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ABSTRACT

Project Code : RMU5180052
Project Title : 8031N13V8N sivasnanuruiwln luiuiiFe
Investigators : Supot teachavorasinskun

Faculty of Engineering, Chulalongkorn University
Email address : tsupot@chula.ac.th
Project Duration :

15 May 2008 — 14 May 2010

The study aimed to explore the characteristics of localizations in sandy soil by using the
pattern of shear wave propagation. The experiments were divided into two parts. The
first part was conducted in order to investigate the sensitivity of the shear wave
propagation in detection of the non-uniformity of sample. Tests were done in a 10x10
cm square odeometer in which the non-uniform samples were prepared. Shear wave
was generated from the bender element installed at the top cap of the equipment. It
was found that pattern of propagation of shear wave could well detect the non-
uniformity in density of the sample as expected. In the latter part of the study, the shear
wave propagation patterns were recorded during drained triaxial compression tests.
Logging of shear wave was continuously done from the beginning of the test until
sample failed at large strains. Furthermore, high resolution photos were also taken. Test
results indicated unusual propagation pattern at point where localization may be
induced. The shear wave velocity greatly decreased and deviated from its normal path
when sample underwent certain strain levels. This point was believed to be the point
when localization was initiated. By comparison between the shear wave propagation
pattern to the local strains computed from image analysis, it revealed that at the state
where shear wave velocity started to decrease was in well corresponding to state where
local strain at a certain narrow zone approaches 5 %. This localized narrow zone is the
initial point for shear band formation. At this state, the global strain was usually less

than 1% and the principal stress ratio is still much less than its peak value.

Keywords : Shear wave propagation velocity, , Localization, Image analysis, Local strain
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aulduinansainisianiuiilosanuansznuasssiiasassrinaaunssiiounse
Bender element anwusainaufilsasaany (Waveform) 131 w19 (Magnitude) Haz
anud (Frequency) lasnanisnagaunuin anwliuinensasmassuiuduiunsuds
AMARANY (Interpretation) A MaIRsUFRnm laslumslddinuiaafuuu ol
(Sinusoidal input) ﬂﬁiﬂuﬁﬂLiaﬂluﬂﬂiLﬂﬁauﬁ (Travel time) Tadﬂﬁuﬁmﬁauﬁmuau
ﬂ?i%:f@ﬁ]’]ﬂé"{’auiﬁdda?ladﬂﬁ‘ll\lﬁlLﬁ@%ﬂLLiﬂﬁg@ (First deflection) uazla@u1Infiaziiia
Uszannmmssuaynmuesnauldlas 1) drdansiusassuanmedadaniu (Signal to
Noise, SNR) 8819188 4 LaBLua 2) A1a0eIUaIduNINILAS auaI28Ina e adaT
fauvaInNNEIAARaNIta 3.33 uananitlunInageuimunsaiindl SNR lalag
mMaRuusIaulni (Voltage) fUG&IFUINMARY (Transmitter bender element) lagld
Apenaias AN (Power amplifier) uaz/wsalindadddsayuiatiuiuurwn uazeda

arusypraduuuvauniy udu

Minsu Cha and Gye-Chun Cho (2007) leuUszsnaseniassuusadantasfuning
lasltanusiaauusafon laguanInagauuaadlAAKI1 LIBIRITULIILAauT0IAY
| (dl a J n:l' a dl [ a dl A
niwaziu dsngnasinifieduneanueioangaunn @1 saunIveInauLIsden
{a & 4 Y < v &
szifludnngmaiiialuiiannuie3sanaguniay NanInaasIuaadlilduiisany

Len s ENDNaLazaaEIRTaI T UNANIENUN A B96a MR ITULIIL RO UT IR UN Y
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aNINNHUAIITUNANITNUNEA A ANNLTIVIARWUIILADUAILLTUN T AIUWIINGT?
U o o o A =1 1 VX% % 6 o & A v d' % a 6 @ =3
1691 Arassunsadon nonalladlasunusnulasasonaniuwi lhuNazgunwsnuauLS2
YDIARWULIILAAU LA LALNINTIMDIDATIFIWT DITIUAZANNLA WU T ANTHR WA UNIY WA
e 0 0 QI J { L 1 1 1
AMINAFAVLINUDNIN ma‘guL%’ﬂ@mumulumaomwmmwwmnmmﬁaamwmummaﬁ
ANRNRI LLazluuwa'gaJmaaamﬁ%’ﬂsﬁm:ﬁm mMIdszanauaiassuusafanlui (In-situ
a o A A & addn o Adaa A
shear strength) 2adauninalasmsitaanusafaunduitnlenanaisni I@]ﬂmmgﬂ
o , X > v { . d .
@awaamsﬂi:mmmuumuagﬂuqmmwmawa;&amawamam%ﬁmamﬂé’luﬁ (In-situ

seismic data) tJugamny
1Y) A o a P Aa
2.4 nanaaaulaanisly Bender Element tWa naawitsstaonlnai

a s K v a J .

ATn3aTaialasld Bender Element lannwaunulay Shirley and Hampton

A & aad, Yo [y (% (% A a [ a A o
(1977) Fuduitndelddmiumrialugdaussdauvasduluszauanuaivanidiuin
mMInaaasrinlalagnsinanuisivasaauusdidannusnszansludlstrinagauanms
FIHUARUUTIABUIINAIFI (Transmitter)  lUgAITU (Receiver) UHUNAFAL Bender
Element 9zUsznaulual8uis Piezoelectric-ceramic 31%43% 2uH% UsenUALUKUNE
LWABY WNWLAAN (Metal shim) 1138 SUAKIAFRAA (Stainless steel) A931) 2.4n W Bender

Element ﬁa:mﬁ'ﬂﬂﬁmmLﬁauLLa:ﬂﬁuLLiaé’@vlﬂnﬂﬁﬂmamugﬂﬁ 2.4

]<—1—> S-wave
i S

3111 2.4 (n) ANBMUzVaILKNY Bender Element

deposited electrode

piezoelectric
metal shim
piezoelectric

deposited electrode

() AANNIMIFINABUITILADUUAZARLILIIOAVDI Bender Element
(Lee and Santamarina, 2005)

ad o = A o g = o o

Aslumstadianuivesusiion azld Bender Element Gaifluaiutlassmmno
Electro-mechanical  lasudadwadsuna (M Iawlnl) tunasnunme i vsaluns
NAUNBAUL AINAINWN WA T wwas9una tuatsasnseua lWilnig1ulwweis Bender

o [ Aa &’ & 1 Qs
Element @IULNWILLNANITIDYY lumm:ummu Bender Element ﬁ]ZLLﬂJﬂGﬁZ}JVE]JV']m%"Iﬂ



1"

NI I LT NS wNaNtaRawnnInas 1189 Bender Element @23uLNaLUfaw

syanmanwaswnanaus i dusy g mwnslWlihanasomi

Bender Element Nageunu 2 il fia THauuudi X (X-Poled) wianisiauuy
T3¢ (Series  connection) WA WULYI Y  (Y-Poled) #3amidautuauin  (Parallel
connection) safinaasluzl 2.5 Salaihandunsdeunulafmunsalfiduldnidiuag
s 1 s dl v 1 s 1 1 dl vV & @ o
dssFyyImw lasfinslfazuandsiulunisdedsasiniiazdeaynsunlalfidud
fymuazdanuurwmuilalfidudmsssygrmnandasdeisasuandrsnunenazls
nuldatafidnianluudazduuies 3UN 2.6 usaInsiansda Bender Element

v 6 Py a A A a
Lmnuqﬂmmmsmaamw amm@ﬂammmaﬂmu

1
} Direction of N | oirection of
f polarization 1—( l polarization
\vJ v

v

(a) (b)

gﬂﬁ 2.5 79@109 Bender Element LU (a) LWUL X-Poled (b) WUy Y-Poled

(Lee and Santamarina, 2005)

3111 2.6 (a) M3 Tauda Bender Element MIudssdtyanmmuazdsusymIm
SAMIIGERN Oscilloscope (b) NN3AAAIA Bender Element [NAURING (Pedestal)

(Piezoceramic bender element test data sheet of Norwegian Geotechnical Institute, NGI)

TumMIfuwI A1 LI WNAIII0 LA NF YU T ULARIBUEINNTOYN Ia
Tagdaanaunsn 2.1
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(2.1)

V, f19 ALV 0INRUIIIAON L AD 1epzIendNdanunigedtnizesnisuna i
W Bender Element uaz t fa szuztam lwmsl@un1svasnanlssidaniiuaiognadn

I@Ugﬂﬁ 2.7 LRAIANBUTNNTINAIVDI L WA ¢t

Oscilloscope ﬁ— vV

- —_
: =
w‘\r_ Receiver element
t

«— Columnar sample

t

Transmitter element

t

Voltage >
source

3 2.7 3UuaeInTIaf T EENNINILARNITIRALLTILRDN (L)

waz A lUMTLARNIIBIAABLIILADY (1) (Blewett et al. 1999)

udaendlsiarumsimIpma I lumIdunsvesnausaiian (Travel time)
M0 19 UBUGINT 0 NLA 9D EIININITNINRNITEN AU FANaAIEaT NIAET
o/ A . r e 4 ad & addad aa ° a A

VL&JLﬂ%Y]ﬁ?]JaU’NLL%"H@]’]']')'ESL@UJWTEV]@Y]@@ I@mﬂumsmmmmnmL@umamadﬂau

A A o qu,
LLIJLRD WU AT

® First time of arrival (Kumar and Madhusudhan, 2010)

® Travel time between characteristic points

® The cross-correlation method

® Phase-sensitive detection (Blewett et al., 1999)

wonanitsnuwisuldanndufyy meduusadawinonadsnsasfivnun
msﬁwmml,ﬁaamné’ngcywmﬁ%’u"[ﬁawgmumuﬁaﬂwammumaagﬂﬂﬁmmLﬁauﬁﬁm
wilanlulugnousn wiafiseniulasnaliin Nearfield effect (Sanchez-Salinero et al.,
1986 L8z Jovicic et al., 1996)



UNN 3

S UAZTWADWIBNIINAFDU
3.1 Qmauﬂ'ﬁwaaﬁumm

T udsoduil aune 2 shaazgnianltlunianesey lasdunnasiiausn
USRI Mo danzianaaziuean WAIATALT Tosanwasvoafanashaiiozd
é’ﬂumzﬁﬁumﬁﬂwmﬁﬂﬁaﬂ (Sub-angular  shape) LLazﬁEﬂ‘a"NvL&iLﬂuﬂ‘Nﬂa&l (Low
sphericity) G?j'aaum']ﬂ‘ﬁlﬁnmf:azgm’aumu@umnmummgma%%’gaL;J'%m (US.
standard size) mwﬁﬁwaguumtmﬁwﬁ16 W8z 40 ﬁﬁmmmﬁumuﬂuﬁnmamﬁﬂ
voudanTeiiiny 118 uaz 0425  Hadwarazgnihanlilunmimasey Taudalditas
38NINFIAENIAUNTIBLLL D16 Was DA0 aUEeU snauwnarsianaasesduiunig
mmgmﬁﬁ%aL’%‘fﬂﬂmomsﬁﬁdw NIUNAFOUFAN (Silica test sand) ANNIATZIU ASTM
C-778#20 — 30 ﬁmmmﬁumu@uﬁﬂmamﬁwauﬁ@m’mmﬂﬁu 0.60 UARLNAT AN
°11aaLﬁ@mﬁUﬁé’ﬂmm:ﬁleiﬁmﬁ'ﬂmguLLa:ﬁgﬂiwﬁ'ﬂau (Rounded shape with high
sphericity) gﬂﬁ' 3.1 LLamé’fﬂwm:mﬁwa‘;mm:gﬂiwmauﬁ@mwﬁﬁl‘*ﬂumm@aau wazli
a1397 3-1 LLamﬁaQmawﬁalﬁaaﬁumaaaumw LD @hé’mm@huﬁaaﬁw‘i’lq@Lngaqm

ANANNEIIT NIV NTAAY LT Uan

311 3.1 é’nwmma:gﬂs‘wwadaumﬁmﬁlﬁluma‘maau (a) D16 (b) D40 W&z (c) Silica
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1357191 3-1 Qmawﬂ'@maaaumﬁmﬁmﬁu

3.2 qﬂnstﬁﬁiﬁumﬁ%’n

Tunuwidehazudiminasausanidu 2 runan 9 fe
1) mamaanueauusifaunluadasienaseuany lisinanavasdiv lavas
FguiunsnasauiNairuasinNaanlng waz aNULTeie (Sensitivity and
e e = o [ a A oA Y v @ . A Aa
Reliability tests) T4azvinmadivdyuaiasdaiialimansnaitedmeatedunmondluuy
"o | A o A = A
posaw ldaiauazasnNunmmuluzu oAt wue tNeAnsnsasuulasas
ANMUTIARULTIL A UL UAIBENIRULAAIY INafRUaFIAINEaR 1n7 (Sensitivity) 284
dA A 6 o A
minasey invesilauazadnininlslummesey dud
- aunIninaseuan ldadianaaIGIat G
- AN aaTiwiuIAuTayam ey
- Bender Element
A o Aa  «o Ly .
- imsasidlasywne IWHN (Signal generator)
- L709uUaRT I MARY (Oscilloscope)

o A ' & o o [ A
I@Uﬁﬂﬁmzﬂ’]iLTaN@]ﬂﬂqﬂﬂima’]'ﬁfﬂﬂqi‘ﬂ@ﬁaﬂ LL@@G@NEII'V] 3.2

2)  mImdanuaauLsdanluiaaslonaraunsiaasNwny  LNag39
ANMUFNABTIZAIANULTIARUULIIRDY AMUAW LWL LT RNNITVBIRUIUITIVDIAY
nenltlunnazey nebnInazeulzdsznau lUa18mINaFaULLLLIIEARINLAL
Lmuvlsji:mﬂﬁ,ﬂ@Ul“ﬁéhaﬂ'naumwaﬁﬁamazmsé'ﬂéhmﬂﬁ'n,mmvi']ﬁ'wqﬂﬁﬂma
(Isotropic) I@ﬂmwwmLLu',umaaé’haﬂﬁaauﬁlﬁazﬁmmamquma"’mwdmmwwmuuu

oI < A A A dy (2 Qs % Aa 6
3980 waz dga Jusresiienldlumnasent szdasldiunsUivdysaumannianey

AMURWIVBILIIIALAS Localization leatinidandnaunaingn Iﬂm:ﬁwmﬁﬁ@ﬁdqﬂmtﬁm
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L8ZATIVTVARMLIILE U IWIN 2 70 uazlizuyiieneinwdisdszney Le3asdauas
qﬂmtﬁﬁlﬁumsmaau Sait

- 039S aNAREULULLTISARULN

- Membrane f§insaasisuwalszanm 5 x 5 Jaswas tiataslung

ATIAROUANNULAILALRZVOULUAVDY Localization

- ﬁwgmuty’]mﬂ (Vacuum)

- AN aaTEwIuIAuYayamM ey

- Bender Element

- Lﬂ‘%'aaﬁﬂl,ﬁ@é‘tytuﬂmmavlw“m (Signal generator)

- Lﬂéa\‘lLLﬂaé@mﬂmﬂﬁu (Oscilloscope)

- naasdremniisnnuanion 6 S1uRLTs

[ A ' 6 o s [ A
I@] Uﬂﬂiﬂ'mzﬂ’]ﬂ“ﬁau@IBQﬂﬂima’W‘lﬁi‘Uﬂﬁiﬂ(ﬂﬁE]‘iJLLﬁGN@GEl]‘YI 3.3

Square wave
function generator| Transmitter Bender Element I

Computer for data processing

Receiver Bender Element |

31 3.2 qﬂnstﬁmsmaaumwﬂ:ﬂaﬁwmuamaaaum'}ﬂmn’]ﬂ"ﬁﬂﬁmuﬁLaau

Square wave
function generater

Tie rod Tie rod Camputer for data processing

Bender |

element “TBE = Tronsmvtter bender element

* RBE = Receiver bender element

Bender
element

Pressure
gauge

Cell pressure - % Vacuum

(Closed)

311 3.3 gunsninInaseuiiadnswWn@nssunsiia Localization

UWLATDILIIOARINLN I@] piimsenzinwene
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3.3 35S aual0g9azIsnIINadaL

3.3.1 NMILATUNADEIILATT WA D IUNIINARDURINIUNAFAU I LRI DINAFAL
any lusdnauarasduning

TuaauR 1

1. sihdmegenne i liazonanasaniwidianeidwaa 1w el
ABLNAUWNINBUAIRDN

2. degrsansanuazunslagfarwafunnInazunsaues 8 uazHIk
@runIduas 200 aan

3. w3sudragnalagmstsssnmelianuuudaszrinunmonanluaiosiionagoy
IWldanugevasdiadnadszanm 10 oudiuns

4. sheregsldFaiminiomanunusisiiiressiagnsdunse Taglie
azmaumwa%ﬂuamwmmmﬂ (D, ~ 10%)

5. vnenagefilesuuitoutasuddnes Dial gauge Lﬁﬂi’@ﬂﬁﬂg@ﬁwaaﬁqaﬂ’m

6. lavinmsinnszviluudaeting 69il 5, 10, 15, 20, 25 kPa NUWIAANNIEINENH
wsaidanluudassinminfingyin

7. msnasavlng laswasunnurmuinyaseiagtodn snwuiuwiunais

(D, ~ 45%) U8z FNINLHWNIN (D, ~ 75%) aN&IaunazlJuama nunuda 5 uas 6

TUAUN 2
a o | v o ' A A \ o o A
1. ww3sndadunmelaslidmedimmoiianunmuiuiuandiiuaigln 3.4
URZAITNN 3-2
2. lumsiaToudadnany lutu D1 uaz D3 aziruaiduaninusis (Dense) &%
lugw D2 azirualiiduan nnain (Loose) uazumeNiadaIouaadslivinnim
ANNRMLUUUR I8 lULARZTUNL AT NAIBENIA
3. thaednauuiTouiasud@aad Dial gauge LHBIANINIAGITBIAIBENS
4. lavihninnszvinlduuaiagng asil 5, 10, 15, 20, 25 kPa 1AANNLSIARHLTS
Banluudazsininingzyin
o A o \ 'Y A ) A
5. fnsneseuianluas 3 aradsudnazauidanlulnd asa19f 3-2 uaz
UURmuwauInude 2 09 4 anusay
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4
i

Bender element

| r'd
|

D1

D2

D3

N

Bender element

17

h1

h2

h3

311 3.4 ANBUVIMIBLIIGUNT ANINNNINARAUANN b FILFND

Y IAIEIANIAINITINARULTILE D

137191 3-2 ﬂ'ﬂmmgwadéhasi’maumwﬂMﬂﬂiw@aaUﬂa’]uvl,&iaﬁuauamaaau

3.3.2 MILATUNAEILATUADBILNNINAROU AT ILIIDARINLN

1. 33 Rubber membrane NAN1IAAN1TIVMIALITZNIMU 5 x 5 FARLNATIILUFIN

PYDILATAINAROLUIIOATINLN

2. TINRUNAUNTILANNINRNA LT LLsaznIINa gy lagininnIeNwInIsi

WrinuInnIRnnA L luwaatLanta s

3. feasnszuanilivuguassaiasnasauliasay Rubber membrane iuaz

TuEIN WL UIAINTZUBNH LAWY Rubber membrane ﬁvﬁ”uaaﬂmﬂqumzuaﬂmvlf?

4. Lﬂ@ﬂu@ﬂmmﬂﬂi:mm 5-10 kPa LWNavinl# Rubber membrane ﬂagﬂu

NzUanHIIILLURTININaTaINUTaII193znIINTlaalat19GunToaslwnIzuaneai
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5. lansrefiason'liaslu Rubber membrane 1833 n1sanuuudase (Air
pluviation) H1NTILNAN lasinuaTzazr1ITznIsUamenTIenuitvuzadnselu Mold
IRvinnuasealuuzaSuNa8819 T,@mzyzmmﬂmaamwy%uagj’ﬁ'ummu,umaam'm
Budufidasminasey lagszozannsznuiundwazvinliaresnaflaanuusuunn
fatu

6. Lﬁﬂ“ﬂi’]ﬂﬁL@%ﬂ&lvﬁgﬂﬂdaﬂlﬁa%ﬂu Mold auiduwad lhthafianihgarinaves
nelAiSeuualdes 9 fnds Top cap a9UBAIMINVBITIBENINTIY INUUWLL A 889
Rubber membrane ﬁmﬁa‘ﬂ@ﬁu Top cap q@‘ﬁ"]sl mﬂﬁ?uld O-Ring ‘ﬁ Top cap Lﬁﬂﬂadﬁu
MT AUV BIDINNABENANNAIBEN

I(ﬂU%u@lauluﬂﬁiﬂ@ﬁauLL@tﬂ%ﬁﬂﬁ’]ﬂ’]iﬂ@ﬁauLLET@GVL@T@T\‘IEU“?; 35

Sample preparation by
air pluviation technique

Digital image analysis

Initial state of sample;
very loose, loose, medium and dense

Measuring shear wave travel time (1)
before start applying confining pressure

Isotropic consolidation;
7 =25, 50 and 80 kPa

Measuring S-wave before start shearing the sample Capture specimen image

Start shearing at 0.5 %/min of strain rate

Caplure image in every 1.5
mm of axial deformation

until failure

Record S-wave in every 0.5 mm
of axial deformation until failure

Failure of sample (appearance of shear band / localization)

317 3.5 TUABUNIINAFBLIAAALLINABUIUAIDEIEUNTIBUUATEIUTITARINUNY
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PN = ] . iy =
ATNN 3-3 LRAIDNIRNIIEA 9 1%ﬂ75°ﬂ(ﬂﬁﬂﬂ (Testlng COﬂdItIOﬂS) AIUDITVUA

YDIADLNAUNT Uﬁlﬂ%ﬂ’]ﬁﬂ@aﬂUU%Lﬂ%a\‘m(ﬂﬁaULLTIJ‘]J WIIARULN

A13199 3-3  URAIENTIZEANS 9 1%ﬂ’]iﬂ@]ﬁa‘uLL&&T%W@TSG&I/’Jﬂﬂﬂﬂluﬂﬁi‘ﬂ@]ﬁaﬂa%‘ﬂi’m

UULAIDINOUITIDARINLN

3.4 35 N1IA NN IBARLLIILRDT

AN LGNAMIVIAIULNT 2 NI IWI RN NS IO R LTI UBURINITD
fmlaslTrun150819918AINENNNIN 2.1 ka1 lIAaIN NMIEIRIBRITEDZLIANT
dl' A dl' d' 1 o 1 a 1 s g; £ =1 a
ARULIILRDWAFUNHIWAIDEN1IAUIZIRIN Bender Element 2 @B ha1 703NNz 0%

LRZIZNATZII UM IFIUIAALIAN (F) T
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Lee and Santamarina (2005) ¢ a3u18f93 5l IdIwI Iz HZ a1V I TLAUNY
V2InauLTIRauaIILN 3.6 lasudsnmsfianssngawnzasadudisunadslilunisdiwim
sezaawnadu 4 wuy Ae A) first deflection, B) first bump maximum, C) zero after
3 . - d =) { > a Qs
first bump, and D) major first peak Sﬁomwmﬂ"naﬂmiwmimﬁ’g@LL‘mﬁmiumytyﬂm’%
ot 9/5-!: a 4:3/ {t:ll a 1 « . » < & ‘:;, a 1
Juldwwfetunnunngnsaifiionia “Near-field effect” tulas nainsiasmingale
Lﬂu?g'@ﬁmm:amﬁa‘lﬂum‘sﬁﬂmmi:sJ:nmﬁfumaﬁaaﬁmsm’]mﬂﬁaLLUSLL&:&'ﬂHmz

' & & | @ a v Ao ,

@19 9 209N1INAROURL 9 Puagiuniienziuaznsianuvesinids dauluns
=< A A & o A . . ° A
anw3dTuitazldaafiiuge B (First bump maximum) anlglunsdrwisiaandunis
PaIRRULIIRE (JUN 3.7)

Input

Output

gﬂﬁ 3.6 LLﬁmmiﬁ’]me@LLiﬂ"uadﬂﬁu%'u (Output signal) ANanTINUVBI Near-field LuL
§9 ¢ A) first deflection, B) first bump maximum, C) zero after first bump,

and D) major first peak (Lee and Santamarina, 2005)

= o 4 o . .
31]‘“ 3.7 LLﬁ@Nﬂ’]iﬂ']%’Jm?gﬂLLiﬂTﬂx‘lﬂﬂ%illLL‘].lU First bump maximum



UNN 4

waﬂﬂaamtazmﬁmﬁ:ﬁwa

[~ { ¢ 1 ° a
4.1 msﬂﬂaauﬂ'nms'mﬁuu‘sa Laa%i%q‘]]ﬂim‘nﬂﬁaﬂﬂ')'l&ﬂ&la&l'l LldN2YBIAK

4.1.1 HAUAIRUILLIIUTE RN VLI GINANAA AN VLT IARULT IR

NAYDIRUILLTIUTEANTNANLIIAINTNAA AN ML n I INaRaL

= a A & i o Aa R
MANUTIAFULTILREW  (Vs) quﬂﬂsmﬂﬂaaummhammuamamu WUINLARINNT
WNNULTIUTERINTNAANLWIGAS (o))  WUIIAIANLTITaIANLTIARBULIILAA T LK)
v a £ o A 4da & A = = A o 'Y
TR AN UATNANLA WL AINIA VT 1auNA1AINNITIARWULIIE NI LU THWATINY
a a ::' ‘é = % s 6 a a o % (% dl d'
UIIUTEENTNAAINLIGITIT AN UFNN WS LULINR I T e nfiNaI&a mmmmlugﬂﬂ
4.1 - 4.3 LAZAINAIANNULSIARULIIAAUN LA LITRINITARIAUFUN BT IZAI AN

ARLLIIADY (Vs) UAZA18ATIEIUT89719 (Void ratio, €) lddinuaaslugih 4.4

RN NAFIN U TR IS AT A uTa It uAI eI AR uLT A
PoIAMUR LTI L AN NS LI AILARL AN AN TLE WA (gﬂﬁ 4.4) AWIaRIUAY
Srnanussiouvasudazmioustldnai

- dnenuSInARLIIEauAInINBUTILIIGY 5 kPa: Vs = (1.499—-€)/k

- dnenuiSinduusadoufiniioussuwida 10 kPa: Vo = (1.640—€) /K

- dnenuinduusadaufiniioussuwda 15 kPa: Visea = (1.743-¢€)/k

- AaNSIAAULIIE o UM BUTILIIGT 20 kPa: Vs = (1.812-€)/k

- dnenuSInARLIIEauAInINBUTILIGY 25 kPa: V,eie = (1.840—€) /K

A a4 o ' ' ' a AL A
LD € ADAANTIRILBTANINN AT K aaa1ainTINa1 0.010



311 4.1 A mihpusIdszEninaauuwIAIdadIANTIAR UL Y

luaatagnwrainann (D= 10%)

t:' 1 1 a A a ] 1 3 A =
E‘LI‘VI 4.2 AR TERNTNAAULWIAIADAIANNLIIAR UL IILRD Y

ludratnsgnwusintunans (D= 45%)

dl 1 1 a A a ' ' [ A A
EII‘VI 4.3 ARUILLIIUITEN TN UUUIAIGDAANULIIARULIILRAY

ludratsgmnusiuann (D= 75%)

22
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3un 4.4 ANUFUNUTITRINIDATEIUTDITHAAAIA NS IAR WL ITILAD

lugn1znineuseng g

412  HaUaINSLUTIULNSLAIAIINLIIARWLIILAABITNNITATIIALAZANT

AU

A vo o A A o ' A a ' \ A A
TumIsnagauh YN aaa kLIS e ka8t 19NIIBNRAMUR UL LUAIN 9
NN1731809020819awNTIENTANNRWILEL L AN BT wa1Isaasa N Ll ssinauanas
a l&/ Q 1 a { U ] o Q > 1 =)
LAAUHITNAIDLNAWNINEN LA UR U BLTILAaUNIZINN UG8t G Wl asazlTauLey
\ \ = A A A o v a o = = A AV o
FTAINAANUTINAULITIADUNATINIA FTI (Vem) NUANAMMSIARUUTIAUN bFan
° A ~ o ' a A o '
MIAWITH (Vo) wma’maumﬂugﬂw 4.4 lau@aat9aunenyvinnsnasauwlsaan
] { { ™ { v 1 v v v { té 1
WuFT0w laIN IeNS1INILAITIEHINNLNTA 3 TINANIINARAUAINUULANGI1IUDY
= a A ' a Ao g
AMNISIARWUIILD MR ITaw e 1T

namaioufaudianueasusadanlndanwly A Taotu D1 Jasasain
Basinaaie €av1 = 0.643 F1b D2 fensaTEutesingaae €av2 = 0.866 WAz D3 Ten
SaMEIMTIINIaRY eaz = 0.634 MNMFIARIANVIEINAULIIEDN Bh AIMUIDUTT
wwdsRuand19nn leun 5, 10, 15, 20 waz 25 kPa W Wavaisufsuiusunsi
ﬁﬂmmvlﬁmﬂgﬂﬁ' 4.4 WUINENAMIEINA LTS WA I (Vse) "l,ﬁffmzﬁmgdﬂ’hm
anuinfuusndeufioraialdnts (V) lasdianuuandrsiudanriniu 6.49%,

4.01%, 4.54%, 2.80% L8z 1.22% ‘ﬁlﬁhﬁﬂ’lULLidﬂizaﬂ%Nﬂﬂ’]&JLLu’)ad 5, 10, 15, 20 uax
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25 kPa @1N&19U I@mgﬂﬁ 4.5 LRAIAMNLANGINVAIAIANNITINRWULIILEOUNIA Laas

IIMNNITANWIT

P ] = a A A o @ ° a
;Sﬂﬂ 4.5 ﬂ']’]&lLL@]ﬂ@]’N"ﬂQGQQWNLSQQQHLQGLﬂauﬂ(ﬂi'ﬁ]'J@vl@lLLazﬁnﬂﬂ’]iﬂquamluﬂim A

= a ' = A A A & A @ '
NanILdSouisuaIauSaawLIRanlwIawly B lauTu D1 A100318I%
FDITNIARE €1 = 0.652 T1 D2 NANDANEINTDIINIARY Eayp = 0.802 WAZTY D3 Ve
AATEINTAIINRRY €3 = 0.622 INATIAAIANULTIARULIILADW Db ANRUILILTI
LWIGINLANENINY balA 5, 10, 15, 20 WAz 25 kPa i LatnudSuufsunusunIIn
° Y ~ i & ~ A A o o & A v A
mmm"l,@ﬁnﬂgﬂ*ﬂ 4.4 WUNAIANMUTIARULTISaUNGMIT (Vso) banuazlanlnaifes
o = a A P o v A ' ' & a ., @
AUAANILIINAULITIAAUNATIVIA LG (Vem) bALANANNLANAIBUTALTINAL 0.84%,
0.50%, 1.31%, 1.14% W8z 3.59% NANTRUIDLIIUTERINTRNAMNLWIAT 5, 10, 15, 20 WAL
25 kPa @Nya1aL I@mgﬂﬁ 4.6 LRAIAMNLANGINVAIAIANNISINRWULIILEOUNIA balas

INNITANWIT

P ' = a A PN o @ o a
;Jﬂﬂ 4.6 ﬂ?’]ﬂJLWlﬂ@nﬂ"ﬂaﬁﬂ’]’]NLifJﬂﬂ%LLiﬂLﬂau‘ﬂ@]i’]'ﬂ?@vl@LLﬂ:'ﬂ’]ﬂﬂ’]iﬂ’]uamsLuﬂim B
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= P ' = A A A & A4 @ '

NanILdSouisuaInuisIaaunssdanludanly C lausu D1 JaA100318I%
TRIINIARE €a1 = 0.823 T D2 VA1DATNEIUTDIINIARNEY €ay2 = 0.598 WaTTH D3 Aen
AATIFIUTDIINIRAY €3 = 0.808 INNNTIAAIAMNULTIARULTILADW Db ATRUILLT
LWIGINLANENINW balA 5, 10, 15, 20 WAz 25 kPa i LainudSoufsunuguni1In
° o A . = a A A o o & A o Vo
mmmvlmnﬂgﬂ‘n 4.4 WUIAANUTIARULTIRaUNMUIT (V) tasnaziiandiningn
AMUTIAAULTIAAUNATIIA LGS (Vem)  AUAIAINNLANG1IBUTANLYNAY 3.98%,
0.76%, 1.05%, 1.77% W8z 5.17% NANMUILIIUTEANTNIMNWUIAG 5, 10, 15, 20 LA
25 kPa @N&10U I@mgﬂﬁ 4.8 LRAIAMNLANGINVAIAIANNITINRWULIILROUNIA Lo las

IAMNNITANWIT

P , = a A A o @ ° a
;Sﬂﬂ 4.7 ﬂ']’]&lLL@]ﬂ@]’N"ﬂQGQQWNLSQQQHLQGLﬂauﬂ(ﬂi'ﬁ]j@‘l@lLLazﬁnﬂﬂ’]iﬂquamluﬂim C

= P ' = A A A & A @ '

NanILdSousuaInuSIaauLIsdanludanly D lausu D1 JaA100318%
TaIINIARE €a1 = 0.861 T D2 VA1DATNEIUTDIINIARNEY €av2 = 0.553 WasTHh D3 Aen
AATIFIUTDIINIRAY €3 = 0.823 NNNTIAAIAMVLTIARULTIADW Db ATRUILLTS
LWIGINLANENIN balA 5, 10, 15, 20 WAz 25 kPa i LainudSuufsunuguniIn
° @ a v = = A A o o & A0 o '
mmmvl,@ﬁnﬂgﬂ‘n 4.4 WUNAANUTINAULTIRaUNMIUIT (V) tasnaziiandiningn
AMUTIAAULTIAAUNATIIA LGS (Vem)  AUANAINNLANG1IBWIANHNAY 2.56%,
2.01%, 1.19%, 2.95% W8z 5.44% NANMUIDLIIUTEANTNAIMNWUIAG 5, 10, 15, 20 LAY
25 kPa @1N&19U I@mgﬂﬁ 4.8 LRAIAMNLANGINVAIAIANNISTINRWULIILEOUNIA Lo as

IAMNNITANWIT
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P ' = a A PN o @ o a
;Jﬂﬂ 4.8 ﬂ?’]ﬂJLL@]ﬂ@nﬂ"ﬂaﬁﬂ’]qNLifJﬂa%LLiﬂLﬂauﬂ@]iq'ﬂ:]@vl@LLﬂ:'ﬂ’]ﬂﬂ’]iﬂ’]u')msLuﬂim D

annwamsmaaummmagﬂéf’h A1ANLSIVDIN R WL TILE A UTLAUNIINNHNIE
aufu%uag’ﬁ'ummaaamummmm (Stress state) 8ATIRIUTBIING (Void ratio) TINTIAIY
AN AUNUVBIANANMNAWILUIA1E L UIIRAY (Uniformity of soil density) LAHINNNNTNAREL
ugasltifnagnatalawin aansaldanusivaseanusadanialssanmisaain
dasinamoluuiadulddlusaunits utinasianylddaiiiasasanuruwiusniodw

muluuraduiay
4.2 MInagaUNIRRNIRaIAakLsIianlnalnIalnaFaULULUSIBARIAILNK

MINAFILNIANNLIIVEINTLAUNDDIARWUIILADURNIUADENIAUN T LIZULIY
sanidusasniinasaunan 9 fe luti9raIn138ad1v09aULLLLNIAUYNTAANIS
(Isotropic consolidation state) W3IaTIIAEUMTLABUAIBEIAUNTIY WASIUTIIVBINNT

\8% (Shear state) 28819601

4.2.1 AMULTINAULTILADUTIINITAAMIULULYINA WY NAANIY (Isotropic

Consolidation)

PINFUNMIANUTUAUTIZAT AN NUTIVaIA A UL A UIAZ A BLIIN NG e
88198 % TINDIAINYIA 9 NTNANTENUNALAIANUTIARBUTIADW LT NMIFURRVDS
Wadu dandutaing Hwnganinsznuiuvendedn (Coordination number) 3179

>

a el a ﬁ 4%‘
WOANTINMITIULIILUBGR (Stress history) TIuaad b3k Santamarina et al., 2001 @95

' B
Vs=0!( %o j 4.1)
1kPa
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AV fe anuisieanusaiiion d o fe ﬂ?ﬂNLﬁ%gﬂﬁLﬁﬂﬁuﬂﬂﬁﬁﬂﬂd
(ISOtropIC loading) o sz mmimﬂ"lmnﬂmsmaaulwaaﬂgu@msmam‘smaaﬂu
fi (n-situ) Fodruts o uaz g MesasiiiudunuuaINanTTNURIiaanNIAoUEEINIY
MEAWIINLRAGY LT% HANTENLINNNIRNEFITAINNTAAY 8AT1EIRTIINILULTadH

@ Coordination number fwigssluade tuan

IMNMIATIVFOLUALIAAIANULTIARWUTILADUNLAR O UNRN WA DENRUN T8 T
WuINArIeLsIduaa (Isotropic confining stress) ANAABANIIIARBLIILRDUDE1ININ
= A A A AV o = L A ' A o & A A £
laganuTiaauussidauaziafewd laiwnduilentsussdudanuivmaiiuunniv
1AINEIN IR NFUNIANUFUNUT IR LINSALE09IA2 Aa MauTIRLLT
A 1 v [ a; 1 s a . . . ] d'cl
baawh (Vs) UREANANLABIANLININUNNNANI (Isotropic  confining  pressure, o) Nal
anwuzmleunuluaunif 4.1 1dagUf 4.9 Ausaiauninnuduiuiening Vs uas
o VBIIAHNAUNTIE D16 NUFNINAMURWILUWILLLRAIY (loose) Lazlbiil (dense)
WazzUN 410 UAz 4.1 LRAIRNMIANNFUAUTIZAIN Vs Uaz o) 189020E9AUNTIY
D40 uaz Silica lagaziiulaingunmsanusunutaziansmiduiduldsuuy Polynomial
A A o o , A A ' ) v =
T9AAIN auazlaveniad B vadudazaunsaziainuandreanuly udasnelsianuaa
uANGANITaIFBlAITER ISR REIMNLLBLAz RN NI NBUE ldunniin lasanwizagnedalu
Aa v A o Ao , A \ oY =
MINAFaUNRANNARDIUIANEaENIN (o) = 10 — 20 kPa) TINNNUANGIIRITFILNALHAL
k% tgl tﬂl U =1 @ A J
ldwniudiaanuduivdaiidngan

A v o ¢ ! e A a
EII‘YI 4.9 FUNITIANURUNUDIZHINNAIULIIARWLLIIL DD LR

anuAniuaavaiduning D16 ‘Luamwmammzamwuﬂu
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::i v o g ' = A A
Tll'ﬂ 4.10 FUNMIANUTUNUDITIZHINAITULIIARILLIILRDULLRE

u

anunniuaavasduning D40 luan’lwm’aml,ammwuuu

a v o ¢ ! & A o
E‘]J‘n 4.11 UNMIANURUNWDIIZHINAITULIIARLLIILRDULLRE

anuauduaavasdune Silica luﬁﬂ"IW‘lﬁE‘]’JNLLE‘]Zﬁﬂ"IW 1753

ﬁ]’]ﬂNE\]"IJﬂ\‘lﬂ’li‘ﬂ(ﬂﬁauL‘ﬁE]‘Wlﬂ’J’lllﬁuﬁuﬁizﬁ’j’ldﬂ’l’mL%’JﬂﬁuLLSGLaB%LLﬂxﬂ’J’]N
v L g 1 =) 1 e a Qf
Lﬂuﬁuaﬂiuamazmo § VIAUNING LN TRUTENUATAIRNUIEENT o LAZLaTaN
[ 2 ¥ o e a £ o ¥
|y g @ Santamarina et al. (2001) lavmInunuaaulszdnd o uaslauantnas p
a = a [~3 < a n‘ &
IMMNNINARDUAWLAWEI AUNIINY E;J]ﬂmaﬂ LLREAZN I%ﬂimﬁl’]ﬂ 9 (E‘l_]‘ﬂ 4.12) DIRINNIN

1 Qs @ 6 1 1 e a n:g o [ v v t:ll
agﬂmm’]wauwuﬁszmwmawﬂszaﬂﬁ CLRSLRTVUNNIRY ,B vLﬂﬂdﬁ&lﬂ’]iLﬁ%@]ixW] (4.2)
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£=036--% 4.2)
700
a o o g =3 U 1 s a A€ o
wazanwanIasaulwiuIspatuhasiinlainaaulszant o wazlaTentas
p nldnuazlafnaglupnaidrisunaduassaindninies udadrelsfianain

% v & ' o @ a &£ & A & A o @
ﬂi"l'V\lLﬁu@]sﬂLL@@GI%L%uaﬂqdﬁﬂLﬁ]uqqﬂ’]ﬁNﬂizﬁﬂﬁ a uuﬁlzwmgd"nm&lmm}ﬂﬂﬂ’md ﬂ

WuAAIaa8
0.4
[ g = &
w clays (increasing Pl 8 =036 — 700
03 } ‘-
= +.? d d
ense sands
é " O’ * OC clays
8 0o | lead & o ¥
% : pellets DE? A
o B Sands * @
& Clays
0.1 [ @ Others
O D16
A D40 }This study
¢ Silica
0 i M L M i M
0 50 100 150 200

o - factor (m/s)

H a o 1 1 @ a £ o %
E‘].Iﬁ 412 awmsmmauwufizm*mmawﬂs:aﬂﬁ CLRSLRVUNNIRG ﬂ

[Reproduced from Santamarina et al. (2001)]

Santamarina et al. (2001) lfa3unsdedudsAfinanenudasaulszaing a
ﬂizﬂauvlﬂ@i”’aUéf’mﬂiﬁﬁwﬁtyaaaﬁa A8 ANURWILUNVDIAIBENT (Sample  density) LA
SNWI VDI A (Fabric characteristics) BLT1SUWNANENU2ENT @ saniuduisan
70967 @0 1) a1 A fudaudsfiiAinannansenuvasdnwmeLiadn (grain characteristic)
W8z 2) Fle) MueulsiAinanuanssnUueIn IRk a96188198% (Packing
properties) L 8ATI&IUTAIIN (€) Uazei1 Coordination number (C.)

Gt Tiandnussidanluiiotsduniadeaie udvinnsanaiad
AMURWUHURTALANANITT L% 132970 AT TSN 8 IR U AR LW
%874 (Loose) LLﬂ:h@“ﬁaLmawnﬁ@Lﬁmﬁ'uﬁﬁmﬂmmmuga (Dense) L31ZFINTN

FUIUANDATIEINTIT4 (e) talaplszunmh 1148991NA1 A LazA1 Coordination number
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(C,)) Wt uaIasINY AIRULITRINIINLTUFNNIIN 4.1 ldlndasaunisn 4.3
Santamarina et al. (2001)

N
V, = AF(e)( % j (4.3)
1kPa

ToaWaridu Fle) sansamldananudunuifiauslaginidsonats 9 vinwlu
AANINNNINARAVLUL Resonant column, cyclic triaxial ez ultrasonic pulse Wdﬁ‘ﬁbum“ﬁ'
Aulasmlusunaasldasgunsn 4.4 uaz 4.5 ﬁgﬂﬁuauaiﬂﬂ Hardin & Richard (1963)
fNIVBRNAAUNTINGN (round  particle) Lmzém%'umgmﬂammumﬁ'w (angular
particle) aNYEIGL AMFNNTIN 4.3 IEANInFINTINANUFIRUE TR V, uazan
AATIFITDIIN (€) VAIAUULIUGEN 9 "L@Té’dgﬂﬁ 413

2
Fe) = —(Z'Ji? _ee) (round particles) (4.4)
+
2
F(e) = (2'?[1 ee) (angular particles) (4.5)

NNFUN 4.13 IEanInFTaNNFNRUTIZRIN V, - e IRlansziduiduass
LLﬁdﬂuLﬁ@auﬁdauﬁwuﬂumﬁw&gwﬁu D16 kay D40 fMaNNFTUANWTITAaUT19NIZIN
N32UNINATNAWNTAMUNBNANAAIN WANINNHEIFINALAW AT LU DATNFEIUTAITN

a QI J { A v v
an UI%@%LW&J&I’]T}"U% ALY aaﬂﬁmmLﬁam:mumﬂ@mm
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311 4.13 ANNFNRUTIZWIN V, - e V096108190 D16, D40 uaz Silica

NAMUR UL UL LARI VRS LU LI



31

4.2.2 @NUSINABUIILROUTZAININTLABY (Shearing state)

ﬁé’dﬁnﬂéffsatmauvlﬁgﬂﬁué’@slwwlﬁmummLﬁm‘%uﬁuﬁﬁaomm&ﬁ AIBEIAK
mngﬂLﬁauluLﬂ%aoﬁaw@aauI@mmnﬁmmé’mmumaaﬁaaé’mwmsn@ﬁﬁaﬂmﬂ
~ A [ A A o
(Uszunmh 0.5 43./u17) 1wumz'ﬂLma@mmmuauummwmﬂLLiog@I@ﬂgzytywﬂm
(Vacuum suction) ARBANTINARBL Santamarina et al. (2001) l@3IUTINIFNANTANNTFUAUT
1 3 dl = t:ll a t:i I3 a
szdnanuinanusadan (V) Adunmsldenuuwiuns x wazuwaunu y nifluianig
o o Q é Qs Qs Y Q Q
WIDUNUTBILIINIEYN o} U8z o] aUE1aU TsunIaNusuNwihaztiuanusuNus
sewdvanududan lairiiunnfianis (Anisotropic  compression)  waz V, uaadlded

FUNIN 4.6 WAz 4.7

r\?¢ N
ol
1kPa ) \ 1kPa
Gr + G! ¢ U’ _ O_r 14
V — @ 1 3 1 3 (47)
° 2 kPa 2 kPa

Taga Q uaz O wulduwarulsNTanumelrdawnulwnIGraINIITULIINHINK

NATIANI4 (Isotropic loading) aatulugunsi 4.1 Miuwdninavassamsintosinafiinig
sauemludonidn wasavontas 6.6 ¢ v nmiudninsvesfisuiarniadasu
Fsmannia ldanmmeseuluiesdfidins atndlsfianu Santamarina et al. (2001)
1&3189 31BN NaTIAN Q uar O WTNaNTENUABAIANUSIAE LTI B uTDENNN
lasanmadasuulassneaassnssudanuizninadeansmsiiiaaudmsndond
Lﬁadﬁ]’mLtidﬂizﬁwadLLidLaauﬁLﬁ@%u Santamarina & Cascante (1996) lénasay
§18819RUUUL Resonant-column LABATIATABNTNaTBIUTIS AL U A audaNTIARaUA
dnfafuaasnfunssdaniiszauanuduiidinin naminaseuusasldidiuindves
WuEnes Guaz 0 Senlndidnsiudn g Aaseialdinnsfusimmeseununnsisa
WinAUNNHANIY (sotropic loading) lag 0+ 6= wanINHNaNINAFaLTILaAI LA
anufufinsinlufienszasmaedoniivandednasiinansenulunmsedoufivasnin
wIILRanuINNIN (ﬁLawﬂﬁﬁaﬁgaﬂdﬁ) anueauluiamimaafeuiivasafuussidon
Tuganzaauanias & uaz w wud waenmss ¢ lumanvasanuiduaiolss
FnBWa (Mean effective stress) tlanlndlAgsUANIBIAULNFNED B & navaninagl
ianvasfauewds U (Deviatoric stress) ﬁ?uﬁml,ﬁauwhﬁ'ugmﬁ (~ 0) F9HUeN9

1 v o et dld 1 o 1 v Aa A . ] ’ dl 1
ﬂﬂ']’]vl,@’ﬂ FRIUNINAFAUNNAIDATIRIBANNLAWUIZENIHA (Stress ratio, q /p ) ‘Y]VL&I
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gaunun (Wi 2-3) mw‘hmm@hmmﬁaﬂﬁmmLﬁauluﬁaamaal,mé'@ﬁvl,ajwhﬁunﬂ
fAFN19 (Anisotropic) 81ANIEYIN l@lasn T NN 4.8

' (4
V, = p| Zmean (4.8)
1kPa

% a Q( s U 1 1
lasdaaudszdnd ¥ Ao NaNTENUVDIEATEINTEITNN @ URAITINANIZNLVE S
wodnsannidudaszniadedunsldnisiuusnduuunldviniugniansuas

!
O-mean

< A a ] '
AANULIIORNULLIIL B (VS) LLNEAN O

mean

Aomanuiuadslszaniug gﬂ‘ﬁ' 414 — 416 WRAIIAAUANUFNNUTIZAIN
(Mean effective stress) Va3aUNIY D16, D40 LA
Silica fanutAuiiusafuanesnn (o, = 25, 50 uaz 80 kPa) annguUnTWasnanaziin
1637 anzISuEUIDIRIaNIAN 1TW Auidsn nrsINLazEN NIRRT AR e T U
safiuanenerin JuansznudamIiunsvesnanusadanieaintos wananiswuan
e aaniNanTENUAan NS IAERLII Ao U BT WIW laadiagnaniidaweLia
A

& ' A = A A A oA & & a dAa =
WALANNINZNAIAMNLIIARUULITILRAUNUINNTN DIDN1ATULNTIEINAAAUNTVUIALAN

¥

&
fnufrduiasznihadeauiiannnindeduswelng nngUanHeNuFNRUSTInUEn
Hadaudndszantuadafoszaunits wiu %é’aa’méhamoaulﬁ%'wgmnuﬁaum
Nz ArenusinanLIsdanazanadadnidaiiias Sennusunusanauni 4.8 ezl
sunlflddaluiflasdonansznuanmafiadnngmaol Localization ludatnsdu
MNRaMINaFIUMTIanauLsIEeulne3asiionaRaULL LIS A mULNNIZAING
mil,ﬁauéhaﬂ'ﬂaau‘ﬁ'Lﬁ@é'm:}m:mi%'mmuuuvlajwhﬁ'unﬂﬂﬂma (Anisotropic  loading)

WHEIWLINBNIWavaInM N s (Deviatoric stress, o] — o) Whkildntasuiniiie

!
mean )

= =Y =Y 1 v { a =) { ‘é
WMEUNUBNTRNATIAIANULABARIUIERNTNG (O JUN 417 - 419 TInapeIng
nasauRaTINUIIUYEI Santamarina & Cascante (1996) 31U 420 - 4.22 uFadds
AN FUNWTTERINIAIANNLTIAR WL TILADULAE AN ATIFIUTZWNINIAN VLA WL T UL U

a a v t:ll a a . . . 12 ] ¢§ 3 U dl
UYreRnInalazaNuLAwafudse&nIna (Principal stress ratio, q'/ p') G9azifiuldiniia
' , A ' = A A A ' ' A = & a
@1 '/ p’ Wewnnin 1.2 anudiaanudidewaziidiaaadadiiaaiihad T9nNuSInaY

= ai aql/ a £ a [ dl' A 1 cI)
wradaunanasianansnatuielannmaiananylideiitasnIaninuliasiniaue (Non-
£ o ' N ° o = { ' { o '
homogeneous) Auluala81961 i lkanuiTaaunsidiauiiaanasannnsnoasnain
1 1 g 1 a 1 U n:' c§/ { 1 L= a
F09919 A0 819AWLBUIILAITANNUNINTULIHBIINNNITANYNNA I BN Y I UIRA Y
VAR
~ A A A A A @ ' a & &
U 4.23 LRAINIIWNARULIILAAUNLARAIUNNIUAIDENIAUNTILNI LUTWA DN

ﬁué’@uazﬁu@aumnﬁaué”saamausluqﬂmrﬁmsmaaumemé'@mmmu
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A o o ¢ ! = a A ! |
31]7] 417 @ NURUNBIIZHIWNAIULIIAR WL IILADULLREANAINNULA UL HILL Y
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31]7] 4.18 ANURUNBIIZHIWNAIULIIA[WLLIILADULLRSANAITNULA UL HILL Y
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311 4.19 AN FNAUTIERINANULTIA R UULTILE D ULAZANANLA LT B I

YIAUNTY Silica NANUABTLIANEA1INY @) FNIWARIN b) KAWL
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3111 4.20 ANMNRNNUTTERINIAIANNLTIA A UL D ULRZANDATIRIBIZTRINIAINLA 1

Joauniazanudwaaslsz@ndua (Principal stress ratio, '/ p’)

2400898 UNTY D16 NONULARILIAGIN § a) FENTWLUK b) FNTNARIN
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311 4.21 ANUFUNUTIERIIANAN VLTI R WU TIAAUUAZANDATIEIWIZAINANLA W

WDoauniazanuawanslsz&ndua (Principal stress ratio, '/ p’)

P99A089AUNTIY D40 NONULARILIAGN § a) FENTWLUK b) FNTNARIN
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311 4.22 ANUFUNUTIERIIAN AN UL I R WL TILAAULAZANDATIEIWIZAINNANLA

~ ) = a a L . ' '
WHILUBLALANNULAKLAALUIZRNDNA (Principal stress ratio, ¢/ p’)

299008 9AUNTY Silica NANMUAKILAAGIT 9 a) FNIWLUL b) KRNTWHAW
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311 4.23 nWaduusdauifeuniudag G unMeluluaau
mafudauuLLYINAYN#ANI4 (Isotropic consolidation) LaziuAaw

A . o 1 Aa 6 [
n13ta8w (Shearing) @I’Jﬂﬂ’]ﬂ@%l%ﬂqﬂﬂif%ﬂ’]iﬂ@ﬁﬂﬂ BUULLIIDARINLLNTS
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4.3 N13M1329IAN3LAA Localization 91NN13LAWNIIVDIAAKULIILRDWIRAIDE19AY

n3andanaialsngnisot Localization ludunssudszriialumuispilavi
NMIATIVFALIINATAMULIIVOIARBUIILADBUAZANAATIFIBAMVLAURANTZAINIANU
v d' v n; a a . . . ! ’ =2 &
LWL DI UULRLANNLA LN UILENTHNA (Principal  stress  ratio, '/ p )i’nm\‘i?dxl‘]j
WMARANIIATIERANENE (Image analysis) T8 lwnTAaTzANLAG Localization
flat19auauITuAY INatr18ldaINITaaTIaFaLT IS A lnTIAG (Initiation) WY

a ) vaooA a (% : Y a edaa &
NAWINT (Persistent) °IJax‘lﬂ’ﬂ&JvLN@]ﬂL%ﬂ\‘]l%@]%‘ﬂiﬁU@]x‘lﬂﬂ??l‘ﬁl@]Nﬂﬂ’]i’JLﬂi?ZWﬂ(ﬂEl\‘]°ll‘1zla

4.3.1 N1I997370NN3LAA Localization ITNANULIIARBUIILADUURZIATIEIN

erIaNuA i UBLazaNUAkaasLIZENTNE (Principal stress ratio, '/ p')

nnnsdnuazduaitwidsnassuluafanuirdunmeliegnniziiain
v = = é a o dl' A J a
anudwdanauisaniaaniiaanylidaioslugduuurassesieuntuluuiadu lag
R T U L T Rt R Y |
anwlddaiftasdananaziunanlnaiuen o'/ p Agafigauszanulidaiiosdanannd
Wamda llatnifalitas (Desrues & Viggiani, 2004; Finno et al.,1997; Sachan and
Penumadu , 2007) 3U# 4.24 - 4.41 ugaianuFuRBIRRINANNETIARLLTIAEUAREA
THVBININARDVINA0819IVAUAZAT '/ p’ VaIAWNIEY D16, D40 Uaz Silica AN
WWuiuaadns 9 IwanNRaINLAZRNNLKYL INNANINATEUAINE1IT A BULEAI LA LAY
11 anuFuiuideudslansueilndifdusiu sunInuaanaaylaInmMInasa LD
. [ { A [N ' Y '
9 (Typical results) ldai3Uh 4.42 Fesansaagylain lutwdusasmmaseunanda
739284N50LAAIVBIAIBENY (Consolidation state) wazlugIduINVaINIEBUABEN
. A ' A AV A \ < A A
(Shearing state) %38luT219U89ANNATLAN LULABLUITIN 2% FAANULSIAABLTIA DY
\ a X | v o o \ o { A a A A X | A
A NAVTUANAINNULABEAAD / eANUABARLUTZANDTHE TanTiATwuuD laiiEs
[% . . g [ ' A o ' A @ L Aa ' A &
\& (Nonlinear relation) #azwu'ldlanztrenaratnsdudsliiifiaanylidaiitasiuluuia
Madadunialutrindiadniduisaglutisdaiadn (Elastic range) wasaniaatnadnu
ANANNLAKLAIUNIYINTNIAAATN (Yield point) nIBaNNAGRLABRIINEI BRI LANE
(Uniform)  ldgannusf laiaduane (Non-uniform)  luvnsganmslusiafuusdini dn
ANULTIAALUTILABUILTANFINFA (Maximum shear wave velocity, MVS) Uazazlienanas
' oA A Aa £ X A a A % o ]
athwdaites 3srananfifiaduiiduraniiemalfsuudaianurusaisunnnening
A1 g’/ p' WAZFNANNLATEAMNLIIUNY (Axial strain) (FUN 4.42) uananhannuans
U1 1 3 dl' A d' g .; 1 ] %
nagauaanInayllddin danuiiaduusafeunaaaiilizuagiugding ansms uaz

a |J 1 a kg a g g {
YUIAVBILRARY meuagﬂuamwm']mimumamu (Initial condition) Lﬁadﬁ]’]ﬂgﬂﬂiﬁw
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LRAI A LARIN é”saﬂﬁoauﬁﬁan’m:ﬁwﬁuﬁaumimaaua;j‘luamwuﬂu ANANNLSINRY
LLsaLaamza@aamnﬂ’hﬁaamaﬁuﬁﬁamuzﬁwﬁua;Jisluamwm’m laan1Iaaadvad
AMATINRBUIIRauRUIINNTNTUe lean 2 nydindan fe tieanaladdnilinang

{ o = 1 1 { J N [ a 1
goa@mmmmﬂ@ﬁm:m LLazm@meLwmﬁawuiumammumwlumaﬁ;@ L6l

' = v & . A ' , , & . a

atin9l3fend HaNINaRaULEaI AR Nyagigavesd q'/p Hu WU TR e ad
AMULSIARULIIRAUNTALIU AIBKIITNITAINITALAT AN N NLAN aanITLTNY
3Lﬂﬁ:ﬁmwﬁwmﬂmimﬂé’hamaamzmwmmmaﬂunﬂ 9 0.5 UAALNATVAINIING

NAFOUUWLAIINAFOULIIOAR 1NN

311 4.24 ANNFNRUTIZAINANWTIARULIIAOULAZAN Stress ratio (¢'/ p')

PAIAUNINY D16 RNTWHAINA o = 80 kPa



311 4.25 ANURUAUTITHIIANVITINAUUITILABUUAAT Stress ratio (q'/ p')

POIAUNINY D16 RNTWHAINA o = 50 kPa

311 4.26 ANNFURNUTIZWINANUTIARULITIADULAZAN Stress ratio (¢'/ p')

VBIAUNTIY D16 RNIWHRINA o = 25 kPa
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311 4.27 ANNFURUTIZWINANNTIARUUITIAULAZAN Stress ratio (¢'/ p')

VIAUNTIY D16 RNWUUWN o) = 80 kPa

311 4.28 ANNFNNUTIZAINANWTIARUUIIAOULAZAN Stress ratio (¢'/ ')

PAIAUNINY D16 RMIWUUUN o) = 50 kPa
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A v o ¢ . = A A ! . , '
EII‘YI 4.29 ANURUNUITZHIWNAMULIIAIULLIILRDULLEZAT Stress ratio (q / p )

VBIAUNTIY D16 RMIWUUUN o) = 25 kPa

A v o ¢ ' = A A ' . ’ ’
Eﬂﬂ 4.30 ANURUNUDIETHINNANULIINRWLLIILADULLALAT Stress ratio (( / p)

YAIAUNINY D40 RNWHAINA o = 80 kPa
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311 4.31 ANNFNRUTIZWINANWTIARUUITIAULAZAN Stress ratio (¢'/ p')

VaIAUNTIY D40 RMWHAINN o) = 50 kPa

31U 4.32 ANURUAUTITRIIANVTINRUUITILABUUAAT Stress ratio (q'/ p')

VIAUNTIY D40 RNIWHRINA o = 25 kPa
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311 4.33 ANNFURUTIZWINANWTIARUUITIAULAZAN Stress ratio (¢'/ p')

VIAUNTIY D40 RNWUUUN o, = 80 kPa

311 4.34 ANUFURUTIZWINANUTIARULITIAULAZAN Stress ratio (¢'/ p')

VOIAUNTIY D40 RNMWUUUN o) = 50 kPa
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311 4.35 ANUFNRUTIZWINANUTIARUUITIAULAZAN Stress ratio (¢'/ p')

VOIAUNTIY D40 RNMWUUWN o) = 25 kPa

311 4.36 ANNFURNUTIZWINANNTIARUUITIAULAZAN Stress ratio (¢'/ p’)

VIAUNTIY Silica FNWAAINN o = 80 kPa
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311 4.37 ANNFNRUTIZWINANNTIARUUITIAULAZAN Stress ratio (¢'/ p')

VIAUNTIY Silica FNWAAINN o = 50 kPa

311 4.38 ANNFURUTIZWINANUTIARUUITIADULAZAN Stress ratio (4'/ p')

VIAUNTIY Silica FNWAAINN o = 25 kPa
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311 4.39 ANNFNNUTIZAINANWTIARULITIAOULAZAN Stress ratio (4'/ p')

VAIAUNIY Silica FNWULUA o = 80 kPa

311 4.40 ANUFURUTIZWINANUTIARUUITIADULAZAN Stress ratio (¢'/ p')

VBIAUNTIY Silica FNTWUUUN & = 50 kPa
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3UN 4.41 ANNFNRUTIZAINANWTIARULIIAOULAZAN Stress ratio (4'/ ')

VaIAUNTIY Silica FNWLURN o/ = 25 kPa

A v o g ] e A A
ESIJ‘YI 4.42 LLa@\‘]NaﬁéﬂﬂjqwﬁuwuﬁizﬁjqﬂﬂaquLi?ﬂauLLiﬂLﬁau

LAz Stress ratio (¢'/ p') YDIAWNINYANDATIINIINARDL
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4.3.2 MI9TI910N13LNa Localization ’%’]ﬂﬂ?ieJLﬂi’lzﬁﬂ’]thﬂ

AINNAITAN 4.31 LRAIIALARINAIAITULTIARUULIILAOURINITROTUNY

& a . . va [ = ) A v & o \
Ungmaninisiiia Localization la@luszaunits nanfis srnrsauaasliiinladn e
anundnusndanaziuanasnndigigaiialuiiaduiaainalddaiiias (Non-

- L A A a X A= a o A
homogeneous) A1 mmw"lwamaamn@mumﬂufgmiwu (Onset) VaIN1TLAA
Localization luuaaauﬁgﬂLLNLﬁauﬂszﬁﬂazhwimﬁawuﬁaﬁ;@%ﬁﬁ Weiaeng lsNaY 9

A a a . . 6 AA ’ ’ A & 1 1 1 I
NuIacGuLAa Localization I@Uaugsm andldn g’/ p’ ganga) W Tidsngirdranuisa

A A A A | % A ! o & . .
ARuLILdaninsfsudavadtaan Syananaia ladndsingnival Localization 1w
R Y I . &
UINAUBHIITUAUNDAIT UL DLHDI Db AIAUILAGILRUINTIIUNIRAY INTUAINN
lidaifiasdananazaey 9 Nawuazvensalrawiadulouvassesidon (Slip line w3e
Rupture line) mmvl,;i@ial,ﬁaaé'aﬂmaLﬁ@mﬂmimﬁwuﬂawaaqmauﬁ'@momslmwmao
dunluvsiimuau g lagludunmodanieluuSinmasnaiazriiniseasasainwlng
AalvtAauniadd laisalita 890NN LKL 1a8TAURIILUL LI MAINE1IDZEN
AINUIIHOU G ADUTIININ

INTBIINAIUIIUTZTATVBINT AR WLIILAa WA T A %N1TLAA Localization
Tuura@utin MITNITIRIERAINTN8A leannITEe Wl kIzRIenIInanazauln

LATINAROUUIIAARINUNG TRINIINT ﬂlﬁﬂ?ﬁ%Lﬂi?Zﬁﬂ’]‘iLﬁ@ Localization "léfﬁmﬂ

1
Aa

fadn %amﬁmezﬁmwmyﬁauﬂumsﬁ’]mmmmLﬂ’%mmwwzq@ (Local strain) 31N
@179 (Grid) BW1aUTzNIH 5 x 5 URELUAT lénal3un Membrane nawmInanagay
f‘fjamsﬁﬂmmmmm‘%mLawwzq@ﬁLﬁ@%ufﬁﬂumiﬁﬁmmmmm‘%mmmmmnums
LAB EUGATIRIDENIRUANLIILNY y (Axial strain) mﬂmwdw@%maaﬁﬁmmauﬁn@gq
flszanm 6 Sudinaa anwszidoavaslisunsuneufiiae fiuaunsadnnzdawai
Lﬁﬂﬁq@maaﬁawm’mvl,ﬁﬁﬂi:mm 0.01 UARLNAT I@ﬂmmLﬂ%y@mwwzﬁ;@ﬁﬁ’]mm"lﬁﬁ?u
vl sunsanmudunisuasloulunsiia Localization léegstatauund i

ﬂ’]iaLﬂ‘mtﬁﬂﬂWﬁ’mLﬁlaﬂﬂiﬁﬂu’lm%ﬂﬂ’nulﬂ%ﬂ@LﬂWWzﬁl@ﬁ%ﬁ@@ﬂitﬁdﬂﬂuﬂ’]i
Flugasanmwmsia 1) Wamduntsvasloufiie Localization 2) 1iaiSuduaaimiiia
ﬂ’J’lsJ‘hi@iaLﬁad%usluu’mau (Onset  of  non-uniformity) I@ﬂIuLLUULLiﬂf‘fuﬁIZLﬂuﬂ’]‘i
AUIUNIANMUATHALANIZAAVBIBRINUAYN 9 BRINUAIULTI U UUDINAIVDIUNS
G2887190% (311“71 4.43, 4.45, 447, 4.49, 451 Uaz 4.53) Lﬁagdm’%nm%wﬁmﬂﬂa"uuu.a.lm
gﬂs"mmﬂﬁ'q@ wazusmmluwasduiuiianuedsaiadwrinla  lagazdauale
gﬂLmumaammLﬁuﬁ (Intensity) ﬁazl,ﬂﬁlsmvl,ﬂnﬂ 95-10% P2IANNATDATIAATY FI%

luLLuuﬁaaw:Lﬂumiq&uﬁﬁqu@Tm oludrat1afuwnivive 9 Eﬁmuﬁ@ma@mmgwad
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o A A i aa ed . & Faa o A . \
AIBDYIAY L‘WE]@’J’]E]ﬂL&l%@]ﬂq&ﬂlu%w?’)@uuﬁﬂﬁiﬂlE]Gﬂ’]il,‘l_]ﬂU%LLﬂﬂ\‘]Eﬂi']\‘leﬂaiﬂﬂvli

A a

laslanzadiBsunmloudiiia Localization (U7 4.44, 4.46, 4.48, 4.50, 4.52 uaz
4.54) TINMTIATNERNNE18NIRBILULRITANMITURAIANNUTFUAUTALA1289ANNLATLA
. . A o = ~ \ a
FINANLWILAK Yy  (Global axial strain) Nal¥aInsalSsuAsusisnarlunsiie
Localization 'leatnstaian lasluinudduTuhlaidanianala19dn D16 IWaNIWRaIN
LRZLUBATANULARTUIAITNAWN 25 ez 80 kPa UAZlL&IWUaIAUNINY Siica 32
a 6 1 a 1 d' v A e
SeTzRaatIuN U IuRNINRRIN LA LR ULAWT LaAIza1 D 80 kPa
Nn3UN 4.43 LRAIALRABINNANITILATIEHATNNEN VIR 0819AUNTY D16
FNMWARINN o7 = 25 kPa NIANULATEATIY (Global axial strain) Uszuns 1.77% BALUKG
ma'ﬁﬁLuu@ﬂué’aaU'Nma@uﬁmwm’%mmww:ﬁ;@ (Local axial srtain) X131 5% lag
° aa e a ~ ' a2 A A & A
Iwnddudndanueiaanizaanannnii 5%  Hazlidfuainiwies 9 e
g; Qs 1 =Y { 1 é/ { o 1 a {
ANULATUANIRNAVDINALNIIAWNTAININTUINARTILRAUNNTZHIGaNIAAY tia
=) = o aa €n=|ld 1 a 1
ANULATEATINEAIzINM 5.31% TwudfuudnlianueIsaanzanunnii 5%
QI J o aa 1 g Qs Qs ] { 1 =)
AN I@ammuaaLumi(mmﬁ'«azm:'gﬂmnuagLﬂmmu%%aiamﬁauagmnm
1 Q [} =Y ‘é { Y v U =) =) a
FIUNANIVRIAI88190% TIunuFveIsouLfaubuaadliiAnit vraduiiangdnssy
Localization asi’mamymi u,azamgﬂm’mLimaaﬁﬁﬂ'ummlﬁﬁuﬁﬂ’h U WuanIas
{ Y 1 aa 1 v 1 é = U = { =
RO mmwm’%mmwwz@maaaaLuuﬁmzﬁmuaﬂmﬁ 5% G9aTUN laINUSIIMALAG
. . & & P A o v A a £ ! . a o v a A A
Localization wwaziflunSiimnsasiuanuduiiiatwlassiulngvasdn liuSinmid
v , , ' d = { @ { A L 4
AAEIUTAIINNNINURLRAINNNITATZNIWRIINTWNLANNINU UL LD
mﬂ;sﬂﬁ 444 WRAIAIWAIBENIIVBIAUITALATAILAUIVBIDRLNUAEIRITLAT
a 6 n; = % 1 a dl ’
AANVMAURULIRIANULATIALRNIZINVDIMBENAUNTIY DT6 FNWRAINN o) =
A =) 1 v 1 L 1 ana ) { =)
25  kPa $931nn1TaAT IR ATNONULRAI LA LA LA LI TALIWIN DALNWA LlWUSIIeALAS
Localization (851uwudif 3, 4, 5 uaz 6) aziidrAnuiaIsalanizaanu NN luuTiomdn 9
28719N7N (ﬂi’]V\Immﬁuﬁuﬁa;Jimﬁmé"uﬂszlugﬂﬁ 4.44b) TauluunaBRune 131 BRUUG
=i A A a A A £ ' a ~ =
7 3 axBNAANULATARNIZIANANINTUNINANULATEATINNANULATIAUTZNN DL 2%
¢ 1 U [} { 1 QI ¢§/ 1 g: I
F9a71aNa1 170 TRNANULATBARNIZIAd A AR IIANIATIATINUUazL T uYe
A a a' = 1 A . . et v A a J
Auadunsuianulidaiias (Onset of non-uniformity) lumITuANULAKAEUAATY 31
N14.45 — 454 HWHaINIIATIERAININLVAIADEN9AY D16 WAz Silica &N W
RRINUATUUWIBENIZANUABULLAN 9 lagNamINaNehn leazlanwueNinlanni
NUNAUBIAI DN b NE1INILA 11T 961 NE12AD BRINWALNIBRLUUALnA8ENIAKA T
; . - . 0 oal &
ﬂ’J’]ﬂJLﬂ%EJ@]L%W’]Z’i;@]ﬁN’]ﬂﬂ’J’] 5% LUaAMNLATLATINYDIAI8ENINA1U =N 1.5% Ut l1]
a ' a a . . A A I 1
LazA1aL1IanazLAa lawas Localization agfianuLATBaNlEINm 4 - 7% (Tadusas

A o [l a A . A [l =
NADLIIAUNAT Stress ratio fﬁd“/]q@) LDUN
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P> a 6 ' Py d' =
E‘].I‘YI 4.43 N1 msw:%mwmmwagmuﬂa U%LLﬂﬂx‘iﬂ’)’]&lLﬂiﬂ@]L%W’R@‘@

(Local axial strain) 2YIADLNAUNTIY D16 FNTNARINT o, =25 kPa

311 4.44 a) dregsawITALABRAS IR IUNTIATEE MW RsRLYaIaIAT G
WIZ10 b) MIUABULIAIANLATIALANIZIA (Local axial strain) VBIBRLAUAI ¢
c) #1 Stress ratio Va4BRNUGNIANULATIARNIZIANINNFA VoIdBENIAUNTIE D16

RNWHRINN o = 25 kPa
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a a 6 ' A A a
E‘]J‘YI 4.45 N1 Lﬂi"l&%ﬂ’TWﬂ’mL‘WﬂQﬂ’ﬁLﬂa U%LLﬂﬂdﬂ’]’]&lLﬂiﬂ@]L%Wﬁzﬁ)‘@

(Local axial strain) Va4@18819AUNTIY D16 FNWLULN o = 25 kPa

311 4.46 a) fadauITaLazBRNBARIRIUMTIeTzAM TR suLLaInNuLAIEa
A a . . aa 6 1
L@W1z30 b) M3tFeuLaInNuATLALaNIZIA (Local axial strain) VaIDRLNBAGIY 9
1 . aa e a a A A (5 1 Aa
c) f1 Stress ratio VBIDALNUANTANULAIYALRNIZIANVINNFA VBIAIDIWAUNTIY D16

RNWUUUN o) = 25 kPa
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P a 6 ' P dl =
31N 4.47 MIAANRAWINLLNaANTLU R E\]x‘iﬂ’)’]llLﬂi?J@L%W?Zi]‘@]

u u

(Local axial strain) YIA208NAUNTIY D16 FNTNRRINT o, =80 kPa

311 4.48 a) MedAWITALABRBATITUNII Tz MW AsuLLaIANNLATEG
WZ1a b) MIUABULLAIAINLATEALANIZIA (Local axial strain) BIBRLAUAGI 9
c) fn Stress ratio UBIBNUUANNANNLATUARNIZIANNINNGN VoIF218819GUNTIY D16

FNWANINN o = 80 kPa
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dl a 6 ' P d' =
EII‘YI 4.49 N1 Lﬂi’]z%ﬂ']Wﬂ']UL‘W@@ﬂ'ﬁLﬂa 2hLL) E]x‘]ﬂ'ﬂ"lllLﬂiﬂ@L@oW']ﬁ?@

(Local axial strain) Ya4d18819@UNIY D16 FNWLIULN o = 80 kPa

311 4.50 a) fadauITaLazBRNBARIRIUMTIeTzAM TR suLLaInuLAIEa
A a . . aa 6 1
L@W1z3@ b) M3taeuLaInNuaILALaNIZIa (Local axial strain) Ta4DRLNBAGY 9
1 . aa e a a A A (5 1 Aa
c) f1 Stress ratio BIDALUUANTANULAIYALRNIZIANVINNFA VBIAIDLWAUNTIY D16

RNWLUUN o) = 80 kPa
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P> a 6 ' Py d' =
311 4.51 MAAANRAWINLLNaaNILUR U%LLﬂﬂx‘iﬂ’)’]&lLﬂiﬂ@]L%W’R@‘@

u U

(Local axial strain) Y8Ie18E19GUNINY Silica FNWRAINN o, =80 kPa

dl o ] A A wva Aaa 6 o ot a 6 A A
311 4.52 a) MatawItakazBRNUdSInIUMTIaTziMsasullasnnueiee
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INTRODUCTION

Localization is one of the most interesting phenomena for researchers studying of soil
behaviors. Its uncertainty causes large variations in both stability and deformation of
soils. In general, localization may be defined as the formation of a narrow shear band
with intense straining; i.e. shear band. When shear band occurs, zone of discontinuity
within soil mass is induced, which its physical properties are much more different from
the others. A number of researches have been conducted to observe localization by
sophisticated experiments, theoretical and numerical methods. Complicated
instrumentations; e.g. Gamma-rays, Stereo-photogrammetry, X-ray Computed
Tomography, Digital Image Analysis (DIA) and Digital Image Correlation (DIC), have
been long applied to explore the characteristics within the localization zone (Roscoe,
1970; Desrues et al. 1996; Alshibli & sture, 1999; Sachan and Penumadu, 2007
Rechenmacher and Finno, 2004). Based on those, strain localization is recognized to be
dependent on the initial states of effective stresses, void ratios, grain characteristics and

stress history (Desrues & Viggiani, 2004).

Numerous studies on shear wave velocity of soils similar revealed that the initial states
of effective stresses, void ratio, grain characteristics and stress history assert the most
dominant influence on the shear wave velocity of soils (Roesler, 1979, Stokoe et al.
1995, Bellotti et al. 1996, Teachavorasinskun et al. 2002, Iwasaki et al. 1978, Hardin
and Drenvich, 1972, Yu and Richart, 1984 and Teachavorasinskun and Akkarakun,
2004, Richart et al. 1970 and Santamarina et al. 2001). We may infer from these
statements that strain localization and velocity of shear wave propagation are primarily
dependent on some common key factors. It is therefore the main objective of this study
to preliminary explore the evolution of localization in sandy soil by using shear wave

propagation logging.

MATERIALS AND METHODS

The tested sand was taken from the eastern region of Thailand. Its grain particles were
round to sub-angular shapes. The original sand was sieved to provide two batches of
more uniform materials. The first batch (called herein D16 sand) was that with grain

size being greater than 1.18 mm (sieve No. 16). The other (D40 sand) was sand that
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passing through sieve No. 16 but retaining on sieve No. 40 (sieve opening = 0.425
mm). The physical properties and particle shapes of those two sands were summarized
in Table 1 and Fig.1. Furthermore, commercially available silica sand conformed to the
ASTM C-778 #20 — 30 was also tested in this study.

Air-dried sample was prepared by air-pluviation method from a specific height into the
split mould having inner diameter and height of 5 and 10 cm. The initial suction of 10
kPa was then applied prior to removal of the mould. Consolidation was commenced on
the air-dried sample by further applying of suction step-by-step to the prescribed
confining pressure of 25, 50 and 80 kPa. Drained triaxial compression was then
followed in the displacement controlled manner until sample encountering failure.
Changes in radius of tested sample were manually measured at the marked locations on

the sample.

During consolidation and shearing, velocities of shear wave and high resolution digital
images were taken. Shear wave velocity was measured by a pair of bender elements
installed at the top cap and pedestal at which their protrusion being 9.65 mm (Fig.2).
Pulse excitation was given to the top bender element to generate shear wave. The
transmitted pulse was received by the bottom bender element to indicate its arrival time
as typically shown in Fig.3 (Lee and Santamarina, 2005 and Teachavorasinskun and

Amornwithayalax, 2002).

A grid of 5x5 mm was attached on the surface of rubber membrane (Fig. 2a) in order
to be used as references for digital image analysis (DIA). A series of high resolution
images of 2848x2136 pixels were acquired correspondingly to the sequence of data
acquisition. A simple digital image analysis (pixel analysis) was done in attempting to
analyze local deformation of the grids around the observed localized areas.

RESULTS AND ANALYSIS

Shear wave velocity, Vs, is governed by the states of effective stresses which could be
the mean effective stress (Teachavorasinskun and Amornwithayalax, 2002 and
Teachavorasinskun et al. 2002) or those in the polarization plane (Roesler, 1979 and

Yu and Richart, 1984). Fig. 4 depicts the variation of shear wave velocity against mean
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effective stress during isotropic consolidation of tested samples. Since there was no

existence of anisotropic stress, simple correlation between shear wave velocity, Vs, and

mean effective stress (confining stress), p'= (0 +203)/ 3, can be attained as written in
Eqgn. (2).
! ! g
v, - @(%2%] L)

where © and ¢ are constants and vary in the ranges of 85 — 100 and 0.16 — 0.23,

respectively.

! !
917 % and axial strain, 1, during

Relationships between the deviator stress, 4=
drained compression were summarized in Fig. 5. The friction angles,

¢ = arcsin|(o; - ;) /(o] +G3)]peak, varied in range of 42 - 44° for dense specimens and

39 - 40° for loose specimens of D16 and D40 sands. While slightly smaller friction
angles of 35 - 39° was obtained for silica sand. For most samples, the peak deviator

stress, by visual observation, occurred at the axial strain of about 3 to 5%.

Fig. 6 and 7 show the relations between shear wave velocity, Vs, and mean effective
(o/+203)13

r_o
stress, q =003

, and deviator stress, , respectively. Both figures
indicate that nor could effective mean stress or deviator stress express the pattern of
shear wave velocity during drained shearing of sand. From those views, shear wave
velocity of samples during shearing slightly increases during shearing. Notably that at
very high levels of deviator stress, shear wave velocity shows very clear tendency of

drastic reduction. This implies that drastic changes; i.e. localization, inside the sample.

Typical relationships between the stress ratio (q'/ p') and Vs against the axial strain are
shown in Fig. 8. Vs obtained from the very beginning part of shearing state increases
according to axial strain (due to increasing of effective stresses). After axial strain
reaches certain levels, i.e. & =~ 1 — 2%, V; starts to decrease. This point is marked as
MVS in the figure. The shear wave velocity reduces almost linearly with respect to

increase in axial strain. It should be mentioned herein that the strain levels to mobilize



©CO~NOOOTA~AWNPE

maximum stress ratio, (A7 P (marked by MSR), are greater than that required to
attain MVS. This tendency implies that non-uniformity (initiation of strain localization)
inside the specimen may occur before sample reaching its peak stress ratio. A similar
trend was also observed from the experiment results of Anongphouth (2006). He
performed a series of triaxial tests to explore the effect of stress-induced anisotropy on
elastic shear modulus of Ping river sands by using bender elements. An example
reproduced from his study was shown in Fig. 8(d). Based in his results, the axial strains
require to attain MVS ranges between 0.93 — 1.90% and MSR occurs at around 3 — 6%
which are comparable to those observed from other sands reported (see Table 2).

There are a number of conclusions stating the onset and formation of shear band.
Desrues & Viggiani (2004) inferred from their plane strain compression tests on sand
that the onset of a persistent shear band will always occur near, i.e. at or slightly
before, the peak of stress ratio and never occurs after that peak. Finno et al. (1997)
performed a series of plane strain compression on loose masonry sand and reported
that no localization of strain was observed in the test before 2% of global axial strain.
A wide zone of slight strain localization appears in the middle portion of the specimen

when photographs at 2 — 3% of global axial strain are viewed in stereo.

Observation of digital images of local strain profiles taken during compression test can
help identifying the onset and persistent of strain localization. Fig. 9 shows the
relationship between stress ratio and shear wave velocity profile plotted against global
axial strain (&) and the corresponding images exhibiting the local strain profiles. From
Fig. 9(b), at global axial strain of about 1.7%, local strains at some points inside the
sample started to be greater than 5%. Note that MVS was reached at global strain of
1.3% (Fig. 9(a)). The observation infers that when strains of some parts of specimen
exceeded 5%, intrinsic changes; i.e. localization, begin to dominate the behavior of
sand. Furthermore, MSR would not be mobilized until some local area had been
strained exceeding 10%. The conclusion that local strain of 5% and 10% are required
to induce MVS and MSR could be drawn from other cases (Fig. 10 to 12). The only
difference were that the global strains required to cause MVS and MSR were varied

from case to case.
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CONCLUSIONS

The investigation of strain localization of sandy soil samples by using shear wave
propagation technique and the Digital Image Analysis (DIA) were performed in the
triaxial compression test. Local sands and Silica sand of various grain sizes and shapes
were employed in the study. The main results of the study are as follows;

1. The shear wave velocity increases as the isotropic confining pressure increases
both in loose and dense conditions. Dense samples give slightly higher shear
wave velocity than the loose ones at the same confining pressure.

2. Under shearing stage, shear wave velocity slightly increases at the very
beginning part of the test. However, at high levels of stress ratio, the shear
wave velocity tends to decline from its maximum value. It implies that the
onset of strain localization starts from this point.

3. Shear wave velocity reduces almost linearly with the global axial strain. Local
strain of exceeding 5% is required in order to attain the peak shear wave
velocity. While local strain of 10% would be needed to mobilize peak stress
ratio. It is therefore concluded that localization starts to dominate the behavior
of soil when strain in some parts of sample become exceeding 5%. Detail
exploration of shear wave velocity pattern is helpful in identification of
initialization of shear band.
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Fig. 1 Shapes of grain particles of (a) D16, (b) D40 and (c) Silica sands.
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Fig.2 General arrangement of equipment used in the study (a) the square grid of 5x5
mm mounted on the outer surface of rubber membrane, (b) schematic view of triaxial
equipment used in the study and (c) schematic view of the bender element setup.
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Fig.3 Typical interpretation propagation of shear wave in tested sample.

(@) (b) (©

Fig. 4 Shear wave velocity and stress relation in loose and dense conditions and its
empirical relation for (a) D16 (b) D40 and (c) Silica sand

(@) (b) (©

Fig. 5 Stress strain responses from triaxial tests in various initial state conditions
obtained from (a) D16 (b) D40 and (c) Silica sand
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Fig. 6 Influence of mean effective stress to shear wave velocity on D16, D40 and Silica
sand in various confining conditions

Fig. 7 Influence of deviator stress to shear wave velocity on D16, D40 and Silica sand
in various confining conditions
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Fig. 8 Relationship between stress ratio and Vs versus axial strain during compression
test inside loose sand samples of (a) D16 (°c= 80 kPa), (b) D40 (°c= 80 kPa), (c)
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Fig. 9 (a) Stress ratio and shear wave velocity profile plotted against global axial strain
(b) Local strain profile of D16 sample in loose state (= 25 kPa)

Fig. 10 (a) Stress ratio and shear wave velocity profile plotted against global axial
strain (b) Local strain profile of D16 sample in loose state (<= 80 kPa)
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Table 1 Basic physical properties of tested sands

Basic property

D16

D40

Silica

Shape of grain particle

Low to medium
sphericity with

Low to medium
sphericity with

High sphericity
with well rounded

angular shape angular shape shape
Mean size particle, ds, (mm) 1.18 0.465 0.60
Specific gravity, G, 2.69 2.72 2.65
Maximum void ratio, emay 1.06 1.12 0.6
Minimum void ratio, enin 0.713 0.808 0.459

Table 2 Summary of levels of axial strains to attain MVS and MSR

Sand | Density Axial strain to MVS (%) Axial strain to MSR (%) Slope after MVS (m,)
Confining pressure | 25 kPa 50 kPa 80 kPa 25 kPa 50 kPa 80 kPa 25 kPa 50 kPa 80 kPa
D16 Loose 1.32 0.45 0.91 4.86 5.89 5.89 -2.52 -2.02 -2.75

Dense 2.15 0.65 0.88 4.75 5.22 4.40 -3.73 -3.62 -3.77
D40 Loose 0.90 1.36 142 3.61 6.34 6.31 -3.15 -2.84 -3.56
Dense 1.34 1.33 1.12 3.58 4.88 5.22 -4.49 -4.03 -4.58
Silica Loose 0.88 0.44 0.88 3.09 3.99 3.98 -1.61 -2.18 -2.03
Dense 0.44 0.91 0.44 441 4.99 4.00 -2.26 -2.38 -2.58

Confining pressure | 100 kPa | 200 kPa | 300 kPa | 100 kPa | 200 kPa | 300 kPa | 100 kPa | 200 kPa | 300 kPa
*Ping Loose 1.07 1.10 1.55 4.66 6.12 6.31 -3.17 -2.43 -2.33
river Dense 0.93 1.90 1.45 3.18 3.78 421 -3.60 -3.13 -4.10

* Ping river sand taken from the northern part of Thailand, ds; = 0.44 mm, Gs = 2.65, enx = 0.86 and emin = 0.53
(Anongphouth, 2006)
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