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Fig. 1. Grain size distribution curve of studied sands
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Table 1. Physical properties of studied sands
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Fig. 3. Schematic view of used cyclic triaxial set, unsaturated triaxial chamber and pressure supply
and transmission panel
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Table 2. Program of performed tests
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Fig. 4. Stress-strain behavior of #161 sand under cycling loading with CSR of 0.22 and 100 kPa con-
fining pressure
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Fig. 6. Stress-strain behavior of D11 sand under cycling loading with CSR of 0.22 and 100 kPa confin-
ing pressure
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Table 3. Initial and final charactristics of unsaturated specimens

Sl &y adgleldlazye (kPa) ik AViig o Sl gledl az e
okl s (/) (Sri) (cc) ! () (Sriiq)

7-f - \iig ol Niats 95/)

awls

-y o) A o/f AIYA <IN Qe /s
yY-Y £ N YOIFY AIBVA 84/
YA-\E q VIO oI5y IVE0 agy
Y1-14 T:L: A MY /%) Yy q./8
YE-vY i £/a YANS -[OYY Y
Ye-YA q -IA AT SIVAE 8/
TY-YY ]‘;L; A Al a/- & - IEAY AAIA
TEYTE i YY YENY - 1BYY AAIY

i VOV o ], S5lg, Caoglio Liol58l o gl asyd 3l p3g yatiy
Wged 50 o 2] LiSe g i Gl |y D1 9 WYY awle &
Wasle )53 &) Cumsd o pogasio o (39 ik > 4 VP) aule
=8 ol

Sl (alSlgy Cunglie (al3El 5 A JSS 4 a2 L rinen
@ Ve jlekdl e el (Jle plgis 4o ol gLl ax )
sials g s e Gl ZVEVS 1Y awle o) Sl Caaglie A
Caoglio (o3 VAT Lialjl el s ZF e a Av 5l gluil sy i
Bl S (392 39850 3 (lgion |y H18) cal e 9o (]S,
@ atuly 45,5 by S ol ¢ cdiie O o xaw S 4
3 eobil dtwg Culius oS sl sl e ol dtwg Colius
I3 53 sl a3 Gials b gt e ol Loy ol glidl Sl
b 2ol o8 Glagldl a2 3 (2l)Slg) Cuoglie 5 1S

Slagtns gledlye awle 2], Silg) Cenglio (al33l S o bl
g s piieS1p bl Bl ) Sl plin 4 (ghoyis O JLid 0
Gy 1y o5 by (VY] Bgms 5 1yels'g) chsly o wiges J515 55 (lojio
Bl gy dasd )3 diges o i S &S o (15,5 Jouiliy
53,5 &) bl o S ygame LA 4y (gloyis (lon Lt

vire

CC 5 YANF YOIFY w4 D11 537V 02 (slaasls (AV )
& o o cpl lade iy slndb b sladwle (o il o YE/VY
$aS BN gy 15 1 3 B S 39y ity
Olise 9 yieS 3535 b 505 (gaw bl o aibdiudy sladwle |
yoS ol ey i AYY awle 4 cans DIT anlo > 8L 250
dole slaaily o YU SBlol g o 1y Hkd, ol cle wsb o

23,5 5o WY awle b awslio ,» D11

Sy Cuaglio y gludl e )> 5L ¥ ¥
i Mlie > (CSR) Slow (i85 Capmd Ol A S5
layd 3 adlas 3j50 glaawle 1) (2, g585 oS
Dgd oo odnlio A IS5 )0 oS jobled iz o lis calisee gl
cel bl a3 jials ol CSR s wdllas 3590 (sladwle S
hSlsy Coslie (ol 4 5 5 Sl £58y sla S Sl 2ul38)
awlo 31yt VPV awle )> yil3dl pl &5 g 258 0 45505 (CRR,)
oanlio & JS5 )3 45 jsblen ¢ e lyis 4 ilge D11 511
AP awls (ol ySilyy Conglio 0+ 4y Voo ) gl asys ialS g o
ade s o ilidl ZEVIY o VEIA QFIY s 4 dy DIT 5 WYY



0.8 0.6
0.7 * 0.5 i o
06  TEST=100% ||| A . il
%0.5 ~ —a—Sr=80% N 2
7] o 7 - ° AN
+ =
Co4  —e—Sr=40% N &,y  THSr=100%
——Sr=90%
0.3 ~m— [ 02 - —A—Sr=80% e
0.2 A ——Sr=40% 7
0 1 0.1 1 1 I B A 1
: 1 10 100
1 10 100
2 15Klg) g S Sl N9y sl S sl
0.6
(@
0.5 b‘#
"
Q\‘_ﬁx
0.4 e
~
wn
&}
0.3 —m—Sr=100% =1
——Sr=90% .
0.2
——Sr =80%
0.1 ——Sr=40%
1 10 100

s1%lg;y o S Slani
b Sl (6,18, i oo gl Sl 3 L DI () 5 IFY () AT (1) Auwlo ol il (gUSopms Bluke €y A JSd
cilizee sl CSR

Fig. 8. The effect of degree of saturation on variation of number of liquefaction cycles under different CSR for
(a) 161, (b) 131 and (c¢) D11 Firoozkooh sand

CRR,,
>
'S

‘/ —— 5y o
02 ) el |
0.1 ——DI1 anle |
0 I
100 80 60 40 20 0

(1) gLl az 50

Elisro sl Ol ya b asdllae > awb (CRR20 1,5505 y Croglio sl gy .Q 5
&L > b 199 S 215909y o9 oS

Fig. 9. Variation of liquefaction resistance (CRR20) of studied sands with different degree of saturation

Y



YEY - U YEYY aoao AF ) Jlo &Y o)led O 093 (oS puol ()] yos (cwdine 4l

3.5
3
<
2.5 A
|
o oool:| g O
o 5 - O A N O Wang et al. [23]
5 DOO d A ° OOkamura & Soga [22]
15 E&Ilj EA hd X Yasuda et al. [29]
oy & OHuang et al. [30]
1. AYoshimi et al. [31]
B This study (161 sand)
0.5 A This study (131 sand)
@ This study (D11 sand)
0 L
0 1 2 3 4 5 6
£, (%)

oS (i S il gl 42 (LRR) 215Ky Caoglio Comd Ol s Lo IS0

Fig. 10. Variation of liquefaction resistance ratio (LRR) versus volumetric strain potential

3l e ol 5o adllas

G5 4 =0
Cuoglie  gluil a2yd 9 )3 o5l 31 (g o polate @ Budos ) 5

e 4w slagilefl I (dlasgars (slnle slass 1Sl
b s duols 95 dus g9y 52 odds oS Mol el 5 Sl
&2 ol ) 15 ol £l 5 £ludl b g3 45 aliska slagsials
Al g5 g 4 S ol o el Cund

gy dule 3 (gloyis T JLib (al3al g S gl s > @
WY albcud pd sladwls &y Cond (6 5CEIGSS Ciygo 4 055 598 V5
oSS 5 geusyd sladwle 3 &SS90 4 widl o Wl D11
&5 bl slUSew 3 g GRIBl oS 5 L loyis T HLis 4yl
e ol sllas Mo LB jobo 4y glojis Ol Lts 2l

Conglie lpsd 1> ol & W5 (€ ) il (y S5 s @
JHBS s 39 i > 4 WY awle o5 g5k 4 )1y (2], ST,

b e gladl clls oy L] Slyy Coglie (o ieS sl glaily

yary

'
* 0

— c

& =

e
1-S,)—
p0+0’c( r)l—i-e (")

o g agl gloyis (lom JLtd jade s 4 @ 5 Py ol 2 &S

4 dlpe Jhe oS ppame (15 G7 gk Jlash Sl 8 wiges S5l

05 ity polie ALBIS lisios | xios ol gl dunlio glaie

¥ by b (LRR) ]Sl conglie cod 5 ¥ alatly 3l (oo
Lol 00 45])‘ AR JS») » 9 c\,«.wl?u

CRR
LRR — CRRQO(unsat) (\c)
20(sat )

ey d,..rou Q,‘{\ C"l‘" ‘_\.leL;o d oo Ve JS.“) 59 oS 439?0‘.@.&
J.;lyuogl.duwu@bbD119\Y'\ mbdl){o.\niwaq@,w

3y50 sadwle slaasbads,d ojlul 5 ganail g caleSs > 4



YEE - B YEYY doxio VF ) Jlo &Y 0,loud OF 095 ¢S ool (ol pos susio 4 5

&lo
[1] D.G. Fredlund, H. Rahardjo, Soil mechanics for
unsaturated soils, A Wiley inter-science publication,

(1993), New York.

[2] J. Xu, C. Liu, Liquefaction potential of unsaturated
nevada sand at different initial conditions, Thesis for

University of South Carolina, (2012).
[3]D.G. Fredlund, N.R. Morgenstern, R.A. Widger, The shear

strength of unsaturated soils, Canadian Geotechnical

Journal, 15(3) (1978) 313-321.

[4] Y.J. Cui, P. Delage, Yielding and plastic behaviour of an

unsaturated compacted silt, Geotechnique, 46(2) (1996)
291-311.

[5] H. Toyota, K. Nakamura, N. Sakai, W. Sramoon,
Mechanical Properties of Unsaturated Cohesive Soil in

Consideration of Tensile Stress, Soils and Foundations,
43(2) (2003) 115-122.

[6] N. Nishimatsu, Y.S. Kim, T. Kodaka, S. Kimoto, triaxial
compressive behavior of low saturated compacted silt
under constant volume and unexhuasted air conditions,
Proc . of 44th annual meeting of JGS, Japan, (2004) 831-
832.

[7] F. Geiser, L. Laloui, L. Vulliet, Elasto-Plasticity
of Unsaturated Soils: Laboratory Test Results on a
Remoulded Silt, Soils and Foundations, 46(5) (2006)
545-556.

[8] T. Yabuki, F. Oka, S. Kimoto, Mechanical behavior of

of 42nd

unsaturated silt under cyclic loading , Proc .

annual meeting of JGS, Japan, (2007) 771-772.

[9] T. Unno, M. Kazama, N. Sento, Liquefaction of
Unsaturated Sand Considering the Pore Air Pressure and
Volume Compressibility of the Soil Particle Skeleton,
Soils and Foundations, 48(1) (2008) 87-99.

[10] T. Nishimura, J. Koseki, Attempt of cyclic triaxial test
for an unsaturated silty soil under undrained condition,

Proc . of 44th annual meeting of JGS, Japan, (2009) 641-

Ui Dbl cel diges (g5lwgludl e dule (cladiges adS > @
odin pé g claily cunle > 4y 38 cpl Hlde Jg wgd e gl
5 o SBSE | S (LS dadiges (39 Conas (pizmen 9 (392
A8l oo o5 te

ols s @ 8l iSe awle sladly ojlul il L e
ol ol x5 e glad GIP g ol Ay culbis
e il usle loaly g 5 gdiio O e (e (IS

alazd )5 diged poe sl il el SV gliil aspy ialS @
& o i oplHlade iy canab b chawle (3 ad o 2] Slg,
oS L dogy (S5 (yAd GG g (Bl (A (g puler S
Sl e dildcud yd sladuwle ]

elsl as )3 jgals (ol CSR (5 caalllae )90 slaawlo ads' 5 @
Cooglio o @i 1> 5 2y gdy sladSews slas Sl el
awle )yt VY awle 3 Il nl €55 (Jg 9 D905 2]y,
b s Coglio Ltaliél 55 oS el 5 sl D11 5 WY

Sb o Sials glusl 4y ials

WO s i 5

(eSSl @5Mle
anails slsdl oy o C
Gy e oo Cu
mm dadilofiw lawgie ol Dso
Ao ) (digad (o oS |y D:
S ol Cond iSlas emax
S ol cas Jlos emin

cm sd)}o.) élﬂ.ﬁ)‘ hl‘
Sy e
kg/m® . J&> p

kPa 6gfoﬂi>u l) od;.:f BY )Luaﬁ O-,C

YrA



[22] M. Okamura, Y. Soga, Effects Of Pore Fluid
Compressibility On Liquefaction Resistance Of Partially

Saturated Sand, Soils and Foundations, 46(5) (2006)
695-700.

[23] H. Wang, J. Koseki, T. Sato, G. Chiaro, J.T. Tian, Effect
of saturation on liquefaction resistance of iron ore fines
and two sandy soils, Soils and Foundations, 56(4) (2016)
732-744.

[24] K. Ishihara, Liquefaction and Flow Failure during
Earthquakes. Geotechnique, 43(3) (1993) 351-415.

[25] A. Shafiee, Cyclic Resistance, Pre and Post-Liquefaction
Behavior of Dry Pluviated Silty Sands, Journal of

Seismology and Earthquake Engineering, 8(3) (2006)
163-175.

[26] S.S. Kumar, A. Dey, A.M. Krishna, Liquefaction
Potential Assessment of Brahmaputra Sand Based
on Regular and Irregular Excitations Using Stress-
Controlled Cyclic Triaxial Test, KSCE Journal of Civil
Engineering, 24 (2020) 1070-1082.

[27] Y.B. Sonmezer, A. Akyuz, K. Kayabali, Investigation of
the effect of grain size on liquefaction potential of sands,

Geomechanics and Engineering, 20(3) (2020) 243-254.

[28] P. Chakrabortty, A. Das, Anil, Effect of Soil Grain Size
on Liquefaction Strength of Sandy Soil. In: Latha Gali
M., Raghuveer Rao P. (eds) Geohazards. Lecture Notes
in Civil Engineering, 86 (2021) Springer, Singapore.
https://doi.org/10.1007/978-981-15-6233-4 38.

[29] S. Yasuda, T. Kobayashi, Y. Fukushima, M. Kohari, T.
Simazaki, Effect of degree of saturation on the liquefac-
tion strength of Masa, Proc. 34th Jpn. Nat. Conf. Geotech.
Engrg., (1999) 2071-2072.

[30] S. Huang, S.L. Barbour, D.G. Fredlund, Development
and verification of a coefficient of permeability function
for a deformable unsaturated soil, Canadian Geotechnical
Journal, 35(3) (1998) 411-425.

[31] Y. Yoshimi, K. Tanaka, K. Tokimatsu, Liquefaction

resistance of a partially saturated sand, Soils and

Foundations, 29(3) (1989) 157-162.

yara

642.
[11]S. Kimoto, F. Oka, J. Fukutani, T. Yabuki, K. Nakashima,

Monotonic and Cyclic Behavior of Unsaturated Sandy
Soil Under Drained and Fully Undrained Conditions,
Soils and Foundations, 51(4) (2011) 663-681.

[12]Y. Tsukamoto, S. Kawabeb, Jo. Matsumoto, S. Hagiwara,
Cyclic resistance of two unsaturated silty sands against

soil liquefaction, Soils and Foundations, 54(6) (2014)
1094-1103.

[13] M. Vernay, M. Morvan, P. Breul, Influence of saturation

degree and role of suction in unsaturated soils

behaviour: application to liquefaction, E3S Web of
Conferences, 9 (2016) 1-6.

[14] Y. Tsukamoto, Degree of saturation affecting
liquefaction resistance and undrained shear strength of
silty sands, Soil Dynamics and Earthquake Engineering,
https://doi.org/10.1016/j.s0ildyn.2018.04.041.

[15] L. Mele, J.T. Tian, S. Lirer, A. Flora, J. Koseki,

Liquefaction  resistance of unsaturated sands:
experimental evidences and theoretical interpretation,

Geotechnique, 69(6) (2019) 541-553.

[16] L. Mele, A. Flora, On the prediction of liquefaction
resistance of unsaturated sands, Soil Dynamics and

Earthquake Engineering, 125 (2019) 105689.
[17] K.H. Tran, S. Imanzadeh, S. Taibi, D.L. Dao,

Liquefaction Behavior of Dense Sand Relating to the
Degree of Saturation. In: Duc Long P., Dung N. (eds)
Geotechnics for Sustainable Infrastructure Development,

Lecture Notes in Civil Engineering, 62 (2020) 879-886.

[18] R. Ladd, Preparing Test Specimens Using

Undercompaction, Geotechnical Testing Journal, 1(1)
(1978) 16-23.

[19] K. Been, M.G. Jefferies, J. Hachey, The critical state of
sands, Géotechnique, 41(3) (1991) 365-381.

[20] M. Okamura, K. Noguchi, Liquefaction resistances of

unsaturated non-plastic silt, Soils and Foundations, 49(2)
(2009) 221-229.

Celasle S oy dwle (Seolid Jbapr Ly o Bol5 Bolo [VY]
IAE (o)) (dwed plol (Ml o ol&ily ¢ 518> Al



YEE - B YEYY doxio VF ) Jlo &Y 0,loud OF 095 ¢S ool (ol pos susio 4 5

a3 gl )l o (ol 4 digSer
Gh. A. Jafarzadeh Imanabadi, S. A. H. Naeini , R. Ziaie Moayed, The effect of particle size
and degree of saturation on liquefaction potential of sandy soil, Amirkabir J. Civil Eng., 54(7)
(2022) 2627-2640.

DOI: 10.22060/ceej.2022.20238.7376

g




