figure 3(a)). In 7t-plane,
the invariant of the stress deviator (J,) is measure of the current stress state from the space
diagonal (AN) (see Figure 3(b)). The Lode’s angle () indicates the orientation of the stress
state within this plane.
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Figure 3. Generalized stress state: (a) principal stresses; (b) rt-plane.

Table 1. Torsional shear hollow cylinder test program.

Test No. Depth (m) Wy (%) ey p) (kPa) a(®) b
A00BOO 14.5 20.2 0.54 105 0 0
A00BO5 13.5 22.2 0.59 100 0 0.5
A00B10 13.5 25.3 0.67 100 0 1
A90B00 11.5 53.4 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.

3. EXPERIMENTAL PROGRAM

The undisturbed Bangkok Clay specimens are retrieved by piston sampler. The index prop-
erties are approximately: Liquid Limit (LL) = 54—88%, Plastic Limit (PL) = 18—32%, and
total unit weight () = 17.0 kN/m3. The OCRs of all specimens are between 1.2-1.5. The
TSHC test program is shown in Table 1. All specimens are isotropically consolidated to
their in-situ mean effective stresses before undrained sheared at constant mean total stress
(constant p).

4. STRESS-STRAIN BEHAVIORS

The summary of experimental results is shown in Table 2. Figure 4 presents stress-strain
curves from TSHC in terms of normalized deviatoric stress (7/p,) and deviatoric strain (g;),
the definitions of which are shown in Egs. (6) and (7), respectively. At any b, Bangkok Clay
tends to exhibit a softer response when the major principal stress becomes horizontal («
increases) which is similar to TSHC data reported earlier [1, 4]. The value of b has relatively
less effects on the stress-strain curves which is similar to true triaxial (TTX) data reported
earlier [5, 6]. Detail results of TSHC test on Bangkok Clay can be found elsewhere [7].

9=13]= \}E\/(Ul —02)* + (02— 03)2 + (01 — 03)? (6)

g = g\/(& —€2)? + (e2 —€3)% + (g1 — €3)? 7)
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Table 2. Summary of experimental results.

Test P (kPa) sy (kPa) Aug (kPa) (,b}(o) My
A00B0O0 105 79.6 —-37 30.4 1.22
A00BO5 100 65 —12.5 45 1.22
A00B10* 100 59.5 | 2| 59 | 133 |
A90B00* 85 3461 351 21.8 1 0.85 1
A90B05 65 34 12.8 459 1.24
A90B10 45 19.5 16.8 45 1.14

*Tests subjected to severe stress-nonuniformity.

8 16 70 30
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Figure 4. Stress-strain curves at different o F19ure 5. Variation of ¢} and My versus b
and b. parameter.

5. FAILURE CRITERION AND PLASTIC POTENTIAL

Figure 5 shows the variations of ¢, and M with b parameter. The friction angle (¢") and
stress ratio (M) are calculated as defined in Egs. (8) and (9), respectively. The failure condi-
tion is defined as points of peak deviatoric stress. The results show that ¢/, increases with b
which are similar to data of other researchers [1, 4, 6, 8, 9], whereas M ¥ is relatively constant

with b.
/ /
I =1 (91703
¢ =sin (U{+U§) (8)

6sing’v'1— b+ b?
3+ (2b—1)sing’

M:

)

The prediction of ¢, and M by five commonly quoted failure criteria are also superim-
posed in these figures by fitting the model with the results of triaxial compression (see
Table 3). The results show that the variations of 4)} and My can be best approximated
by the Drucker-Prager failure criterion. Furthermore, the failure conditions of Bangkok
Clay are also presented in 7-plane for a constant mean effective stress of p’ = 100 kPa in
Figure 6. Figure 6 shows the failure points symmetrically about the vertical axis (¢7) due
to the hypothesis of cross-anisotropy. Again, it can be seen that the Drucker-Prager fail-
ure criterion shows best fit to the experimental data. It is noted that the results of A90B00
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Table 3. Failure criteria.

Failure criteria Parameters
Mohr-Coulomb model =0

. . . 3 H / °
Failure criterion: f = /3], — M(0)(p' + ¢’ cot¢’) = 0, where M(0) = m*iesw ¢ =32
Extended Tresca model
Failure criterion: f = /], cos6 — k = 0, where M(0) = p,\gg 5 k = 65 KPa
Drucker-Prager model =0
Failure criterion: f = /3], — M(¢')(p’ + ¢’ cot¢’) = 0, where M(¢') = 36f;?n¢4;’ ¢ =32°

=0

Lade-Duncan model ¢ =32°
Failure criterion: f = /3], — M(0)(p' + ' cot¢’) =0 7 = 27.40
where M(#) are roots of: 2M ()3 sin 30 + 9M(0)? — 10.67 = 0 m = 0.40
Matsuoka-Nakai model
Failure criterion: f = /3], — M(0)(p' + ' cot¢’) =0 =0
where M(6) are roots of: 24.25M(6)3 sin 36 + 82.11M(0)?> — 84.32 =0 ¢’ =32°

3M

.0 AR |
Note: § = Lode angle and ¢’ = sin Ve erayyrd |

(on - and (Té-axis) are smaller and do not fit
the proposed failure criterion well which may
be due to stress-nonuniformity. The Drucker-
Prager failure criterion found for undisturbed
Bangkok Clay from this study is consistent
with the TTX data of similar soil reported ear-
lier [8]. However, other studies on undisturbed
clays report that their failure envelopes are
rather similar to Lade-Duncan type and also
show anisotropic characteristics [9, 10].

Figure 6 also superimposes the plastic strain
increment vectors on the principal strain axes.
The plastic strain increments are taken at ¢; ~
5% to avoid effects of strain non-uniformity
and it assumes that the strains at this stage are
fully plastic. The results show that the strain
increment vectors appear to be normal to the
Drucker-Prager failure envelope. This indicates that the failure envelope and the plastic
potential are identical corresponding to an associated flow rule. This finding is consistent
with the data of similar soil reported earlier [8]. Other studies on undisturbed clays report
that their plastic flow rules are both associative [10] and non-associative [9].

,
Ty

= Extended Tresca

= Drucker-Prager

= = =Mohr-Coulomb

Y —— Matsuoka Nakai
Lade Duncan

A TSHC

* Tests subjected to severe stress-nonuniformity. ‘

Figure 6. Failure criterion on m-plane of
Bangkok Clay.

6. DISCUSSIONS AND CONCLUSIONS

This research presents the experimental study of undrained strength-deformation char-
acteristics of Bangkok Clay under general stress state by TSHC apparatus. Both failure
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criterion and plastic potential in 7r-plane of Bangkok Clay are found to be isotropic and of
circular shape which implies associated flow rule. These results of Bangkok Clay are quite
unique comparing with those of other clays. 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, 90°)
are used in the tests. There may be questions about the accuracy of the derived curved
shapes of both failure criterion and plastic potential in 7r-plane. Nevertheless, this research
is among very few instances for Bangkok Clay where such combined loading response has
been systematically studied.
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