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ABSTRACT: Liquefaction is one of the most devastating Geotechnical phenomena that severely
damage vital structures and lifelines. An accurate understanding of the dynamic response of the site prone
to liquefaction and improved with different modern methods and comparing it with the unimproved site
improves the ability of engineers to choose the appropriate improvement method. Before construction,
it is necessary to solve the geotechnical problem. Among the methods of land improvement to deal with
liquefaction, gravel columns and deep mixing columns can be mentioned. In this study, the results of
1g shaking table tests by a flexible box on the foundation located on the liquefiable ground surface and
reinforced with the aforementioned techniques have been investigated. The dynamic responses of the
reinforced ground in different thicknesses of the liquefiable layer and the different frequencies of the
input movement have been investigated based on stress-strain behavior, secant shear modulus of the soil
and excess pore water pressure versus shear strain. The results of the tests show that the thickness of
the liquefiable layer has a considerable effect on the dynamic responses of the soil, including the shear
behavior and the shear modulus of the soil. By increasing the thickness of the liquefiable layer, the values
of the secant shear modulus and shear strain of the improved mass decrease and increase respectively.
Also, the dynamic performance of deep mixing columns in thicker layers is more suitable compared to
gravel columns, and at lower thicknesses, the dynamic behavior of gravel columns approaches that of
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1- Introduction

Liquefaction-induced ground deformation is one of
the major seismic hazards that cause damage to buildings,
infrastructure, roads, bridges, and even loss of human life, as
reported in previous seismic events [1]. Liu and Dobry (1997)
carried out eight centrifuge tests to investigate settlement
features of circular foundations situated on liquefiable
soils [2]. The result of their study indicated that settlement
percentage is dependent upon the width of the foundation
and the thickness of the liquefiable layer. Therefore, the
liquefiable layer thickness is one of the governing factors
in the adopted countermeasure technics. When choosing
land reclamation methods to deal with liquefaction, factors
such as effectiveness, reliability, cost-effectiveness, time,
construction conditions, soil type, and environmental
compatibility should be considered [3, 4]. Among the soil
improvement methods, deep soil mixing (DSM) columns and
gravel drain (GD) columns can be highlighted, especially
in urban areas. These techniques have a short construction
time and low cost. They also have much less vibration and
noise pollution than compacting methods [5, 6]. DSM is one
of the most effective methods for improving liquefiable soil
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[7-9]. Esmaeili et al. (2014) investigated the effectiveness
of DSM in loose sandy soils using laboratory experiments.
The results show that the effectiveness of DSM depends
on various parameters such as sand density and the water-
to-cement ratio of mortar [10]. Asadzadeh and Bahadori
(2009) investigated the effect of inlet movement and the
arrangement of stone columns to deal with liquefaction. In
this study, a PVC pipe with a diameter of Scm was used to
model the stone columns. The results show that the triangular
arrangement of the columns has a better performance to deal
with liquefaction [11]. Therefore, it is necessary to evaluate
the response and deformation of reinforced soil against strong
movements for critical structures in order to choose the most
appropriate improvement method.

However, almost few comprehensive studies have
been performed on the effect of different liquefaction layer
thicknesses on the seismic performance of DSM and GD
columns so far. In order to fully understand the performance
of columns, it is necessary to study the dynamic behavior
of columns at different thicknesses of the liquid-prone sand
layer. In this study, a shaking table model test with a flexible
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box was used to analyze the seismic responses of free-field,
GD and DSM columns containing soil layers. Models were
implied harmonic loads with different frequency domains.
The effects of the DSM and GD columns on the nonlinear
dynamic response of different thicknesses of the liquefaction-
prone sand layer were investigated by using parameters such
as stress-strain response, excess pore water pressure ratio
and the shear modulus of the whole system. Furthermore,
the rupture of the columns in a similar area replacement ratio
(Ar=18.2%) is focused.

2- Methodology

A flexible tank on the shaking table was designed for
testing. The model tank was a rectangular laminar shear
box with internal dimensions of 135.5 c¢cm in length, 85.6
cm in width, and 72 cm in height. This tank was made of
18 single laminates supported by each other and made of
aluminum profile pieces. The cross-section of the laminates
was rectangular, with dimensions of 40 mm by 66 mm. The
laminates were stacked one on top of the other and separated
by ball bearings. The flexible box was free to move only
along one direction and along the horizontal plane.

2- 1- Material

Firoozkuh Sand No. 161, which is clean and uniform sand,
has been used in this study. The stone columns have a special
particle distribution that is designed according to the studies
of Seed and Booker (1977). The materials used to build DSM
columns include ambient soil (Firoozkuh sand#161) and
Portland cement type I, which have been created in situ with
a water-to-cement ratio of unity and cement content of 110
kg/m?.

In the present study, the construction of columns in the
sand was not feasible without special arrangements. Thus, for
this purpose, PVC pipes with an outer diameter of 5 cm were
used in compliance with the simulation rules.

3- Results and Discussion

In these experiments, the effect of liquefiable soil layer
thickness on the performance of two improvement methods
(GD and DSM columns) was investigated. The peak input
acceleration for all tests was approximately 0.2 g and was
applied at frequencies of 1, 2, and 3 Hz. The secant shear
modulus is usually used to estimate the shear stiffness of the
soil under periodic loading. Soil shear modulus is estimated
from stress-strain hysteresis curves and calculated as follows:

Tmax—Tmin
= ©)

G=
Ymax —YHﬂn

The changes of hardness with shear strain (G-¥) can be
properly evaluated as a basic input parameter for dynamic
analysis. The secant shear modulus in terms of shear strain
has been obtained in all tests for different depths and in two
sites reinforced with a tone column and deep mixing column.
The results show that the higher thickness of the liquefiable
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Fig. 1. A view of the shaking table and laminar shear
box

layer leads to a decrease in the values of the secant shear
modulus. The values of shear strain in the thicker liquefiable
layer are higher than the thinner layer.

The results in this study show that in both methods of
land improvement, in general, by reducing the thickness of
the layer prone to liquefaction, the amount of shear strains
and the generation of excess pore water pressure in the
model also decreases. This shows that the thickness of the
layer prone to liquefaction has a significant effect on the
seismic performance of the soil and the effectiveness of the
improvement methods.

The amount of input frequency in the soil system and
foundation at different thicknesses in liquefiable soil also has
diverse effects on the subsidence behavior of the foundation

4- Conclusions

Ten tests were carried out, one of which was unmodified
and nine of which were modified with columns. The main
results of the experiments are as follows:

In the unimproved soil model, after a small number of
applied loading loops, the loops quickly tilt horizontally,
which indicates the rapid reduction of the shear modulus of
the soil, which is caused by the occurrence of liquefaction
in the unreinforced soil layer, but in reinforced models, the
tendency of the stress-strain loops to become horizontal
decreases.

The additional pore pressure values of the reinforced
model have decreased significantly compared to the
unreinforced model, in other words, soil reinforcement has
improved the shear modulus of the reinforced soil mass.

Among the two improvement methods mentioned, the
technique of deep mixing columns in thicker layers has a
better performance than stone columns and has significantly
preserved the shear modulus and reduced the shear strain of
the soil mass.

Based on the results of this research, the behavior of stone
columns and deep mixing columns is closer to each other in
smaller thicknesses.



Gh. A deh Khosh

References

[1] M. Cubrinovski, B. Bradley, L. Wotherspoon, R. Green,
J. Bray, C. Wood, M. Pender, J. Allen, A. Bradshaw,
G. Rix, Geotechnical aspects of the 22 February 2011
Christchurch earthquake, Bulletin of the New Zealand
Society for Earthquake Engineering, 44(4) (2011) 205-
226.

[2] L. Liu, R. Dobry, Seismic response of shallow foundation
on liquefiable sand, Journal of geotechnical and
geoenvironmental engineering, 123(6) (1997) 557-567.

[3]A. Porbaha, K. Zen, M. Kobayashi, Deep mixing
technology for liquefaction mitigation, Journal of
infrastructure systems, 5(1) (1999) 21-34.

[4] M. Shahraki, R. Rafiee-Dehkharghani, K. Behnia, Three-
dimensional Finite Element modeling of stone column-
improved soft saturated ground, Civil Engineering
Infrastructures Journal, 51(2) (2018) 389-403.

[STR.V. Siddharthan, A. Porbaha, Seismic response
evaluation of sites improved by deep mixing, Part I:
Proposed approach, Proceedings of the Institution of
Civil Engineers-Ground Improvement, 161(3) (2008)
153-162.

[6]R.V. Siddharthan, A. Porbaha, Seismic response
evaluation of sites improved by deep mixing, Part 2:

hr and H. Bahadori, Amirkabir J. Civil. Eng., 55(3) (2023) 129-132, DOI: 10.22060/ceej.2023.21772.7821

Verification, Proceedings of the Institution of Civil
Engineers-Ground Improvement, 161(3) (2008) 163-
169.

[7] A. Hasheminezhad, H. Bahadori, Seismic response of
shallow foundations over liquefiable soils improved by
deep soil mixing columns, Computers and Geotechnics,
110 (2019) 251-273.

[8]A. Hasheminezhad, H. Bahadori, On the deep soil
mixing method in the mitigation of liquefaction-induced
bearing capacity degradation of shallow foundations,
Geomechanics and Geoengineering, (2020) 1-13.

[9]1F.O. Yang, G. Fan, K. Wang, C. Yang, W. Lyu, J. Zhang,
A large-scale shaking table model test for acceleration
and deformation response of geosynthetic encased

stone column composite ground, Geotextiles and
Geomembranes, (2021).

[10] M. Esmaeili, M. Gharouni-Nik, H. Khajehei, Evaluation
of deep soil mixing efficiency in stabilizing loose sandy

soils using laboratory tests, Geotechnical Testing Journal,
37(5) (2014) 817-827.

[11]Gh. Asadzadeh, H. Bahadori, Evaluation of the
performance of gravel columns in reducing risks caused
by liquefaction, International Institude of earthquake
engineering and seismology, 12(1-2) (2009) (in persian).

HOW TO CITE THIS ARTICLE

Civil Eng., 55(3) (2023) 129-132.

DOI: 10.22060/ceej.2023.21772.7821

Gh. Asadzadeh Khoshemehr, H. Bahadori, Investigating the dynamic response of deep mix-
ing columns and gravel columns in liquefiable layer with different thickness , Amirkabir J.

131






785 500 ()] yo (o kien & i

FYe BV o VYT Jho o olod DO 090 ¢ oS ol (ylpas wdine &y il
DOI: 10.22060/ceej.2023.21772.7821

Cunlesd Ly 155, 4 53 b Glaygiw 9 w0 DI (gl pygies (Soliys Gewsly (om 2

ol (ol e adigs odljul 18

Ol cdeos )yl cdpog )l oKy ¢ wdigo 5 (S8 0aSLlD

18,5913 ey ,U

VN FIVY edl )
ARAANAREW RS
VENNY 2ol
VEANNYE oMl )

Slaglyd g loojls 4 (i @)lud Sl el & Wil o (SIS ookl p o | (S S, taoMS
o1t (Gluge b b o] duslie 5 g (slasby, b odd (il olSisbo (ool gonly | cunyy S 25 00 Sl
0w S5y Bojlu sl I L8 s 1)l ol j aisie § uslie (gilte () 3l sl iz (U5 Ml oo
o9 Sloybyy dlax Jladl e el (gl (ST Ui ()5 By g olSiB Lo (gt gy 2l Sl dxtane
loialo]] (5 S bt adlllao (] )3 .3,8 )3l b (slaysio 5 res LIS (glaygius 3l oolitl 4 i o (gl
S5 55 99 b 0 e 9 [SUlg) LB (00) o 5 e (150uslis 55y 2 ey Bllanil dim bausgi N € laoxo 13 05 )50
Ogligh g 0 s (yre] wlunges (Spolind (Slaguly (sl &8)5 )8 ()2 3590 (b (Lo it 9 Bros IS (sla 5t

1605 Clols
Gros LMA] 5w

b Oy
LSlgy 4Y caobiess bt Jgde Sy 3,8 = A5 )18y B ) glite (639)9 <8 > puilS,8 0gMe 4y 5 1,05, Y calieo (slaciols

1,y Y caalses 45 amd oo i b yiole] zols .ol a3 15 Lb5)l 5,50 (5 25,5 g (sloyis ol jlid adlsl o ol
SR S8 i LT 6 15 5 iyt il 5 ST 5 5 5y e § S (S sl
3)8des (pizman NS oo by (I3l g (Al 55 00 (il 0395 (B0 (S 9 (2B Jghe lie |)SUlg) 4Y Cuelss
Sl ) b (o )3 il o ol (2 Sl b duglio )3 p5es St )3 Bras LW sl g (Seelid

Dy se SO Gros LIS slagygiw & (2 (Slagygin (Salind )8) yieS

$539)9 &8 > dialy g uilS )3

B by Jge

bastgy ol 5 0,8l S 5 (15 (slagygio 5 as LIS slaigin
093 e ghls (yizman 9 35505 (63508 (gloaiy i g 5olisS ci b e
St o515 (sloh) b duslie 3 (gyieS go (S35 a8 o
B S S (il (Bree LIS lagyginr (63 )Slas cyje [Y-F]
o) bulyd > SB > (dloyis O Lt adlol W g, ials
Cogl (oASB) byl (Il polate 4 8 b lagigie Sl e
35,5 o 3,5 00lital 350 Iyl s 53 Bl S 41,5 4 o Caoglie
Ol @hNls) b dblie car silare oty 3o (uyn Sl
o 03y e slaptlell (85 o ABALT slacsiloss
g go Ggmme (o) (Suslind 3,8 e Sy (sl wgllas 3,50,
oo sl o5 s b Ghaleil o S (VVY) ) en g Slage
ol by ldlas zols [V] Slesly plosl s 55 e (Suolid ks,

Gl S oS By ol 0)iaS slogad b ulS,8 &S ol

doddo —
L oablie 5 ooy Mol Gl Yo byl asdS sla o,
Spo dj; jl Jols (sl (B8 g (2)Sly) (8L Gej (SiSenS
sloosy blae ) polio 5 05gp Llpd b cusliio (Sho ags .ol 00
528 Sl o33 (e e 2, wiile (SIS 0 e cilie
Wil padts 3G il Cuial 5 5 dube yas p Al o0 &S py58 5 VL
S5 bl b (2B Lo iz (58,5 )l 532015 el o il
V] abbe JSiio o Y (o3bail (25l b (g0 (2l 2 o2 o)
)l 2lKloy b ablie (sl (mej Mol sy, el )5 )
BB blpd 5 gloj g auje 39 dte lebl (sl pgzmen
VoY g ¥] 0,5 )18 jlaine bl cunj o b (5,5l 9 S5 g5 5

Doy & Ol st Bblie 5 logase Mol sla iy oo

h.bahadori@urmia.ac.ir :lslse jlseses sy ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

na



2 Gl 0l (65,400 pobs dalllas 1SSy, Y Calise slacwlbus
Cawl 0a odliatwl T plsllasl dxs b oojy) jee Jlo Gl cadllae oy
locaabies b o], Silg, txtue cpo) 15 gdly yomoltis sloj,) gusly b
st Geos BUBT sbyygi 5 (b (Sl gi b ol e g Cilisee
sotae 45Y Gl (slacaalbies ;5 lopysio (Seolyd gl Lo 23,5
5 SB (s> Gl b ailol ¢ oy (S — 5 ) 4l 2 2]l

ol &85 )13 (g2 3)90 (B (B Jodo yiall

Siwdae -Y
XY bl 4 adye b ooj) jre S by Gaiod nl slagiales]
lacslop) wdize 5 oo Copte Slidod 350 ) @ly @ype o
50 69y pigbllan] dos S () JS5) ol 8 S ol dnng ) oSl
IS5 4 e ol e ol 0l (b o tle] el sy o)
CM 5 AA/F CM o,e 4 \WO/D €M Job 4 (A3 sl b ilatis
g b 4 00 0305 4S5 S5 el A 51 ppscdllanl a3l e VY
ot i) gatie paw .ol 00 ad b porinogll Ly y lalad
B9y S S bl il o £F MM > e MM glade ojlul 4
o lome ;e I (alacS s dlowg 4 9 Lo oo odz Sodon
4Y s o815 8,5 55 )0 bl VIV KG Ll el o oy
i) Sy g p 2> S (D= 7A+) 581500 4 5 (Dr= 7¥2) L
Sl o AV b gl s aY Gl ey 4 o B ale 4 S5
PS5 b ks 0395 p 2 culpliy 103k 24N byl 08150 ks
52 Gialeil 3 e (gl g9 S 5 039 e Jlsed o> )
e oSl ol pisiilan] ame alb el [IY9V0] adb
@ S —der s Ful 3 S g oSk cle 4 i (Sl
Zlool Cls s slajie 09 plullasl 4 dogi b g ol JSlas
Jie & CiS g zoe Sl o )3 g w30 ) Bjpe 3 shoj)
sl 0 Cen5 )] fra 3 A (0l Cina) [VD] 93,5 e 32l oy
il o ST Ll 5 3 5 szl Sy 3 e ycillan] ags <S>
(bl Ay b o dms (650 Ol &S umd o lis Sllllas gl
S (Srge ol wats Hesh 5 olid Sloj ;U (Lol (il 6
35 5l (ol 51 Ut Jsb e <o ) ity alold (S 55 o S

W] g aalss 52l sl $9d (gilol> (o) gdaw (595 32 35 5 S pXe

Sl i (BB Glaged ogad )3 b GRS e Sy,
(G) S o355 (o3 Jgo 5 w38l GlisT SB 53 Lol ], SUlg, &S
(Al e pe 3 Moo Jolis 700 b logad o (ilS 3 0 inlS
£omm b b 15 glaggi g9) 2 S b )3 bl golass
3y ol gy Slalae goli .ol o pbosl Voo MM g A MM
230 &) o5 o Y DU D Gos )3 Vsane ca)g8 (SirnS &S
S5 s g 2358 Jl (5 5 (2955 (S slagygi ) (KBS 390 9
LW slagin 59) 2 (Slallas (VAAR) oo 5 Leygy wcunl (ool
Sy 4555 ol & bl Y] lodls ploxil o5 oo ) ool b (ras
5 g el Silsy bS5 ond Slisl slasjl ablis gl &
5 shslowl (085 00 iS5 olyen & Gres LWSI sl gt S
Slawle (SB 3 sres BWE] glaygiw dou il (YY) o) Ko
[ wlodls J1)3 sy 390 1y aiislojl (claiales] ) odlnl b i
LS glapysio byl & tmde ol byl eloyilej] mls
4 Ol s g dols atudls dlo 51 GSUSS (slo o)l 4y (St Bres
St 5 SlShasl dygl; Gane L] (slaygio 5 3l SMo o
VasS A5 Jsb 5 imd e Ll cllisMe LB e b 1 S5
b 2, Slg) b ablie (gl S res bS] (glaloys o 1 otnlito
LM clagygins 3)Sos [Ve g W] galye p3 los )" Jos ge sk
ol sl 45,5 )5 adllas 350 (Sused (sl Jde ) odlitl | res
5 92> Gos dajlsnd Jolsh o5 A8 o asiie Joud il sl ialej]
Sggie (Ghp 3les > g0 layiell 639y <8 il
VY] gompo 5o bl o sloyis ] i ailal LanlS 5 rae bS]
350 21 Silgy b ablie (sl (1 (sl (] 5 (939y9 <8 o 5l
5 sbogie iledde ly adlas cpl 3 ol @85 )13 o)
&S amd o i bt .l ss odlitwl & M yls 4 PVC 4y |
D)5 (g ke 3 yNos 2Kl b ablie (sl bagygin (e plosa
LWS] slagygin pogas 53 odd pbxl 03508 Clllas o2 e
2 el adllao (98T 2y el plgi e (5 Sl iSa) g Bres
sloj)) 3Sdas 59y (2lKlgy dwtae &Y Culius WU pogad
o8 (sl ol 4B i plonil (S Sl gt 5 Bres LIS (glagygis
byl ply > (8 ggie 5 Bree LUST sbaggin 38es yi
b oloelSisls 3 gl (L (s 56 5 21Kl L ablio 5 (gloj)

2 Laminar shear box

.

1 Kobe 1995



£¥e U A aio MYV JL“’ &y O)LO.J:J AT 0)9° ;)ﬂ..s).:o‘ U‘f“’c u“"'\“'@(" Ai)afu

duog )l ol iy Bllanil anrs 9 054 3a0 ) S5

Fig. 1. A view of shaking table and laminar shear box
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Table 2. Mechanical and geometric characteristics of deep mixing columns (prototype)
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Table 3. Scale relationships between model and prototype

scale factors
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Fig. 6. Stress-strain behavior in model DSF1 at sensor position P1
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Fig. 7. Variations of the secant shear modulus versus shear strain in the A test series
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Fig. 8. Variations of the secant shear modulus versus shear strain in the DS test series
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Fig. 10. Variations of the secant shear modulus versus shear strain in the D50 test series
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Fig. 11. Excess pore water pressure versus strain (P1, P3 at the position of 52.5 cm and P2, P4 at the position of
35 cm from the bottom of the test box (D5F1)
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Fig. 13. Maximum excess pore water pressure in all tests
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