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ABSTRACT

The effects of initial soil fabric on behaviors of sand -are investigated by employing
Distinct Element Method (DEM) numerical analysis. lsotropically consolidated drained triaxial
compression loading and extension tests are simulated and the effects of initial soil fabric on
resulting soil behavior are investigated. The numerical analysis results are compared
qualitatively with the published expeﬁmental data and the effects of specimen reconstitution

methods and anisotropy reported in the laboratory studies are systematically explained by its

soil fabric condition.
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algorithm Agnansngmldann Cundall (1988a) 38 Lian et al. (1994) tTudn
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anuduWuslan secant stifiness luvaefigiudsznavlufiems tangent sudanasuvintlas
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@8 increment 984 tangential contact force fazifiadulriivintu Feanwmzuuuiivinlé PFC3D
mmmé"}mmﬂsﬂﬁﬁm‘ﬂdm@mﬂLﬁulfﬁwylﬂlus:wua:mimﬁﬂuLLﬂmmmmaoagmmzwm
MseLiwAIAwIIL e
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NHIILF-MILARaUAINIARUATIZNIN98RMALLY simplified  Hertz-Mindlin  contact

model ‘qugﬂlﬁ'luimamﬁﬁ'aﬁ ANURUAUTIZNINS contact force WAz relative displacement
Wuwouldiduiduass las contact stiffiness Lﬂuwcii*fumaagﬂmamaLsmmﬁma:qmauﬁ’ﬁmaa
'i’aqﬁér“uﬁanyu ez normal contat force ALARTY

Lm‘uaﬁaaaﬁﬁugmmmnmwg’jﬂaa Mindlin & Deresiewicz (1953) lagfi secant normal
contact stiffness K, fienulag

2G~2r )
K, {ﬁJM ............................... (1)

A2 tangent tangential contact stiffness &, fenulas

203rG* (A=) | s
k, = N meesieereenesseesennne e 2)
2-v
lagil f, @8 normal contact force
dy @8  normal contact displacement
G fa average shear modulus maai’mqamé’uﬁ TUNENY
v fa average Poisson’s ratio
2~ .
r fa  average radius

fmsiy fauniusazndn eymea-auma wu digdnsimausnadawszquaaidvasiag
wae fgulag

2r4p?
¥ =m ............................... (38)
G=%(GA +GBY e, (3b)

v=l(v”+v3)

SOV
laefl subscript A uaz B AoaymefiFuriany

gt fduiussznite eyma-tuns du huwsszRnsanduiaguiussdqoisnia
nBmaAnvasvasayMAuignly fe

ball

P e (4a)
G=G"™ e, (4b)
v=1Y" (4c)

WG I normal contact stiffness Tuaunsfi (1) wwndsunuaumsianslag Mindin

& Deresiewicz (1953) U@ tangential contact stiffness luaunsfi (2) wwduaumsstnsdrovas
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sumsfiaualas Bowden & Tabor (1964) lapaums#i (2) inlinunervasanuliduduass
flAa9N tangential contact force

msa"'u‘lnmzwmagmmmﬁm’fmﬁa tangential contact force ﬁmmﬁummnﬁq@ﬁﬁam
T aurinruen coefficient of inter-particle friction angle 17{117@ﬂ‘?’iqmaaagmmﬁﬁmﬁaﬁugmﬁw
2W1aTa9 normal contact force Aauadluauniei (5) amwmsé"u‘l\ﬂngnmwaau'ﬁ'ﬂn 939

o  ar h 2 @ di ;3’ . ot 8/ 1 a
duralunne timestep dfiansdulnaduaniazes tangential contact force azgnuivldivindy

dannfigafisaslw
foms =180 Db s (5)
lap@ f max Aa  maximum allowable tangential contact force
¢,u,min @ minimum inter-particle friction angle of the two contacting entities
fy @a  normal contact force.
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Tuszniemsdfiumsiiameiiiu PEC3D fﬂ:ﬁﬁmmamamﬂ”ﬁmaa}amﬂmaaagmﬂﬁ'aq
luSanasginsananfiegludunisdidldmualuuudiass quautiansganiail du
coordination number, porosity, sliding fraction, stress, WL&% strain rate ﬂ?mmgﬂﬂi\‘ma&l‘ﬁt
PFC3D ttw3enh NINANATIIR" @;mauﬂ“ﬁﬁ'us} L% strain WAz degree of fabric anisotropy
ifugnﬁwmm‘s:mwamﬁmsw:ﬁﬁaﬂwya%;uﬁtﬁﬂmfmmauﬁmﬁm TnsndsluilazaFunode

suy@iguuazmylanassqusudangndnmiifisdasiulannsisud

2.3.1 Coordination number

. . ' a o Q-  as ' -J 3
Coordination number C, winaisAadsvasdmInaduradaniiayma lumsdwan
lag PFC3D  azfansaniawizaymafifidunsasdaglunssnauanata mydmainenduds
guMIh (6) S

S
N
............................... 6
N, (6)

) ﬁ‘hmuma\'iagmaﬁﬁuﬁumanﬁa;}ﬂumanamswi’@

Cy =

lasfi N,

n o dwmedudavatennma o)

r Sp

WINDIMQIYARNHALNYAIzYNILFBIATILALTARzgNRLATIREY (fdaymavedsaa
FUHROIUANNIINANATINIR)

2.3.2 Porosity lLaz void ratio

Porosity n fignudiflasandiusznindiinatvestesinslunisnavansiadalsuiases
NTINANATIVIA AUFASIUINANTA (7)
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n= I/’voia’ - Psphere - Vba!,’ - 1 _ Vbail (7)
Vsphere Vsphere V:s‘phere
lagfl V., #8  UFneszesnsinauasiaia
w A8 USuessastesilunisnanesiaia
w08 USinesteseymafiagludinananaia dwinaisumsi (8)
Vit =DV ~Voran e (8)
N
lagfl N,  fo  $wimeymefideanunsinayenaia
v, @8 dlnaneteuma p laglunsinaneyiaia
=y

Voo 78 UTanasvaseumenvivdauiunaglunsinavasiaia
U o A’ L 2= = ) ) dl Q- v
mnmwﬁpwlum‘smmmuvlmwmsmmsmmmaa’m (vl,mﬁmmg,mﬂ) AAANUNTINRY
maﬁﬁ’ﬂLLa:ﬂ‘%mmmadm‘g,mﬂﬁﬁ'wﬁaun”uﬁt,ﬁmm normal contact force LWa IR

WBFINIDFRUIPN porosity WEIRENINNIDFUITE void ratio e WMINFUMIN (9)

2.3.3 Stress

Stress tuiTuruns continuum @”d‘tfm:‘lajﬁagﬁa‘luﬁ;ﬂ'l@ Gj'l,ung;maqagmmwmxmju
maaagmmﬂu discrete  lwwuudaaduuy discrete azfien inter-particle contact forces Uax
displacements Lmwfﬁw:Lﬁuﬂszimﬁﬂunnsﬁnwﬂwqﬁﬂismmaﬁaq‘lmm.um;amﬂ dunarft
a:ﬁaﬁgnLLﬂadlﬁag}lugﬂmawmﬂmmﬂLﬁaa:L%auIﬂqﬁ'uLtuuﬁnaaq coninuum  nTladng
é’aagﬂ@i’%ﬁumﬂﬁaL%;au'[yo'szmwwmmgamﬂua:mmammﬂ

fuafY stress tensor o wil3anas v maﬁa@;ﬁfu’imﬁzﬁmmn inter-particle contact

%/ i A o /A as q’n
forces laglTaansfi (10) (Christoffersen et al., 1981) lagfinnssiurslulasemsiseifarson
11 compressive stress HutDUUIN

oy, =%; 2 xf, e, (10)
Tagt N, o Swnadudalulianas v
. X; da  location vector maaa;@\é'uﬂwa
A @0 contact force

azhﬂiﬁmm}’aﬁmmzjlamnlummﬂaNaLﬁa’L'ﬁaumi'ﬁ (10) ﬁ'umg,mﬂﬁagluﬁ?mmmaa
nnaueia lildsunsy PFC3D ﬁua:ﬁmsmagmﬂﬁﬁvﬁumaU@Tag;'lumonammmi’ﬂ‘lu
MIAUIN average stress tensor lunﬁiﬁa:ﬁmimﬂ%mmmaqagmﬂﬁgnﬁa‘lﬂmnms
fansoniiez1san correction factor e’ﬁdwfuagﬁu void ratio  @9mwanBoamyRansonduudi
namaglugialisunsy PFC3D (tasca, 1999) |
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2.3.4 Strain

Strain fugnﬁﬁmmﬁaﬂw‘vﬁuﬁitﬁymﬁmLaas“mﬁflmmmmnmsmﬁauﬁmaaﬁmm
YLLUA 6 é’w‘ﬁa‘[ﬁlﬂmaummamﬁaﬂﬁaﬁugﬂﬁmﬁw 1@8WaNTUY compressive  strain &
wSaswanaduuan |

2.3.5 Degree of fabric anisotropy
Fabric tensor in‘ﬁﬁaafi’maﬁ'ﬂwmwaamm‘”ﬂﬁmﬁwaaagmﬂmanau a1y Oda

(1982) %W second-order fabric tensor F; maamjmaomg,mﬂmaﬂaathﬂ“ummmﬁmMIM
qunIA (1)

F={nnEmde (11)
Q
Iﬂﬂ‘ﬁ n Ao contact normal lufieny i-direction
E(n) aa contact normal distribution function (spatial probability density function of
n)
(2 @&s  unit sphere

df2 fia  elementary solid angle fauaaslugUf 2
P ~ = A o A
aumsn (12) mansadsuludngiuuunisdausasluaunsf (12)

2rx

Fo=[[nn,E@.psingdydf (12)
0¢G

lapfigy yusz [ imuadiuaasluglfi 2
9 u

lunsdvasamw cross-anisotropic fabric lagfflunuanunasids 3-axis m&l‘gﬂﬁ 2 "
Witu E(% ) sansouaealdans Fourier series luaunnsfi (13) (Chang et al., 1989) lagf
A P 4 ' o
sumsfl (14) Seuanes E(7+) = £()) wazldduegnuyn

_3(1+acosy)
E(}/,ﬂ)———————4ﬁ(3_a) ............................... (

Iﬂﬂﬁ a fia degree of fabric anisotropy (-1 < a < 1)

ANENNTIA (13) mﬁu’jﬂﬂ'ﬁ{m’?ma%mﬂmadﬁufumu'ﬁnmmﬁ'w parameter @3LAH7
fa a Watu contact normal distribution functions anufuaaslwaINNTA (13) MIVFN a A9 la
gnuam"li‘lugﬂﬁ 3 Geemdwingedt a>0 i contact normal maan@;uagmﬂammuuu’lu
I (3-directon) lumnueiiiadn a<0 11 contact normal voInduayMInIznIuikluLwIuan
(1- and 2-directions) .

aunusunsd (13) adlugumsfi (12) uasvmsduiitnimfes e fabric tensor F,; GOURAY
Tusgunsf (14)  imswsniuldaniwoss fabric tensor 1wn3d cross-anisotrapic fabric
condition fuaﬂuﬁsnua’mﬁ’m parameter flden Ao a
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[ 3a-5
5(a-3)
3a-5
S(a-3)
—G+a)|
L 5(a-3) |

Twros @ g1 I v Tie ey DEM ﬁ?uiay)amaa contact normal distribution 137130

L% Vv o ' . & k2 :=i A
“\,@mmn"nagamsmmmimmma:m fabric tensor MUNTOAATIZA LeANANMTA (15) Forilu
limited form YaIUNIN (12)

1 |
F, =E%nlnj ............................... (15)

Tl N, ﬁaﬁ‘i"smwnaaq@é’wﬁmzmwaummﬂﬁfu

WlavhnsiSauifinud fabric tensor fldarnnisAwIms DEM lagasssnaumin (15)
AUAUNTT analytical 'mmaumsﬁ (14) flaz@nnmen degree of fabric anisotropy a ﬁLﬁ@*’ffu
senirnsienet DEM (laolulassniyisediasldeniadoves a :nvia 3 unw) @1 degree of
fabric anisotropy a ffwialasliweruiiidoudimanias  nnsieeernuin contact
normals distribution 9NNNSAATIEH DEM @39nufilaann analytical solution luaunnsfi (14) 4
mmJ‘%'zmLﬁﬁnﬁ“’l@i’u,amvl,ﬂugﬂﬁ 4  lwms3sufien degree of fabric anisotropy a WATMNS
LﬂﬁﬂuLLﬂaemaaﬁ'm:lﬁﬂuqmawu“@ﬁ sfnsnnsalldveseymeadulusnzedg

ad o A = I
24 JBduBumaianzv
lassmyddaildvinnmsdaasniinamey isotropically consolidated undrained triaxial

compression loading Waz extension unloading nfcjmlaoagmﬂmum"lmﬁ'ﬁuﬁmﬁqagj‘luﬁmwo
vapwagUgnindniugnlfunudiednedu dgusuifivesnguuasaunadlfuaadliluased

o A A @ 4 i Ao ) o { e
1 ﬂ’]iﬂ’\%’lmmaaﬂl’ﬁﬂqu"ﬂE]«iE]’ti)n'lﬂ‘ﬂ&lﬁ]’l%’mm}n’mﬂaw}ﬂ{)&lﬁﬂ (3500-3800 a‘t&nﬁﬂ) Lﬁﬂn’lﬂu

AUrUIAUa962881981 fn shear modulus WAz Poisson’s ratio maoagmaﬁlﬁéwi”u simplified
Hertz-Mindiin contact model ttulgenuas glass bead auilitlilas cundal (1988b) fAANMY
wml,uiwuaaagmmfu‘lﬁlﬁ'lﬁ'udﬂﬂaﬁ"'svlﬂmaa@‘i% (Lambe & Whitman, 1979) &W3Uf inter-
particle friction angles 7ildiiHasleng auﬂ’”mguﬁatﬁﬂun”m 84 glass bead (¢, 184 glass bead =
15°%) gz liiamyiianed DEM assduanuduasiussiadstaunnnii wanathazdly
wnzaymedlslumaiiemest DEM unsanaarliimanfmTenyuieniiluanindueis
Fadtasld inter-particle friction angle fixnnnIRaTALTEEINL |

MINARAY triaxial test a:gm"maa@hsm'mﬂﬁauﬁmmﬁmwwamﬂm 6 au lagaziadaud
4 strain-rate fiWUATINILY strain-controlled condition W38N stress AAAUARIY servo-




P a a A& as L
unn 2 n'lf)")&ﬂ?’liﬁ?’n\?ﬂmﬂﬂ7ﬂ@'ﬂtﬂﬂ@ﬁ@daﬂlﬂuﬂ )

g * ree a fﬂ? A =
control &1 stress-controlled condition LLa:‘lun"mLﬂﬁwuvmwmimme@,dan Taglu

wtess LUz bunoudaztuaanlunisiesz DEM
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@T’Jazmﬁugﬂm%aui@zm’m.@umgmﬂmm@Lé‘n‘luﬁ‘hmuﬁ%ﬁwmmvlfmahaalwﬁaa'ngﬂ
g}ﬂmﬁnﬂ'auﬁ]:mmwm@maaagmmfulmﬂﬂﬂmmﬁﬁaam’nﬁa'lﬁ“l,éf void ratio eNNABINNT
agmﬂﬁifﬂ:ﬁmwmhhmﬁu MIESHNTIB:NIREIT radius-expansion fifiTe leidsaundinas
3sulasnsususunsauwaielile void ratio figaInT fe 35 radius-expansion 3zl
da8n97 isotropic  UaT uniform  WNNNIN lfLaaﬂ'Luﬂ’liﬁﬂu’amﬁﬂaﬂnd"nﬁa‘lﬁ’mﬁq’ama:amla
wazInIIwaLANvaIaatnalile (itasca, 1999) 3ﬂmaaﬂﬁjum§mﬂﬁlﬁmu@ﬁarjwﬁwéﬁmn
mMaasuulandf radius expansion method Vlﬁ'uam‘l’i’lu;sﬂﬁ 5

2.4.2 ﬂ155ﬂanﬂWL§N§l’%Iﬂﬂi preshearing

WRINTWADUNTLATD A2 DI @1atn49zYn isotropically consolidated  nuld
confining stress YNl 1 MPa w1989 confining stress ‘ﬁl 1 MPa ﬁLﬂuﬁhamﬁLLa:‘hﬂﬁ@{ﬂﬁ]ﬁ
arlSeufeunudnldimiuaues

’lunﬁﬁaza%qmﬁm?m@Twaamgmmwuma Een UN46288199200 undrained
preshearing i8¢ isotropically reconsolidated ﬂé’n‘lﬂﬁ p=1 MPa 1a# undrained preshearing ‘ﬁ:%: ,
nazvinlufien compression %3a extension 37 preshearing feslatfaaslienadradinssaisos

(%

2wasauMAads indmitnmadlaulunends dretafign preshearing lufian compression

IATIAIVAIBYMAULY isotropic (a0)

¢ void ratio V8IAIBENITAWNNT preshearing ﬁ"ugﬂﬂfﬂﬂﬂmi trial&error ABlAAT void
ratio ®&IN"3 preshearing/reconsolidation ﬁﬁmﬁﬁu’tunnéﬁaﬂnvﬁﬁgn preshearing lufifieng g
uwazlaign preshearing aiiuen void ratios mamnéﬁashaﬂ'aumnﬁamguqmﬁﬁm:ﬁ@i'mhﬁu
nuA

L4
243 MIRandnganiy
rafigadlatinagnuld isotropic confining stress Laei uazil void ratio iAuuddl
msdaiesdlvasayma liniionii rnLiewiugaNBLUL monotonic drained shearing 114

lunuy compression loading Uas extension unloading  we@nTsuvasalairslugdrefiinaini
suladmillasini3sel uas namIneaaszuaasLaz e luiaTadalyl
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winsmgimndeudatudronmsuduiunsudennaui lildidunmsdraasmmaseu

triaxial ag19ur939 iwszlunInaray triaxial WRVBLLVANIIGIUTIIRE flexible  Lilavand
A v L, Ve o . A o

rubber membrane G414 rigid ag1efisrasdlunuudtanles DEM nisssssunufivhlas DEM

tuer iy alidand19iia shear band waz bifurcation  agiumnAnssudldannisdines
DEM #2393 W15 311l element behavior

2.5  UABAIIANLBBNITNAADI
Lmumﬁmsq:ﬂ“lﬁgnaammuw‘jaﬁﬂmwammwm initial anisotropic soil fabric uazN17
Wanmamasiuszninamadenuuurzinegd Tasseazidoavasununidnivnimenasle
waas Hluensafi 2 Iwudazdiwinenasnaduizl  void ratio whnuuazagneld isotropic
consolidation stress L&Y WAL initial soil fabric @mﬂ”ummfngmﬁ’,aumguq@ﬁw AN
@T’sazhm”wiavlﬂﬁ"lﬁgm‘haa-&
- §nwm:ﬂﬂiLﬁauLLUUdﬁdﬂ (compression/extension)

- flanNNSLasueaNg 9 (vertical/horizontal)
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@159N 1 qoauansi@ens 9lun1sdiasied DEM

Nurnber of particles

Loose specimen: approx. 3500

Dense specimen: approx. 3900

Radius of particle

Normal distribution at mean radius of 4 cm

(max. radius = 5 cm and min. radius = 3 cm)

Initial specimen size

12X12X12 m°

Initial void ratio

Loose specimen: 0.73

Dense specimen: 0.58

Particle density

2700 kg/m’

Inter-particle friction angle

45°

Particle-wall friction angle

0° {smooth wall)

Contact model

Simplified Hertz-Mindlin

Particle shear modulus

29 X 10° N/m’

Particle Poisson’s ratio

0.2
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A15191 2 LHUNTNARDY

Test number | Initial degree of Initial void Nominal isotropic Mode of Direction of Drainage
fabric ratio, e, confining stress, shearing shearing condition
anisotropy, a, p,’ (MPa)
D-DVC1 -0.01 0.59 1 ' Compression Vertical Drained
D-DVE1 -0.01 0.59 1 ' Extension Vertical Drained
D-DHCH1 -0.01 0.59 1 Compression Horizontal Drained
D-DVC2 0.12 0.57 1 ' Compression Vertical Drained
D-DVE2 0.12 0.57 1 ' Extension Vertical Drained
D-DHC2 0.12 0.57 1 ' Compression Horizontal Drained
D-DVC3 -0.13 | 0.59 1 Compression Vertical Drained
D-DVE3 -0.13 | 0.59 1 Extension Vertical Drained
D-DHC3 -0.13 0.58 1 Compression Horizontal Drained
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scle + wall positions ang sey
82 patt® : O Contacys
o .

Law of Motion Force-Displacement Law
(applied to each particle) {applied to each contact)
= resultant force + moment « relative motion

« constitutive law

W

JUN 1 ameumsiwanlumsiienediiuy DEM (tasca, 1999)

dQ = sinydydf

Unit Sphere Q

5112 Elementary solid angle
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L——DEM analysts e Angiytical approximation l e DEM anialysis — wwmwes Analylical approximation |

Vertical section Horizontal section

iafiuganimases (a = 0.39)

suU4  WSpuifiey contact normals distribution 31NM33LeT1zW DEM  Waza1n analytical

approximation

ns  dedwlunmiiansd DEM nasnnnisiassudladnadaedd radius-expansion.

(ddugasriuwszauiue)
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) . b
unf 3 waanssumalanmsiRewuuuseungsii

TuNAALURAINANITILATIEHE DEM  AYIN1INaaal monotonic  drained  triaxial

corapression LAz extension shearing

3.1 HanIznudel initial soil fabric

NRNIZNUVDI initial degree of fabric anisotropy a, @8 undrained behavior fu'léﬁmmvl,ﬂu
gﬂ‘ﬁ 6 @a9z1iuin drained behavior 2896288 IfT initial soil fabric AnEIzaNs gidariuLIN
Aathdasnsianuaazs void ratio ﬁm’ﬁuuaxagmvlﬁ isotropic stress state it §wiu
MINARBULUL drained compression shearing (61 ¢ Lﬁ%‘ﬂ’m) fuﬂv’saﬂ’mﬁgﬂ preshearing Wil
compression mode (a,>0) AAWOANTIV dilative 3 NTIUAT stiffness fnnin T
?Tsazi'mﬁgn preshearing Ul extension mode (a,<0) dnwnAnTIY contractive u AN uasd
stiffness fiiaonin el lsfiauwnAnssuwasdladud1 gasaniui SIS UM INage UL
drained extension shearing (1 g Lﬂua‘u) Imﬁéﬁaﬂwﬁgﬂ preshearing WYY extension mode
(a,<0) AANRANTIY dilative 1 nniuazd stiffness Aynni lummzﬁéﬁadnﬁgn preshearing
WUU compression mode (a>0) xfiWn@AnIIN contractive nnFuadl stiffness Titasnin
ém‘?um"’mshaﬁhign preshearing wIa@1atnd isotropic  (a,~0)  zdnnAnITnegizning
WOANTINLBIA8EN3 anisotropic YIFEILUL

3.2 Anisotropy

Mai19u9aIaidazgnidlauiuy drained  compression  shearing aluuurdouasln
LLmuauLﬁaﬁnmqmauﬁ’ﬁ anisotropic characteristics WaNIIAATIZW DEM "l@TLLaﬂa’Lugﬂﬁ 7
(@,0), 8 (a,>0), Uaz 9 (a,<0) FWTUAIBLINT isotropic fabric (a,~0) ANnANIININMT
wanluumnfuszumnaniindautudsfimaunsaeanialasmi isotropic material (gﬂﬁ 7)
§MIUeaE197T anisotropic-fabric  WUUT contact normal wwuswlwumAG (a,>0) sinazd
wodnsruvasnaianluuuidefifl stifness snndn, strength ¥ANT, uae dilative 3NART
@i”qashaﬁglmﬁauluumuau (gﬂﬂ" 8) Tumenauriuaatnafidl anisotropic-fabric UWULT contact
normal BinLklliLUINGY (a,<0) dnezdnganssuuesmsidenluuuinawiis stifiness annna,
strength AN, wae dilative mnndﬂﬁ"aazi’mﬁgmﬁauluumﬁq (gﬂ'ﬁ 9)

faudazlidnansiianed DEM & msUn138euuuy drained extension WafiIazaa
I¢madiidihendwldlumeassdhutiues drained compression

ﬂmmmmoi‘fdwm degree of fabric anisotropy hMignunsadiuwitldadiimfingn
muﬁ'sﬁmfwﬁazi'mﬁgmﬁau‘lml,muau WWTz31 contact normal TasRasgnIfiaawluuwIna

"l;it,ﬂu‘lﬂ@nuamﬁgmmm cross-anisotropic fabric AMURUNSA (13) L&D
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5 F3
1 i T
a0 = -0.01 (D-DVC1, D-DVEL) a0 =-0.01
. P ~mmme 0 = 0.12 (D-DVC2, D-DVE2) e =012 ) e
A [~ =.0,13 Y P T
) ;j" é ----- a0 =-0.13 (D-DVE3, D-DVED) i ST A ‘N
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1 L. J
8 2 |/
T 4 = 1
: : /
o a (b)
0 .
f 4 k] R R j 4
(a) A=
N BN S S e s .
4 S P
Mean effective stress, p' (MPa) Axial strain, &, (%)
.- T .M
{ ] ) | 20 =-8.01
o | -m‘: ao i 0.12 040 = o i T Ao
e a oy 80=-0.13 et R
£ 3 2 e \ o 4 L) / o
' r = ol 7L
55 i a2 204 ~
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a 2 AN S 3 4 ”»
N N2 et A
R e
a0 =0.01 ) N2 e R
2.5 o NV alh PPN 4 aca _
a0=0.12 e . i d
------ a0=-0.13 (c) |( )
086

Axial strain, &, (%) Axial strain, &, (%)

U6 wanszNUva initial soil fabric sewpdnssunaldmudanuuuszingin: @) Stress

path, (b) Stress-strain curve, (c) Volumetric strain, (d) Degree of fabric anisotropy
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Length to width ratio = 1.45
D, = 68%

Dry pluviation +

plunging

Long axes concentrate in the vertical direction

Contact normals distribute randomly

Sand type Sand characteristics Specimen Microscopic characteristics References
reconstitution
Uniform sand Dry pluviation + Long axes concentrate in the horizontal direction
Rounded to subrounded tapping Contact normals concentrate in vertical direction
Sand C particle Oda (19723, b)

Crushed Basalt

Silty fine sand
Length to width ratio = 1.64
D, =62, 90%

Dynamic compaction
(tapping) (D, = 80%)

Long axes distribute randomly

Static compaction
(slow loading) (D, =
90%)

Long axes distribution showed a weak bimodal preferred orientation at nearly 45°

from horizontal

Dry pluviation (D, =
62%)

Long axes concentrate in the horizontal direction

Mahmood & Mitchell
(1974)

Monterey #0 Sand

Uniform medium sand
Rounded and somewhat
elongate particle

Length to width ratio = 1.39
D = 53 to 106%

Dry pluviation
D, = 53%, 106%

Long axes distribute randomly for both loose and dense specimen

Vertical vibratory
compaction
D, = 97%, 104%

Long axes distribute randomly when the vibration is shorter than required to attain
D, = 100% but long axes concentrate in the direction of 40° from horizontal when

the vibration is longer than required to attain D, = 100%.

Mahmood et al. (1976)

Monterey #0 Sand

Uniform medium sand
Rounded to sub-rounded
particle

Length to width ratio = 1.40
D, = 50%

Moist tamping

Highest contact normals distribution in vertical direction

Nonuniform density distribution (by X-ray analysis)

Dry vibration Intermediate contact normals distribution in vertical direction
Relatively uniform density distribution (by X-ray analysis)
Dry pluviation Lowest contact normals distribution in vertical direction

Relatively uniform density distribution (by X-ray analysis)

Mulilis et al. (1977)
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Sand type Sand characteristics Specimen Microscopic characteristics References
4 reconstitution
Toyoura Sand | - D, = 0.18 mm Long axes concentrate in horizontal direction
- D =80% Dry pluviation by Miura & Toki
Ishikari Sand | - Dy, = 0.26 mm MSP* method Long axes concentrate in the direction of 45° from horizontal (1984)
- D, =85%
Ottawa Sand, |-~ D, = 0.4 mm Water pluviation Uniform density distribution (by comparing the void ratio of horizontal Vaid & Negussey
ASTM C-109 | - D, = 35%, 80% slices of solidified sample by gelatin technique) (1988)

Detroit River
Sand

Angular to sub-rounded
particle

Length to width ratio =
2.0 '

D, =50%

Moist tamping

Highest contact normals distribution in horizontal direction

Dry vibration

(horizontally)

intermediate contact normals distribution in horizontal direction

Dry pluviation

Contact normal distributes randomty

Ibrahim & Kagawa

(1991)

Uniform medium

Fraser River grained Moist tamping Nonuniform density distribution (by comparing the void ratio of
Sand - D, = 0.3 mm horizontal slices of solidified sample by gelatin technique)
- D =17%

Vaid et al. (1999)

* MSP = Multi-Sieve Pluviation
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Sand type Sand characteristics TX* type Sand reconstitution Strength and stiffness characteristics References
Uniform sand Dry pluviation + - Higher stiffness
Rounded to subrounded tapping - More dilative
Sand C particle CIDC** Oda (1972b)
Length to width ratio = 1.45 p,' = 50kPa Dry pluviation + - Lower stiffness

D, = 68%

plunging

- More contractive

Sand with trace of

siit

SP-SM
D, = 60-80%

Undrained cyclic TX

Moist tamping & moist

vibration

- Higher cyclic stress ratio

Dry tamping & dry

- Lower cyclic stress ratio

Ladd (1974, 1977)

Monterey #0 Sand

Uniform sand
Sub-rounded particle
D, =60%

Undrained cyclic TX
p,’ = 100 kPa

Silver et al. (1976)

Monterey #0 Sand

Uniform medium sand
Rounded to sub-rounded
particle

Length to width ratio = 1.40
D, =50%

Undrained cyclic TX
p,’ = 55 kPa

vibration
Moist tamping - Higher cyclic stress ratio
Dry tamping - Lower cyclic stress ratio
Moist tamping - Highest cydlic stress ratio
Dry vibration - Intermediate cyclic stress ratio

Dry pluviation

- Lowest cyclic stress ratio

Mulilis et al. (1977)

Angular to sub-rounded Undrained cyclic Moist tamping - Higher cyclic stress raiio
Detroit River Sand particle torsional simple shear Ibrahim & Kagawa
Length to width ratio = 2.0 on hallow cylinder Dry pluviation - Lower cyclic stress ratio (1991)
D, =50% specimen
O, =57 kPa
Nevada #1Zd e = 0.80 Cluc Moist tamping - More dilative Zlatovic & [shihara
Sand D, =23% p,' = 300 kPa (1997)
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Sand type Sand characteristics TX type Sand reconstitution Strength and stiffness characteristics References
Masado soil - Well draded decomposed cluc Moist tamping - Higher stiffness Tsukamoto et al.
granite p,' = 100, 200 kPa - More dilative (1998)
- Gravel content = 55% . Water pluviation - Lower stiffness
- e=0.345, 0.360 - More contractive
- D, =44, 50% (exclude gravel)
cluc Moist tamping - Higher stiffness
D =51% and 91% - More dilative
- SP p,’ = 200 kPa Dry pluviation - Lower stiffness
HK marine sand | - Silica sand , - More contractive Lee et al. (1999)
- Subangular to subrounded Undrained cyclic TX (D, = Moist tamping - Higher cyclic stress ratio
particle 46-100%), p,’ = 150 kPa Dry pluviation - Lower cyclic stress ratio
CluC Moist tamping - Lower steady-state strength
p,' = 100 kPa - More contractive
. - Uniform medium-grained D =44% Water pluviation - Higher steady-state strength
Fraser River Sand | - D,,= 0.3 mm - More dilative
Undrained simple shear Dry pluviation - Lower steady-state strength
G, = 100 kPa , - More contractive Vaid et al. (1999)
D, = 32% Water pluviation - Higher steady-state strength
' - More dilative
Undrained simple shear Moist tamping - Lowest steady-state strength
- Uniform medium grained sand O’ = 200 kPa - Most contractive
Syncrude Sand - D,=02mm D, = 44% Dry pluviation - Intermediate steady-state strength
- Intermediate between contractive and dilative
Water pluviation - Higher steady-state strength
- Most dilative

—

* TX = triaxial test, ** CIDC = |sotropically Consolidated Drained Compression, *** CIUC = Isotropically Consolidated Undrained Compression
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Sample reconstitution methods

Coﬁtact normals distribution

Mechanical behaviors

Moist tamping

Highest concentrate in the vertical

direction

Highest stiffness and strength

Most dilative

Dry pluviation with dynamic

Intermediate concentrate in the

Intermediate stiffness and strength

compaction vertical direction ; -
P Intermediate dilative
Dry pluviation Lowest concentrate in the vertical Lowest stiffness and strength
direction -
Least dilative
(most contractive)
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WORANTIIN stress-strain maaé‘m‘tuamwnmﬂﬁw‘lﬁgnﬁnmiﬂﬂmﬁmﬁ:vf DEM lagnns
NRBINVTNAFDU isotropically consalidated triaxial compression loading and extension unloading
waz Ynmsfnwnansznuresmsiasuisandadudennanssunasduidina le

HANNALATIEY DEM  URAII&NTW initial soil fabric finaniznuagaannaang@nssy
moldmsdanuuuszinasinlugg intermediate-strain ﬁ'ﬂﬁaaﬂﬂagﬂtﬁau‘luﬁﬂmaﬁﬁ contact
normal  WuWky @rat19azd stiffness 1NN, strength  INNATN, Uazdwg@nssy dilative
nni lumané’uﬁ’uﬁﬁéﬁasmgﬂLﬁama‘iau‘luﬁﬂmﬁuﬁmmaﬁauﬂu@‘mr’fuﬁm NANIZNY
maﬁﬁmim%’ﬁmﬁazmﬁummmaﬁmﬂvl,é’fazhuﬂugﬂﬁsmﬁaﬁﬂ'nmwm@mmaa initial  soil
fabric MMNKAMIIATIEH DEM

WHANITY anisotropic VEINTIBATE b6l isotropic stress condition mfumw’nmaﬁmslvlﬁafha
Wugdsisuiufiaamnaniw anisotropic soil fabric IMNWANITIAIIEH DEM fwsuaragnafidl
contact normal ﬁu’lLLﬂu‘LuLLWJfﬁld (a,>0) Lf;agﬂﬂﬂlmmﬁﬁld’ﬂ:ﬁ stiffnress  1ANIN, strength
NN, uasling@nTsu dilative mnni'uﬁagnnﬂ‘l,mt,umau Tunensunudmsuaaesengd
contact normal RWILULTHLRINO (a,<0) LfiagﬂﬂﬁluLLuduauﬂzﬁ stiffness YNNI, strength
1NN, uazling@nisu dilative mﬂﬂ'jufiagnnﬂlmmﬁa WE@ANTIY anisotropic IMNHANTT
Az DEM lunsdiuas a >0 (contact normal wwuwiwluuma@iv) Ikaadofnanismansslu
wasdfiidnsdniudaatnefiiaSoudeds air pluviation, water pluviation, wazelagINTILA
AN
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