[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

Jeslty 52 b e (ol s 05 GAIAS Sk U 36 o)
lasls o ol 0 i T L2 S i 5 ol Sl

TGt 5s (sdge (g e el 2 e S e LS B She L

Ol Ol ¢ ol 13T o3 (i 5 pole Al Ol jos pmiilign 038 =)
sina.marzuni@srbiau.ac.ir

o.,\..w.:j.») “-J‘J'.’.‘ “-Jb-@j cw}b‘ J\JT oli.i.;\: cC)LE...E:J 9 r)lﬁ J;-‘j cd‘Jo.Q w.l...@.ﬁ ojj§ -y
PYVEFASOVOY —A 5 A\ YYAYYV Y'Y fadaee@srbiau.ac.ir (J s

“J‘ﬂ‘ “J‘JG': c@)&m‘ J‘)T a&iﬁ‘) gbu&d’ 9 (:),LG Ja-\j “_)‘Jo& u.w.,\.,.@,o o‘jjf -Y
aminbahmanpour@srbiau.ac.ir

Ol Ol ol 13T o83 (i 5 poke Al Ol jos onikign 03,8 —F
m-derakhshandi@srbiau.ac.ir

sl S

- *
I ot (S5l ol 2Sls5 gLl (STie o B G glaanigs 53 W35 51 B0 Gla 5 Sl ol e
5k bl b asbans 5 glacale s (Il s 2l Sl o 2als Sl o ool bl e S 2l
35 & el Jld ot il i) D35 e A3k e inen A5 I b 53 S0l SR S a3 oS el
o3 sdomn 3 35 il Ol 4 Sonp ansSus b a S Wik 5L sls Koy iy cnl 53 eslizal 354
ssbier Easn cpl s el 3 Ses 4 aus Gl 5 sl Lol L S Sl gles 28
S eslinal b Sb (il ainy 53 ndi Sl iass Sl 4B S 15 a5 550 Soli Jlab b (G5l 5 esliza
(il ol plonl (slavle Sl (555 (S2sdoms Slaiash 5 03 S ete anls (555 p R SIS G 5L
(Y dops 70 L anle do s F0) lanle o St 1Sl Jodly sz ol SR 02l 02 0nlaly
L il sla CSR s (15WH% 5 10WE% SWt%) s 518 sl 56 Cilis gladts s b ol (g5lug
S o S ol O Sl mls Al Sule Jleb b (53l skt 4 S (5o 4w SlesT 1 ealinad
s BB Ol 0 S DL ol s ) lanle e SIS0, Cslie (A0S sk SU s S L sl
S 8 S0 S5y don O L lawle o (il pzmen Sl s a1 W IS0 i85 ol
SU s desn V0 5V 5l min OF (e OLkily 5 das e 2l (6, Keir Hsbay [y 2,0 e 5 Jeily

Ak e IS IS

SIS Sk 56 b s ($3lnts slils Sl ¢ S 55 5mn 4 2S5, 16 ST (G0 3


mailto:fadaee@srbiau.ac.ir
https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

dodis -

g5 4 nl3 53 B i) Of dis 4 5 KT 305 a5 oK 149F Jl s o) Sly, 51 5b o e il
Olslp G s L1y glos ) oS0 o osed 555 w0 1) SO 55 Oladige w5 o
ol Oab b Jt slacsle 6l o 50 GLSUSS cnl 5l (ol 015 LS S50 5sbas U5 o0 copns 3lege
Eh LSS miy ) by gbasle 5 8 cul J s ol Js il 58 (wliann 5 )
03553 5 [V] Jibs Ko st V] sl il O gmmad) il o San 8 b S SIS 1 S0y, ials
23 231303 s [FN(mad 03 JL2) o3le o 5 51 s (gl o L2 ([P S w0 S5l al5e 51 5
Bdie e V] gl GlaiSas b5 [PT VL ans Ky b S8 o (0] sy g0 Cules ol
L Gl bl asee 55 Vgema |3 dns ialS o3l ol JS 55 1y ol SSls, 815 ad 555 de (slacsisS Jl= L
San el Gy @Vl cle 6 S S o e LSSl 1 S e 5 e Ll O 25 0
G g 5 [A] S Sl bl [A] 3l S 5 o po 8 OF (p e oS ol Sl s SIS
2l S 01m b adb e 6550 GG @5l cplply il o [A] Gaos e 03 S5 S (058 O
Al 5 ol 3 3 g o3l 3 Shes 53 M &S gl S o ge0 Sl 2SS, s

L enls QLA 5 Wssed Olo 38 LB 8 Sk sl 5 e @l sl @3s8 GuF YT 0L 5 s
Sk 5 o S () B Al (sl o et Ol jes g 53 03 58 sba AT ol &S
S s 358 55 Sl sl ogr oS 540 Ol Yord L8 N ]s S e 3 eslinals e o Slyy
S S 3l fhe 6358 Gy 4 ol S cnl gl t50s 3 208 Jloe 5 O e ol la s S e sz
5SS asas Ol Yoo SIS [V a5 eslital sl O3 3 Oley I8 bl 5 ool anSss L ol
SU Sl el b cole Jaite o (o) Silos o Jlie 55 aslanv s glacule glegr o) o e
DYl o g IS K

53 o5l 3 e Sl 4 5B o3l (ol e e U3 5 eddantle O 53 el ojle oS slacule
Sol CeasVl 5o gl sl sl bcole 5l 2o plr s sl 53 0 el s S, e Llis
b gl o Jame Cole 5w 2l sl 5 Gup laelr awsi by s s o Ol Geb 511 sl esle
Rl 6 Al g sl o3l (15 e 5 3 Shes 53 A5 5 M e T nl s el Sl s Sl
DT 8 o Jmie St b b (g5l s,

S5 5L ) e e SIS Jglme S il 20 YY BV o Ygams OF 3 6311 48 (0518 w530

aS o5 g (uTm;Q;f) b 43 5K 9 Sl pomen 5 A2l e Cons sl U B 5L a5 ;.j).alﬁ:lru

- Porcino etal.
"- Guyer
3 - Gallagher


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

G b Sop GLUNS sl ey iy 3,5 palie 05 a5 JASE Ol 31 s
LV 50 5VF 5\ s o Jhals | ol S5l

L7000 AV sdelbnl (SIS o 50 Lol (g3lagy slaanls (55 2 glos 1S slafassy 058U
10 0 0 Lodd (il S oo €503 (S35 2 (M Sy gm0 UulesT Sl slinad LYY e 5 SIS
S Ll 5 oS, Jely a8 S S 56 Gio 5 2 0 SIS ST SU A3 Y
Sl o 50 iy Chle L aS laaisad S Wdew) 4D cpl 4y g s 5 e Gl SIS 0l
LYoV Oben 5 S8 DWW S ams (Shew S50 Jsb o 1 5558 glai S Lud oo
i S s oSl Ceslie SRl e SIS Sl S0 48 dsls DL 555l e 51 eslizad
Yooy 0 5 S8 oean 5 V0155 o 5ot Slo la i) cpm 3 0 lipl K015, i slaacle sla S5
S el S s al Sls) e el Gl A S S U G F o 4 503 Sl U3
Seon gl Al elr 5 e b 4 Jase GBI s G5 el adl A Sl eslizal L Ol aesls , Full scale
anle o V0 Calns LY Gl S e 55 a0 SIS S S35 Ao A s S Goo w pldl Jass
Li s Sl = S Lsls 13 (sl slasl Lasl O 33 e 5 A3 0 ol ol 5 05 15005
YooX sl s 5K, [Pl edid il anle (52 /0 Cds Jolis 55 ol (il ale (5 20 /Y
aole 2S00, Joily 288 3 IS Gl 50 Goop ol SIS sl S StlesT ) eslinad L
5 S b 5L 85 sl Sl past Yoo Sleds 5 ke sl s pemedle [IVIsls L2 1 G o, 15Y S
Slpn DALl 513 oy s 3550 1y anle Conslin [0 53 (hislS K 1,30 e 5 0o L OF ke
S35 55l S il Jals Slss il 05 Cole (S3legy Bk B a5 4 Y10 05 5
S LBl s Sl a5 Lsls I e 55 il gla S8l Sl eslinal L s gLl 5 s S
3 fie s die ol Slos Jeudly 2l S S STk SU S eslinad b cule Jlb e 3l
S s S ol SUF el LS g 4 o alas 3 YVF Sl 5 Silpa [Na]e
SU e e Db 6w 5o 5 sl S S0 5 S Sl 5L st SU (AT 315)
IV sl s o SSlss Jomsly 28l 2 Y 56 5 (23S sl

DL G IS o 56 b o (3l e (055 2 prodits 2 GalaT 51 slinad L YOI 0L 5 S
Sl bl bl b Sos g 31 el a8l 21531 0ls (53logy Gladisad (St 5 Sl 4515 45 sl

M')&‘J_‘)‘&uﬂéwtiwbc_uwtbdu\é}gw‘ybbbﬁLSJWULJ):SLS‘})JJM

1 -Gallagher and Mitchell
2 -Gallagher et al
"~ Rodriguez and Izarras

*- Mollamahmutoglu and Yilmaz
® _Huang and wen

6 -Huang and wang
- wong et al


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

By @Bl fall Spsde colle (Sl Sl Sl b prames 5 ol 4l S e b S
IV I s goes ks S 3 Jlsl 5 o 2885 S

Gl skinsse (e 5L Olsme a5 Wsls OLas Skl (g e e’ J2alo 3T 31 eslizal LYY e MS,2 5 ol S
W) S35 doun VYD )Y 5V C g e 5 ¥ oF i andb b asle SO 55 Slos s 350
Y] sl e

G IS Sl 5U caliies polie oS Wsls Olas JISw (gh e 4w Jilosl Sl eslizad L YeYY K5 5 Ly
sthe A= B 1 S0ls5 5L sy 5e sl K slass 5 St s g osls 5  Caeslie Sl (i3l s Ll 5 e
IYY s 5

Ko 50 L anls (ilag 45 wisls Ol S () pme 4w ialasl Sleslizal b Yo¥e OKas 5 ol S
Slasi gl ol bl pman gl o Jsde 5 e £ e S0 Caslie 3 s e Ll e 5SS
S IR L s IS S 5L ag Ao sl 0L o3 g g 51 nls DL 1) e s 0l (5lnge
IY¥T Ak o SRl s

s e pl g Al Sl S0 Lol (3l anle ol Sly Jedly oy a0 VoY) DS 53 5 Ol S
3 s olala,l (b o Slsy (o me 3 a8 b slaanle IS0 s Cuslie (oS Clale 3 o aS sl
L 3wl o A58 Kl oS 0303 0L SEM (la o 8 b o (2151 g 5 LB sba 13,5 s
IYOT ol 03 503 slomy) 2 shlae (sladi g o SIS 3 oS ol Jl 53 ol il 0l aile 3 o 5 05 20
il Bl 5L Lol (Gl S (S50 Sleosasr 5 Goop LUlS oede gl fnss 5l & 0
5SS e g b S em oS Al e Ol JSE ek 5 Ol e (S50 Ll 1B s 20
S8 o Sl GRasn nl 53 (S5 Sleo gt s p 5l sk pizmen 5 S 6 o | Ol
055110 8o, LYo rd o3 5 SIS DY STV V8] asl e OF 5 Jelss 5 Obos b anyy Sy s
kb Sl 6 S SVsles 5l eslinad b st asle 361 sl anle S L 20 v & 6bsS O g2
SIS Gl 5e JUl o ele o Sage |y anjsSans 5 ol p S s gl K S0 S5 Jl
Joily s 0 S g 55 Sy 358 DilesT Sl eslinad L YN0 OSen 5 (SY T [YP] 50 Ol
Sk 5L 45 oy a2l a5 L 0 | Sl, Sb Jadie Sl S (SIS K U 3548
Ol Glisyse 358 Ldluws ay ar 5 L &S g0 opl Sales b Jo o)ls 1) (o anle 53 558 B 3 5lS
SIS S 358 Ol SMSE ol Jale ans Sy s 358 it b S ols 003 5

b Jadie Co S S ko S0 S35 ol s 3 YA s e Ll SV BT [TV ]

- Krishnan and Shukla
'- vranna and tika

*- Krishnan et al

*- Gallagher and Lin

5 -Agapoulaki et al
6 -Agapoulaki and Papadimitriou


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

Bl SRl Oley J S 4 s 85 G Ol SIS K 5,08 s ses Olo (o Silss Sl b ablas sk
s 5 PN Al 555t A 8 Omman o 2l rosdle (tass ool 53 5 ol (Sto a3 5805
ol b bl sy sddantlils i S Gl an) Sy o liSJ 1S Lol ge Olgsa 45 S Ol 035
ORIB B e Sl SVl 5 Lalo el e 5 As el AlS] 455K s age 0 liSU 1S S Ol
VIl Ll a3 1S W Il (51, O3 b a5 S

S L el il S S8 Slosar 5 G5 LUS w5 el sl iass e ol il
ke ale 5 ale S slagauails 55 S5 HS SISh SU S Ail e pbse opl Sl s slS SIS
Ao Jelss Sole Al an s s s SRl Ol J RS Gul pl Gl g ale o Sege 500 GuoF BB
221 sy e bl Ol G5 L 5L Jslome &8 Slo3 U a5 Wipd ol (gl S Al wns Sy
O3 L OAs J5 5 an ) sSss Sl bl s 513 55l (Silag Sl 534S 235 e 55 5 03 S5 b S-
Ak f

S SU L eds legy laale Salys 5 Sobal Slosas 655 2 @los oS Loyl sl mass
SIS s SU L ol (il Ao anls (655 5 4 pdh Sopo sla s s 4 pdy bl SIS
L R TRC I

WO L chnss anle 535 » Ao o3l i slatalesl 6 e AL LT s YorA Ol 5 550035,
SV e ok (il G lS o 5L oy 8 Lo g a8 O3S0 5,LY L 51 Saadly b Sl Ao
L 2l S0l nslie g 55 BB Olss 0 (IS DU (5,00 i 46505 55 SIS S 4T L3l OLES 5 350
Sias s Sos S Shasn o [YA] das e S 1y o S s gl HLi A5 Ol 5 esls Al 5Bl
oo 50 O3 iy 0 Sl o 5885 (o dm inloil 5 (6o 5muecSS ilosl 5l eslinad b YoV
6505 (C 5 0) Leslie sla el Jtass cpl 53 sl (S A3 ¥0) il e aile 6,5 2 S5 5S
53 IR s 48 o sed Ol 5 Lsls S e 5y (SSll G S 1) IS Sl S0 L sl
5ol ITaTas e 0l b anle s |y Loty Sl asl3 55 2alS 5 eds L25a) Shie bl
ok 56 51 oslizal O gman aBlianw s ot glajiy; o5 Wssed Ol s addlas G s Y04 O Kes
5 ! el eoSlin (i i ol Sy, s 8 B3l sla s, boalis 53 g slS
I asle e aua 5 Jomn 53 03,008

e Slaesla OF 3 48 (513 0,0 Il L3 slacaler 2, Sls, ot 2alS ) shaeas (§3legy A5 0Ly &S b0len
Sbresle b pe g 5o M (sllas (Gilag 2 odle &S Ll (g S50 LSS 4 L Lyl B el
33 Gl O 53 &Sl ol Jle L (il s i, ool o S8 51 K aiSS sl Coli 3 352 4
Sl sosil S o Sonle i e ol b a3l Coli S Zol (BLE s 5 0l e Sose ule 0502

ek O Sleslinal b5 o 50,5 weal Cole VL s (¢ Wil b 5l S oleg Cr ks e

1 -Rodriguez et al
2 -Nouri and Noorzad
3 -Zhaoetal


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

Jime ol 3 Jin e Jowe 4 gl sl 5 Gooy slaslyr Jan g sdldsbnl ad 5 ST 0L b s s s
=Sl et o e 53 ol e Il 3 Slacle (S3legr g a i, p S AelIS 1SS I sy
ol ale s s, e Jowe 4 S35 e JUEE GUIS L it LU 3, sellS Ll il
Al axdls 1 St s s JUS! 5 358 Sl e 3 f Osmmen 45 3500 e3lizad 535330 31 b opl o
o3 ks 1 lsy 55 ol g sea &S a3dS Oy pal OV el jasiie i gla tash 5l aS [ sboles
Ll 2V LSy Jely Sl e 5 lanle S A aile 45 ol et das s ) baanle
sl Y g ol anle Y Ol Y aule S+ 53 555 bl Ol Osoman il sla 5580 [TY 5TV ]
NS ls 1y Y St s bk clll oS bl LST 5 b LST e ol Saspl s b sl
Skl Osmen alaShs bl 8 pla ol ol eslinal plpby IVT S e slml ) Gl Jaens s
sl g8 Al e 3 SWSUs sl pds 5 sl 5 Shas ()5

5 Sk s SIhavl 4l (St St S Kok U e 13U oty laass b3 s |
5 oml Sy Opmen Slosar o o Koo s 5l Sl sl Ol (S5 55 Sl past L
Jime s e Jows a5 058 OS Skt Sli o 5s gmba B AS e eal b 1 Ol ) o 4 S
5 S Ot SIS Wik 5B ks o S0 505m el il 093,5 Se U5 Rk algns 5 55
el S5 a5V e 2,5 I3 a5 e ule Wb Silegs 3 edlital g bS5l 0 Sl
e Sl G358l O rme Al e 3L o s jlames L S esle SO oS (8 S K 50 1 ezl
358 o il 0 CO2 Wy Lol Lite a5 Olagwr O gmen

LST e S Olos Szan (2l sla 35381 b gislS Sl 56 gl 0 Y217 Kl 5 Silpn
4 Cd S (Dt sl Bl ez Y 5L 5 Sgmy S0 Omman s3l5e SU Gla gl 5 S sl s
OLL sy 2550 Slaacr Bl 511 i S ke 5L (55,0 5 il Jaoeecins s OO 5 5 Shas
LY Jsls

ol o 0 05SU oS ol OLl oyl Of 4 G s 3 &S ki gl iash a4 ar g L
w13 (SIS Ko 90 Lok (longy Setudly b 5 Saadly wils ) Sl do3 b asle 5 anle o S5,
Sl lawle Sl S S I UL cole Jld b (ol wn o Sl pl Bl conl ol
oz 2030 OpSE SIS HS Sl SU L odd (g3legr slanle Sl ol Sl Jeidly cizmen 5 0352 5 5du
SU g &S ol pd 18 Olyy glawle o o1 Sl Jeily aCT oDl fass cpl o3 10 il a0 55 ) 3
Ko Ol s &0 B S5 oy 3550 M (50w e ol 51 eslinad b ol (53t (s 5IS S
22 RIS oo 56 gy plband Tl e 5 53 5550 Olie U 2 S0ls5 Sy 2alS g Koo 530

el 0l sy St (5l a3 3 OF rin i i sl


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

latabesT plasl g, =Y

R85 U‘.'.‘ 23 o3ldxuls 5 g0 dL‘, Glaseis —1-Y

J)Jo.-).) g_,':ljd.»ui Olasin oS Conl sl oalatal @Wﬁéﬁjeﬁjjﬂ \Fal MLA)‘ ﬁ)}i u'.’.l)':

PreS 5L slasle e g ool 5o bl sy St (S 5 pamen s cl el Ol ) IS YY)

W\ PP O VAN TS EI P G WO V-

a_,s‘j‘jj:é\f\ aule u.i,i:jj Slaselia et A JJJ’

lkia sles Slasiie ot
- SP S gy )
\ti) Gs Ll & Y
y#0 KN/m3 Vo oSl S o peasis 035 Y
\roykN/m?3 Ymin e SIS 0 geats O35 i

SY (S5 55 Slaseda 5l S Y Jodr

ks sles Slasiie ot
Sy e Y M Sk g5 \
Y/0) Gs loails I .
ve/A KN/m3 Ymax oSl St o s 03 e
v1/0A KN/m3 Ymin o St o pases O ¥

0555, Y 5 18) anle land 30T Slasita X g

% SiO2 % Al203 % Fe203 % CaO %Na20

%K20

40-4A +0-) *O-) O LR S

OV



https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

100

= V4
- . = Silt .
90 = £
_—ve an /
80 _ . f—L
= == 40% Sand with 60% Si}t /
70 . /
& / : !
2 60 /
& / P /
o =50 y <
a0 = 7 |
£ 40 77
g 4 ,
20 SRR V4
 ——— ~ !
10 o
= - /
0 -
0.001 0.01 0.1 1

Particle size (mm)

LSk ghuails gowe ) K5

S XT3 sl b L Slasie Y=Y
Joob el S o el Pl lad sloes 51 a8 005 Sl D3 b 281 G 58 Sl
IYT0,0s 2l YY IV o oolal Logae O3 ) 5 e
(Si- oS s sl JSi5 5 HASI02 Sl sl gLl J slome (slad 50 50 (25,00 51 (5808 51
RS, e 5l ST edtd S 5 s S (SIOH) sl Jsdlw 5l el)3 o 2 sh o ol 0-Si)
5045 Sy compe dnld cpl aalsl s e LIS O3 o 3 (S1-0-S1) (Sl ol GRS L el
5V Dl pls Slamia b ocaw i lol G035 GGk S0 DT spiie SL3 sl s,
Olsode 5l dny &5 o3y (O & S5 ol 435 LI femer 5 Al ol S5l
SR s 4 by Son glas S sl Ll cnlaly 0050 (oS I5 4 S (S LB
S S eh 55 iy S I S RS 6 038 bglse o 3lssse Obes [V O OF O] das
Ceaslie (Sl S5 o3l home 3 G Ao 1ol (g3date gla okt w0 atanly Ao opl S ol
I¥8 5Y0] aib o Jolos slos 5PN S
A ASosba b e Rl 0As 5 Ol Sl 3 o3Il 15l S el sl se e SalSTL
S oS SIS S U Gla S5s ar ate e cplandl) das e 257 GO PR 00 IS 0l
Sl L s e jni laamSe BB sbas 05V Oloy il A cpl 5 5ol b YL Ph ST (uS s
Al SRl 0ad J5 0l A5l S SU Jlos 5o Sl e


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

S Sl o o3kl LUDOX SM colloidal silica s oL L s slS Sk U 51 tags cnl 5o
sl 0 Ol ¥ Jgds 3 OF Slasiie
SRS ke 46 Slasila ¥ Jyuor
Properties of LUDOX® SM colloidal silica (420794)

SIS )

H20 3 0 peil s S35 Ao yn Y clle
TY.—¥.. m2/g 0529 gl

Ve — Ay PH

yoryg/mL at 25 °C Azl

Sgd o e s 0 33, Ol 5 Chale 4wty 4 g s L andls

A NS
CJU.:M}(‘}.LF o ils s Sy MK (S v K uAK.L_LU'T Sl )y S sk ol o
Sielesl s G500 K s IS o aw bl oKaes IS gles Y ISE s ol el eslizal O g

el ol eals QLIS 4 S5l 3

-V PPVEIPR COP YRR A P | NP P P2 B L

G Sholasl g ang ol e —F-Y


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

a0 3 een [TV 4 0y olwl ASTM DB31L bl S (e 4 Jiulesl Rassy cal 3
crl 3 eslinals; ge Sl ol eslinal badigad Cole g 0¥ 2y s> (Wet Tamping) b » o515
ols M6S4 ¢ Lo el b aslal 5o a8 Al o Y Aoy Proodleas anls Aoy Fr S5y oo b e

A dal s 0Ly SCHO L (i 5lS ik 56 Jgloms Lale Ao )5 (izman 5 Sl
deosn Yoo andls bocogb e o150 Gy Sl esliad b j8de S L badped ol 5l ey Slasl opl 2
sl day alo o 3 (gogmme am oSaws o goase LB 3 el Vv sli) 5 esle 0 a3 0 5 (Dr=30)
30 ) is doun ¥rocdae il 0T Jsds) slijle oS8 Clasiie b &S il Kl 5L Lol
3l WE0) G55 103 V0 5 )+ @ (sl lalé L home s a4y 0355 F S aslinal b el (WEY0
G 50 035 S adyloe nl 53 W% 555 don) chle 51 s & ol S5 4 o5V 353
3 e LIS S adle 5 o/ e 5,80l ekl sl anlsl 53 A3l e Jglee IS 055 & e 53 3 g7 sm
5 Sab 53 S Wil 0T Sos slacslal sl IS e Sl oslinad el 0dd 4 S L 5 ad slows
ol 3ls sy e o Sl eslial Jedly O D3 a5 Loy s s G0l L3 a5 Slao i 53 o 52
Doy 338 oo e 7 10 63 sdomn 53 Jshos PR G ISl 5loslinad sy al s 3 358 0 3L S
rl dr o8 sl e (CBlE) (SIS o U G55 deops 4 s Jsloee 0500¥5 5 2,5 4 o2
T LU osdon 5L sed by ol e 5 355 0wy bl sddeslel 13 51 Sbs &0 S35 1 Jskome
53 W ot ey Wged Sl & Jglos aSSTHI 5 355 S VU 5 Do 3585 0l 3 w3 5l Isa
3 e il B b e Sy B8 gba 1) wised 28 M eled gl B s pd e 0ls o3l e
A e a2l pll 4 plB1 e 5 e 4ty sad (S5l Jes @ S Vb b ply ales s
SV bl eled (GLES ) adlraes HLES Jllde 5l tag 533 pd e 0l Gl es 4500 S5

..LZL:& /N Lg‘)‘u\f‘)b UNLSJ‘QW) 03 4 d&mlﬂ



https://jeg.khu.ac.ir/article-1-3001-en.html

plomil 51 3 5 ol s S das 0 (S5l Ggad Sl (S gl 0 s PN (S50 ol o 51 (6 gl I Y IS
ol
K yed 0 olel 1 day s 53 a 53 oS A Lalt e ol (Slagy 5 o bd (lagp ames 53 4 Lo hles]
SLis s al e sl O L & ged OBlbI 03503 5 5 J sk (g5loslel (e 4 pl3) bl el sl
CiB L ga Sl S AeSlgs S e b g p8 55 5 el Jlesl sed 4 ISl S Ve 55 ailraens
s o 3 358 e 303 30 45 sad S e p Sy Jlake O walsl 3 immen 5 esls (I 450 (6 p gLl
= Sl S (Bygiue = 0.95) a1 20 VL gl doss 4 pliws 5 aised JoS (ol LAl Cger
5> Ny opl opdpe QLS ) Wses Js HLAS iomen 5 (Ailrass [L28) Jsba HLAS (L1580 4 U3l el 50l
S sy allraes L 44 g L de (’K 23 ey o3 A0 Pl @y i ped B el IS e éuft.f
sbwnd sl s (.:Sz? DLis Oo g Gl e S g ol 4 gel r._&x? 4 el (ol JokS < kS
d o3l (Sl g al el 3 LB e (IELL a e sy S 35 e plonil Sys S eSS g
FRSIERRSE s Al a3 b wsad (2S5 et i ged 03 1SSy, 5 CU IS (65 5es
Sose s A5 IS g 5 @ISOl cd S5 a e L pds St (sle i Sl olas 5 el T s
o o a5 0 s bl e tlesT 4l adlae ol 5T sl e v ) 5 000 oY CSR s 5 U

el

ohabesl el 0 J g
g0 el SLi3) eilraan i3 Sk 56 Jslome 2 lale
CSR | St
(o) (Dr%) (oS3 [(ARERY
[N
v - ' AL Ve SV Laule /¥ M6S4
\ o
\O

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

ol s =Y

Aoy P banle wsad 535 2 CU S () pme e Jiulesl il 1 Lol il 5 5 00 0 5 F (sla IS5
j.L:S Voo ul;—w ‘)Li.‘.) L L&:L.w j.!L’ le}u Lf’)) M)J K L.QJ‘.‘:: d)Lm@-))b.L:u LSJLW.,@_: (M684) 6‘Y

C,.w\ oL 43‘)\ CSR:OZ 3 M)) Y«' 4%“‘3 E) d&“’Lj

*- Force control
*- cyclic stress ratio


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

0.03 0 0
0.025 0
@ 30
0.02 e
c 7
5 0015 o7 b0
b= a0
o 0,01 8510
T g
% 0.005 s 2
© T 30
0
40
-0.005 50 >
001 0 1 2 3 4 5 6
number of cycles number of cycles
o 3l
12
12 0 A
/’f = :
0.81/_—_) 08
S 0.6 3 06
0.4 04
0.2 02
8 > 0 >
-0.01  -0.005 0 0005 001 0.015 0 1 2 3 4 5
axial strain number of cycles
< [

(i) :CSR=0.2 , Dr=30%6 JKuly S 1o+ asilrtan S5 ot MBSA 45 il 5 4w iales] F JSC5
Sldas wﬂru )‘JJ@J (g,.J) GJK:.N 3l = 41 (G ) 4oee L;.st)‘b‘,.u (u) GJK::.N 3l > u.!b,u‘ J.'J)‘:JAJ

Sogme 55 e 1 Ty 503 (2) S


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

0.02

[oal
o

\ 40
0015 0
0.01 8
c 5 10
= 0,005 2=
1 Ta 0
5 9 2
! 2 0 6 100 s
c% -0.005 L 20
001 -30
0015 0
50 >
0.02 0 2 40 60 80 100
number of cycles number of cycles
o <l
L2\
1
0.8
2 306
0.4
0.2
6 > 0 >
0025 0015  -0005 0005 0015  0.02 0 20 40 60 80 100
axial strain number of cycles
<


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

I

sl >
al/
A5 [ 0008\ Ldoe 0015  0.025
=i i

In
7211
g 7 [/ /
.00

deviatoric stress
(kPa)
S
o
N
ol

axial strain
&

oo A.,Jlrm)l.:.jc,aﬁli:l:.u‘,sl; d_,.l’u U';)J M‘)b\' l{a“é‘}lﬁ.ﬂ M684).} u.uh: L;)‘,mug;..:bﬂog}i&
J.LS'JBJ...;(Q)Ls)ng;J;wﬂru)bﬂ(Q)Jg:ub‘Mwﬂru )‘.:Ju(g;a)‘g}g:.aauﬁw‘f

Gogen GRS e 2l

Lol Bl (a5 Jales a5 dias o 0l 1) Sw liwd 5 Sl 25 il 0 5 I gle 52
O F USe 5 aS 5 bokes 5 dil e Ko o e S 00 5o F sla 1Ko sl . CSR=10.2
ke 4 oS ol 038 Wy G g pd WSS i 5 ey S 4 Ty e ol ¥ JSew 55 el OLLS
Cov s S men 5 S Sl J o cpl (b e Ty = 1 LIS, Sles) aib e o Sy, 5T 0l
ahais Av S (© 0 JS2) dopn Ve el b S )lS 61 56 J s b S (5lenge 51 e CSR Gle
dopn Ve chale b gt lS Ko 56 Jgloms Lo 55 St (g3l 45 ol 0Ll ol o Aib o o Sl 51T
G0 5o F b SE Gl s 4l alll Ll S V8 S, ST gl [ sl
SIS S UL S (3l U S 53l aslie 51 tidl o Ko oy Ty i sdins0LS
SO 6 ol ey S s 4 Ty pl F S 3 (@ F JS80) MBSA 66505 55 ol asiie LIS sbay
IS 53 (0 JK8) el (5l MBSA w50 55 o8 ol Jl 55l il o Jin g0 St I Sl 5B
& Odors B (slo i T SLES (51531 W55 0l (lay W s0d 3 K03 (g Sl el sl Jol Ty = 1ol A
b sl i f LLES il Wsy sl (il €00 3 &S Sl Jm 53 opl Al e ol L Ty =
s Ty = 1 a5 il ) ISt s GLSU S sbas OF 5l dey 5 005 o155 Ly, 1y = 0.7
Sl jasiie &S 5 sbolen . Conlodd osls 0L &0 5 & F G IS 55 58 o (S e p Ty Ol uis

A e eddd (Sl dged 4 Cad (6 R0 Sl IS sl 53 (V) S 4 Ty Oy 0 (S5l €50 2


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

() S Ty Oy 31 Ao (i 5 Al gr ol (3l 303 L3 2l Sls) Sy a8 Sl 0f o
ol oSl Jl 53 enl b e SR e 55 BB gbar oS Gla [ slins 53 MBS & 5as 3 (5)50me 5 S
Bbie ol VL Sl Gl S slaas 55 5 1S e b ol (3l MBSA G hs s 255 2l
P et P Olen Sl 8 ke (oo (B5 Bl GRS s gl skias0lis 0 IS
1S S Ol e a3 5 el 0l Sodal o) 5wl Il i S (ol Sl SETL S e (NS

ROMPLRCINE T (RN ETR
Sty g =1 b ol LS5 5bs,5e 6l JKem s CSR Jlsgas £ K5 s aalsl s

el ol &5l g5 HlS SIS $U Calies slads s Lodd (g5l LS ioman 5 sliS 5leg

0.25

0.2 \
0.15

© 0.1 M6S4
M6S4+5%SC
0.05 e MI6S4+10%SC
0 e M 6S4+15%SC
1 10 100

Number of cycles to initiate liquefaction

UL (6lugy il slads ;s s MBSA (6l 1 Kl 5kis)ge (sl S Suas cunm y CSR il i £ IS8

S5 S (1S

5 ok il MBSA ol LI SHs, Ls e gla v sl cwm o CSR I pas stiasplis 7 IS
oaseie 13 sl 3 aS jsboles AL e saS IS (S 5L Clle Calie glado s Lol (53l MBS4
O (Lol (3lugs Slad el Sl Hlis opl 45 ol sl 15 01y, S ¥ 5l e ME6S4 CSR=0.2 ;5 .
JSw Ar (MBSASC10%) SKiowe 56 Jgloms Ao s Vo (IS 0F (MBSASCE%) Kl 56 Jplos Ao 3
Sl U e Sl L8l il sil e (S VYA (MBSASCL5%) Kl 56 Jloms dsys VO
$U Aoy 0 0558l Lol 55gie MBSA (L1 Sls, Lol 2al) o Slyy caglie Julsils dd S
V0 5Vt a4 Jsloee e O L 0T 5l e 5 anl 550l e 5 LB Ol 4 ) Sl e slie St 4 K
0 Aoy po 5 4 cplplo faEL o oIl o3 O a4 Cnd (5% Llie ¢ ol STls, Conslie Siul33l Oljpe Aoy

A3k s MBSA (g5l g g e (s3I IS 5L A3


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

el 05 |

—axial Strain-M6S4+15%SC

axial Strain-M6S4+10%SC
0.01 ——axial Strain- M6S4+5%SC
— axial Strain- M6S4

.01
OOSA

0.005

-0.005

Axial strain

-0.01

-0.015

-0.02
Number of cycles

6[.&-\.,9):'.35-\.: LS,}L‘“{-!J“\“:-; ‘SJLn.G.I M684 ‘5|J; ‘Jg:..‘ Sld=s = (S 95e0 J..:;C;‘mﬁ)‘.))u Y Jg.ﬁ
(CSR=0.2) 434S (slSer 51U Cilisea

5 Sl sl esls ol CSR=0.2 ;5 MBS (1, K sliws Sy 35S Slasas V ISS 5o
O3 0T a3 S (65108 gl S i 53 0t (53l MBSA s ol asite IS 51 a8 sb0les
2 S 51U cile (slads s 5T a3 S S SU il sl ke Lo (53l MBSA s il s
OhalE DT e (SIS ISl SU ke 11 L s adl e Obled mpd s 2l Slss eslie 253l
PU Bl 51V do s LS glses ok @ asd e Jols VL (L sla IS slans 55 a5 S
3B i G IS sl Jlesl 5 ot Spslie IS (S0 2ln 5 sl sl (g3l IS S

Aled Ko 85 4 g 4 pes B

.Cﬁ.»\o.\.;:‘\jb\ r\\" Ji:wUnMJ)JNQ)}@@


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

axial Strain-M6S4+15%SC
axial Strain-M6S4+10%SC
axial Strain- M6S4+5%SC
axial Strain- M6S4

25

Axial strain

Number of cycles

Sado 33 b el (§5lungs 5 0ukdis (§5lungs MIBSE (gl 55 ¢ ISus 5l a3 Sy gm0 S5 Sl Sla 905 A YK

(CSR=0.2) RAR IS B ol 5 gdome Oy peoty (S5 5IS SIS0 il alins

astls Yoo ola S slaas 53 (g oS K 50 Calises do s 4 ol (g5l 500 anglie 4 A IS s
(\V' J&)Jéﬁjsm‘bc%}l}“)b\' jobeﬁdjwéudﬁideﬁebbbm)w‘aﬁ
3l eSO S Ol s wls W 50 Ao ;3 10 Lol (g3legy w50d Jy el il L‘JSJ LS o4 S
Sladisad 208 Ol ead awls IS, sba omen il 0 Khew $U Ao s V0 50 L el (g5l slad gl
w s ) 6ol sl Gl S phl ISew dar 3 o8 il e 0l (G5l 4500 51 eSSl 0l 3lege

.CMA\AJJS

.W\eﬁﬁ\ﬂdjfugﬁjswﬁru Q\MJ‘J)&.}‘\L}KJJJ

2
04 —ru-M6S4+5%SC
ru-M6S4+10%SC
0.2 — ru-M6S4+15%SC
-0.03 -0.02 -0.01 : 0 0.01 0.02 (;03
Axial strain

JJUQLZ»LSUJ‘A):L!:M ‘5)’[.4..‘._",:.1&5 6)[....@ M6S4 ‘sb.v (S &;wﬂru Q‘;::J)‘:‘,.u q JQ

(CSR=0.2) g3 S (s1Shems


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

5L i la IS sldad WAL iy (ol glad 5 Kw 5L do)s ax o ) S0 S 54 K3 s
S el gla I 5 SYL IS 5L do s L ladised e 5 e UL ol 2 Ty 0 €500 B il
Ales S as i ) (6 meS

W d'.’".’_$

Clo 3ozt S5 o SIS G SU a5 Lals 0L (YY) 5,580 5 6os i slatass Lo
asle 53 Ui slS Il $U as Wsls olis (YorA) Q\)m)ﬁ):jjwjem&ﬂuu Sl
rl 3 ol s b oS Wpd e S b e B RS 5 le i O LIS 15 5 5 el e

Lls callas iags

Q\jslWubp%@p&\ﬁ\bdwlugub\v 3\).)};}6)}; L..w}; e.)..idb‘@b})bw
(sl al 58l S SO 65 Oleo s b 35 US/M ol s s WK 5L e
Sl VL polie sl sl oSS 55 Slosart A58 Ko 50 St Sl Sl,3b by

Syl cales Lol el L}.‘ob-@lzjl.;ée:ﬁ 5 ggiun

S U Lol (g3l anle ) Slos 5185 555 2 255 Srasi 5 (7)) OLes 5 S s g g
ol Jld 8 (il 3 B 5L 555 Lo 0 O Lol (g3lugy sladisod o8 ditily ovos 4 (pl 40 318
o Ve chle 5l Sl s s JRalS Wi Slab )l o |y o anle o) Slyy ot 35 5 5ba Ll
OF 31 eslizul adl 45 L5 3 gdome oot o SO 53 b 58 B 3L OF s e oS 355 n s3lizad OF 51 513
OLes 5 SIS tags 5l dols bl b glavle o (555 1 Srasn onl Sl abol @l ol gslasl 2
Ll Sl a5 el B 5 sba Ko 50 555 o3 0 b lacle Sl (3l 5 anils Ciillao YooY

RO ISPNCINS

SIS s U 3 (slale s gl 21005, Sl plp 55 Cole b (s3lagr S Jrasn nl
330 Gasie 55 SRl ple b e 5 (65 Shes (galiaml w515l el eslin
s Aoy 0 Chle b gus s Wl $U Jglme 3aslanal Zagsy cul 55 pws 3550 S gl ioman
Aos3 0 asy cpl 03 SIS i 50 wg Olpoe cnlple Cnl n gy o Sl o a8 S aig Ol
Oeoee g oy o d Vo aS g b s e el atedls 4oa 5 L aal e S ke ;.j)'\ 3T
358 A5 HS Sk $U Jskme 2l s P2 5 3 wped a3 68 Ad aside (bl Gl 5l e 2
O 03 deen 0 Bl bl Kk 5L Joloms Lol (il 4500 G2 G0k 4 g Sl 00500
O3 s, ge andls @ a5 b Sos g 51 5 0l pae G lS K 56 D3 Sl 0 S Y 30 Shays
0 chle bl 5L Jalons b €500 SO (g3lagr 8 55 Sl 0350 0 S o [35d0 b yme SLt (51 Lot pod


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

3 Ao G dslae a5 Al o S T S dged 4 Kl 50 3 DSTY' 03558 Jslae S35 Aoy

Al e St

303 sy S o b IS i WOl s s O 0Lz 3 &S S Glagsilng 53 K03 (o S
L Al sl Olew ) SIS Olas Osmmad ola S35380 5l eslial &y 50 s (dlo glacle wilen
b oian el oKes &5 258 byl Kos Gl b amled edlitel ol gbOlem Sl 5L &S
e B LS § b 5 IS i 35 LS8 U3 IS Sk 50 L Sbe (il 55 I diles 3Ll 2

2 ST sl mell sl Ol o s s 2T 53 3 SLS 5 51 ol plubis G b astl ol sl

Ty SOy ] I e L U p PP = P SR PN W L CO W ER P

.J}«.} b oalaiul

GoSadior s 5 b oas3l ple 4 Cand Jaseecn ) o8 hs 5 gl S S U 5l szl JS ) 5ba
s 0 CO2 Jials Bl Glrt 58 Kl 56 03505 30l i3 p S abesl 5 350

Al o Olerm 55 40l 3 CO2 a5 ol b 51 (S 15 AL o

Gilomz g ol Sl 35330 SO SIS SKaws S &8 5 S am Ol e 0Ol las a5 L

AL e lanle Cdw oS s ol Jles L0
S5 S 9 Sipez =0

d)j M)JML{A.,\.J.} LSJL"‘é" (M6S4) MLG M)JY' L’LSY ;6\;— Lﬁ‘}ib) J“‘“"L“"’ J“’)J"MU’:AJ}.’. J‘JJ
SSosba ol sddasls , cilie gls CSR s (15Wt% 5 10Wt% SWi%) cussls Sl 5L
Oiee a0 Mw L ol 5o 1y Glawle clw SIS0y, Cuglis suisls Wl 56 s 5 L soleg

el s Jool 5 ol an 5 ol el (RS 1 L K ks 5 2l e 5 B

sl il b S s gl 1S a5 (CSR=0.2) YL CSR cow el (g3l S 3 o
0) oS G slS Sk U S35 Aoz 53 i 0kd (Silgp Gl ped 3 Ll 355 o ol & sad 3 2SS,

e a8l 215 (g St sbar Sl ueslie (IS (I 5L S35 ey
25l 53 Caslie 5 ol S, Cuslie bkses 53 @SS (S SU S35 s RIHL i
Cuoglie 4 g 4 (SIS S S0 S5 Aoy O G a5 Ll anl 5581 IS L cos s 1S5S
s des3 N0 5 Ve 0ad eagl b S ol Sl 3 cpl el 03 S Iy Sl x5 BB gba ol Sl
Chle b gassls o U 5l eslanal cpl sby 53 o Jols Sl Ao )5 0 4 Cod (5 58 Cunglan 21550
5 Sl LS S ba 1y oISl s 5 fedly (oY doys P Loasls doys T Sl s a0
23 A58 e 50 oy O Ol ol plo cdl o (oolatil o sk opl 6l SVL laclale 5l eslin

Al e g Olgae SFass cpl 03 ) 2 200 Slads )3 03 s


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

a5 ks gl b w e b lasn cal Sl Jeols s a8 558 Ol ol L Ll s e i
oz 5l &S Wil o placussdoe b Gk 3 Wl el il 4 Cod &S il ol Jol Gl
Jlesl heoys ¥o el anils o3y dwle Aoy Fo s Gl Ao 3 $0 &S oy 5550 St g R
SN sl 533 K Jol JalS 5 sbay adls Jaul 3 3 ool (S 4 ol KLe3T 55 Olonos (S

Al M (g e s oK Jlesl Ll 15 L a3l 45

Gl}.ﬁ —.\

1- Agapoulaki G. I., Papadimitriou A.G. “Rheological properties of colloidal silica grout for
passive stabilization against liquefaction”, Journal of Materials in Civil Engineering, ASCE,
(2018), 30(10).

2- Eliyas E. T. “Impact of Micropiles Installation on Liquefaction Potential of Saturated Silty
Sand Using Numerical Method”, JEG. (2020); 13 (5) :147-176 URL.: http://jeg.khu.ac.ir/article-
1-2616-fa.html

3- Bahadori H., farzalizadeh R. “Effect of tire Powders on Dynamic Behavior and Liquefaction
Resistance of Saturated Sands”, JEG. (2019); 12 (3) :409-428 URL.: http://jeg.khu.ac.ir/article-
1-2538-fa.html

4- Japanese Geotechnical Society. Remedial measures against soil liquefaction. Rotterdam,
Netherlands: A.A. Balkema,(1998).

5- Towhata L. “Geotechnical earthquake engineering”, Geomechanics and geoengineering,
edited by W. Wu and R. I. Borja, 697. Berlin: Springer, (2008).

6- Olgun C. G., Martin J. R. “Effectiveness of jet-grout columns for mitigation of liquefaction
during earthquakes”, Geotechnical engineering for disaster mitigation and rehabilitation,
Springer,(2008).

7- Bouckovalas G. D., Papadimitriou A. G., Niarchos D. N., Tsiapas Y. Z. “Sand fabric
evolution effects on drain design for liquefaction mitigation”, Soil Dyn. Earthquake Eng. 31
(10): 1426-1439, (2011).

8- Shen S. L., Wang Z. F., Horpibulsuk S., Kim, Y. H. “Jet grouting with a newly developed
technology: The twin-jet method”, Eng. Geol. 152 (1): 87-95, (2013).

9- Shen S. L., Wang Z. F., Cheng W. C. “Estimation of lateral displacement induced by jet
grouting in clayey soils”, Geotechnique 67 (7): 621-630, (2017).


http://jeg.khu.ac.ir/article-1-2616-fa.html
http://jeg.khu.ac.ir/article-1-2616-fa.html
http://jeg.khu.ac.ir/article-1-2538-fa.html
http://jeg.khu.ac.ir/article-1-2538-fa.html
https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

10- Porcino D., Marciano V., Granata R. “Static and Dynamic Properties of a Lightly Cemented
Silicate-grouted Sand”, Canadian Geotechnical Journal 49 (10): 1117-1133, (2012).

11- Guyer J. P. “An Introduction to Soil Grouting”, Course No.C02-017. Continuing Education
and Development, (2009).

12- Gallagher P. M. “Passive site remediation for mitigation of liquefaction risk”, Ph.D. thesis,
Virginia Polytechnic Institute and State Univ. (2000).

13- Gallagher P. M., Mitchell J. K. “Influence of colloidal silica grout on liquefaction potential
and cyclic undrained behavior of loose sand”, Soil Dynamics and Earthquake Engineering,
22,1017-1026, (2002).

14- Kodaka T., Oka F., Ohno Y., Takyu T., Yamasaki N. “Modelling of cyclic deformation and
strength characteristics of silica treated sand”, In Proc., 1st Japan-US Workshop on Testing,
Modelling, and Simulation (GSP 143). 205-216. (2005), Reston, VA: ASCE.

15- Gallagher P. M., Pamuk A., Abdun T. “Stabilization of Liquefiable Soils using Colloidal
Silica”, Journal of Materials in Civil Engineering, 19(1):33-40, (2007).

16- Gallagher P. M., Conlee C. T., Kyle M. “Full Scale Testing of Colloidal Silica Grouting for
Mitigation of Liquefaction Risk”, Geotechnical and Geoenvironmental Engineering, 133 (2),
186-196, (2007).

17- Rodriguez J. A., lzarras V. M. “Mitigation of Liquefaction Risk Using Colloidal Silica
Stabilizer”, 13th World Conference on Earthquake Engineering, Canada, 1-6 August, pp 509-
519, (2004).

18- Mollamahmutoglu M., Yilmaz Y. “Pre- and post-cyclic loading strength of silica-grouted
sand”, Proc ICE Geotechn Eng,163:343-348, (2010).

19- Huang Y., Wen Z. “Recent Developments of Soil Improvement Methods for Seismic
Liquefaction Mitigation”, Nat Hazards, (2015), DOI 10.1007/s11069-014-1558-9.

20- Huang Y., Wang L. “Experimental studies on nano materials for soil improvement”, a
review Environ Earth Sci., (2016), 75:497 DOI 10.1007/s12665-015-5118-8.

21- Wong, C., Pedrotti, M., El Mountassir, G., Lunn, R. J. “A study on the mechanical
interaction between soil and colloidal silica gel for ground improvement”, Engineering geology,
243, 84-100. (2018).

22- Krishnan, J., Shukla, S. “Mechanical behaviour of sand treated with colloidal silica”, In

Geotechnical Characterization and Modelling (pp. 467-479). (2020). Springer, Singapore.


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

23- Vranna, A., Tika, T. “Laboratory improvement of liquefiable sand by colloidal silica and
weak cementation”, Proceedings of the Institution of Civil Engineers-Ground Improvement,
174(4), 240-251. (2021).

24- Krishnan, J., Sharma, P., Shukla, S., Pancholi, V., Dwivedi, V. K. “Cyclic behaviour and
durability analysis of sand grouted with optimum colloidal silica content”, Arabian Journal for
Science and Engineering, 45(10), 8129-8144. (2020).

25- Krishnan, J., Shukla, S. “The utilisation of colloidal silica grout in soil stabilisation and
liquefaction mitigation: a state of the art review”, Geotechnical and Geological Engineering,
39(4), 2681-2706. (2021).

26- Gallagher P.M., Lin Y. “Colloidal Silica Transport through Liquefiable Porous Media”, J.
Geotech.Geoenviron. Eng. ASCE. 135: 1702-1712, (2009).

27- Agapoulaki G.1., Papadimitriou A.G., Kandris K., Pantazidou M. “Permeation potential of
colloidal silica for passive stabilization of liquefiable soils”, Geotechnical Engineering for
Infrastructure and Development, pp. 2201-2206. (2015).

28- Rodriguez J. A., Antonio-lzarras V. M., Bandini P., Lopez-Molina J. A. “Cyclic Strength of
Natural Liquefiable Sand Stabilized with Colloidal Silica Grout”, Canadian Geotechnical
Journal, 45(10):1345-1355, (2008).

29- Nouri Delavar 1., Noorzad R. “Drained shear strength parameters of silty sand grouted by
colloidal silica”, International Journal of Geotechnical Engineering. (2017).

30- Zhao M., Liu G., Zhang Ch., Guo W., Luo Q. “State-of-the-Art of Colloidal Silica-Based
Soil Liquefaction Mitigation: An Emerging Technique for Ground Improvement”, Applied
sciences, 10,15. (2019).

31- Polito C.P. “the effects of non-plastic and plastic fines on the liquefaction of sandy soil”,
PhD Thesis, University Libraries, Virginia Polytechnic Institute and State University. (1999).
32- Ghahremani M., Ghalandarzadeh A., Moradi M. “Effect of Plastic Fines on Cyclic
Resistance of Saturated Sands”, Journal of Seismology and Earthquake Engineering, VVol.8, N.2,
pp 71-80, (2006). In Persian.

33- Mitchell J.K. "Soil Improvement - State of the Art Report", Proc. X ICSMFE, Stockholm,
Vol. 4,pp. 509-565, (1981).


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

34- Chang S. Y., Liu L., Asher S. A. “Preparation and properties of tailored morphology,
monodisperse colloidal silica cadmiumsulfide nanocomposites”, J Am Chem Soc, 1994,
116(15):6739-6744, (1994).

35- Lin Y. “Colloidal silica transport mechanisms for passive site stabilization of liquefiable
soils”, Ph.D. thesis, Drexel Univ. (2006).

36- Martin J. E., Wilcoxon J. P., Schaefer D., Odinek J. “Fast aggregation of colloidal silica”,
Phys Rev, A 41(8):4379, (1990).

37- ASTM D5311. Standard Test Method for Load Controolled Cyclic Triaxial Strength of Soil.
(2013).


https://jeg.khu.ac.ir/article-1-3001-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-04-19 ]

Investigating the effect of colloidal nanosilica in the
passive improvement method on the liquefaction
potential and changes in the pore water pressure of
sandy silt

Sina Safargholi Tabar Marzooni!, Meysam Fadaei?, Amin Bahmanpoor?, Mehdi
Derakhshandi*

1-Civil Engineering group, Science and Research Branch, Islamic Azad University,
Tehran, Iran
sina.marzuni@srbiau.ac.ir
2-Civil Engineering group, Science and Research Branch, Islamic Azad University,
Tehran, Iran (correspond author)
fadaee@srbiau.ac.ir

3-Civil Engineering group, Science and Research Branch, Islamic Azad University,
Tehran, lIran

aminbahmanpour@srbiau.ac.ir
4-Civil Engineering group, Science and Research Branch, Islamic Azad University,
Tehran, Iran

m-derakhshandi@srbiau.ac.ir

Abstract

The reason for many failures due to earthquake is presence of loose up to semi
compacted, and saturated deposits is liquefaction. Passive improvement of a site is
a novel concept which indicates reducing the risk of liquefaction without
interfering with developed sites or high rise and sensitive structures which are
susceptible to liquefaction during an earthquake. The effectiveness of the passive
improvement method depends on the used additive in the method. Colloidal
nanosilica with a viscosity close to that of water is capable of penetrating a wide

range of soils. It has very good compatibility with the environment, and a very low
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cost -performance ratio. Thus, it has been used for passive improvement of site in
this research. The Previous research works have investigated the liquefaction
potential of sand and colloidal nanosilica-improved sand with small amounts of
plastic and non-plastic fine-grained particles. Therefore, studies on passive
improvement of site with colloidal nanosilica in sandy silt soil have been very
limited, with the liquefaction potential of colloidal nanosilica-improved sandy silt
soil yet to be adequately investigated. The present research considers the
liquefaction potential of sandy silt soil (composed of sand (40%) and silt (60%))
upon improvement with colloidal nanosilica at different dosages (i.e., 5, 10, and 15
wt.%) using cyclic triaxial loading tests under different cyclic stress ratios (CSR)
with the final purpose of passive improvement of the site. Optimization of the
nanosilica dosage for lowering the risk of liquefaction down to an acceptable level
and determination of optimal chemical composition of the colloidal nanosilica for
enhancing its effectiveness in the soil improvement process were further
performed. In this study, the acceptance criterion for liquefaction potential was an
ru value of 1. The results indicated that, before the passive improvement, higher
CSRs (CSR = 0.2) led to soil deformation in early cycles, making the sample
liquefied. However, adding the colloidal nanosilica at even a low dosage (5 wt.%)
improved the resistance to liquefaction significantly. On the other hand, with
increasing the dosage of the colloidal nanosilica in the samples, improvements
were observed in the resistance to liquefaction and deformation under cyclic
loading. Introduction of colloidal nanosilica to the sample at 5 wt.% increased the
resistance to liquefaction significantly. Nevertheless, further increase in the
resistance to liquefaction upon adding the colloidal nanosilica at 10 and 15 wt.%
was not as high as the initial increase achieved with 5 wt.%. In conclusion, one
may stipulate that incorporation of colloidal nanosilica into a 40% snad-60% silt
soil can attenuate the risk of liquefaction abruptly, while the use of this additive at
higher dosages is economically inefficient. That is, considering the range studied in
this work, the optimum dosage of the colloidal nanosilica is 5 wt.%. Finally,
liquefaction curves were presented for non-modified soil as well as improved soils

with colloidal nanosilica at different dosages.
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