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Laboratory study of shear strength of loose sand in the case of Individual stone
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3-D problem has been commonly converted into a two-dimensional (2-D) model, which has equivalent
properties and dimensions by the equivalent trench method and the equivalent area method. These
methods are used extensively in analytical and numerical studies. However, no comparison of the results
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of the above methods and laboratory studies has been done. Therefore, in this research, the experiments

performed on reinforced soil in a large direct shear device with dimensions of 305%305x152 mm3.

. T . . K ds:
Experiments performed with individual stone columns (single, square and triangular arrangement), eywords

equivalent trench and equivalent area method. The effective parameters include the area replacement —ndividual Stone Column
ratio, 8.4,12, 16.4 and 25 percent, and vertical loads (55, 75 and 100 kPa) Has been studied. Results

showed that improves the stiffness of composite soils and increase in shear strength of individual

Equivalent trench

Equivalent area method
stone columns (single, square and triangular arrangement) and equivalent trench and stone column  gpear strength

arrangement had an impact on improving the shear strength of stone columns. The most increase in Loose sand
shear strength and stiffness values was observed for square arrangement of stone columns and the least
increase was for single stone columns. Comparing the results of individual stone columns and equivalent
trench in any arrangement, showed that equivalent trench arrangement could be used in two-dimensional
models instead of three-dimensional individual stone columns. In the equivalent area method, there is no

increase in shear strength and shear strength parameters compared to sandy bed.

1. INTRODUCTION

The behavior of stone columns under vertical loads is
reasonably well understood [1-3]. In the column studies, due
to the complexity of a three-dimensional (3-D) multi-column
problem, various methods have been proposed to convert the
3-D problem into a two-dimensional (2-D) model, which has
equivalent properties and dimensions. All the plane strain
equivalency methods can be classified into the two basic types,
the equivalent trench method and the equivalent area method
[4, 5]. This paper presents laboratory studies to investigate
and compare shear strength and shear strength parameters of
loose sand in the case of Individual stone columns, equivalent
trench, and equivalent area method.

standard tests were performed to obtain the mechanical
parameters of bed material and stone column material. As
the diameters of model scale stone columns and equivalent
trench were smaller than the diameters of stone columns
installed in the field, the particle dimensions of stone column
material were reduced by an appropriate scale factor to allow
accurate simulation of stone columns behavior. The size of the
crushed stone was chosen under the guidelines suggested by
Nayak [6], Mohapatra et al. [7] in which the particle size is
approximately 1/6 to 1/7 of the diameter of the stone columns.
A value of 1/7 for this ratio was considered adequate, based on
the works of Nayak [6].

3. TESTING PROCEDURE

In this study, a large direct shear device with in-plane
dimensions of 305x305 mm?and a height of 152.4 mm was
used to evaluate the shear strength and equivalent shear
strength parameters of loose sand in the case of Individual
stone columns, Equivalent trench and Equivalent area method
(Fig. 1). Experiments were performed under normal stresses
of 55/75 and 100 kPa. Two class S load cells with the capacity
of 2 ton were used to measure and record vertical forces and
the developed shear forces during the experiments, and a
Linear Variable Differential Transformer (LVDT) was used to

2. MATERIALS

Fine-grained sand with particle size ranging from 0.425 to
1.18 mm was used to prepare the loose sand bed, and crushed
gravel with particle size ranging from 2 to 8 mm was used as
individual stone column and equivalent trench material. The
sand material used as bed material had a unit weight of 16 kN/
m?® and a relative density of 32.5%, and the stone material used
in stone columns and equivalent trench had a unit weight
of 16.5 kN/m’ and a relative density of 80%. The required
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Fig. 1. a) individual stone column b) equivalent trench c)
equivalent area

measure horizontal displacement. All achieved data from the
experiments including data on vertical forces, shear forces,
and horizontal displacements, were collected and recorded
using a data logger, and special software was used to transfer
data between the computer and the direct shear device. All
specimens were sheared under a horizontal displacement rate
of 1 mm/min.

4. TESTING PROGRAM

Experiments were performed on individual stone columns
(single, square and triangular patterns), equivalent trench and
equivalent area method (Fig. 1). The selected area replacement
ratios were 8.4, 12, 16.4, and 25% for single stone columns,
and 8.4, 12 and 16.4% for square and 16.4% for triangular
stone column arrangements.

To eliminate boundary effects, the distance between stone
columns and the inner walls of the shear box was kept as high
as 42.5 mm [6]. In total, 21 direct shear tests were carried
out, including 2 tests on loose sand bed material and stone
column material, and 8 tests on stone columns with different
arrangements. From the tests performed on group stone
columns, 4 tests were performed on single stone columns, 3
tests on stone columns with the square arrangement and 1
tests on stone columns with triangular arrangement, 7 tests
on equivalent trench and 4 tests on equivalent area method.

Hollow pipes with wall thickness of 2mm and inner
diameters equal to stone column diameters were used to
construct stone columns. To prepare the specimens, first, the
hollow pipes were installed in the shear box according to the
desired arrangement. Then, bed material with a unit weight of
16.5 kN/m?® was placed and compacted in the box in 5 layers,
each 3 cm thick. Stone material was uniformly compacted
to construct stone columns with uniform unit weight. The
compaction energy was 67 kJ/m®in all tests.

5. RESULTS AND DISCUSSION

In this paper, the behavior of stone columns under shear
loading was experimentally investigated in large direct shear
device by performing tests with different area replacement
ratios (8.4, 12, 16.4, and 25%), individual stone column
installation arrangements (single, square and triangular),
Equivalent trench and Equivalent area method and different
normal stresses (55, 75 and 100 KPa). The key findings of this
study are as follows:

1. In all stone column arrangements, shear strength
increased with the increase of area replacement ratio due to the
increase of the stone column area effective in the shear plane.
For the same area replacement ratios, shear strength values
obtained from experiments on stone columns with square and
triangular installation arrangements were higher than those
obtained from experiments on single stone columns. Shear
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strength was highest for stone columns with square pattern
and lowest for single stone columns. The steeper slope in
shear strength —horizontal displacement diagram shoes that
the combined soil-stone column system has higher stiffness
than loose sand bed and the stiffness varies according to area
replacement ratio, arrangement pattern and the highest and
lowest stiffness values refer to square arrangement and single
stone column respectively.

2. Results show that shear strength parameters increase in
soil reinforced with the stone column. The maximum increase
in internal friction angle refers to stone columns with a square
pattern and the minimum increase refers to single stone
columns. The equivalent shear strength values measured from
experiments are higher than those obtained from analytical
relationships. Accordingly, it is conservative to use analytical
relationships to calculate shear strength parameters.

3. Results showed that the increase of shear strength in all
arrangements of the equivalent trench compared to the shear
strength of sand bed. Results show that stiffness and shear
strength increase with the increase of area replacement ratio.
The shear strength value obtained for the equivalent trench
arrangement corresponding to square arrangement had the
highest increase, while the shear strength value obtained for
the equivalent trench corresponding to a single arrangement
had the lowest increase. Accordingly, it can be concluded
that the type of equivalent trench arrangement influences
on increasing stiffness and the equivalent trench resulting
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from individual stone column in the square arrangement
(two trenches) made the highest increase in stiffness value.
The Comparison Between the results from experiments on
equivalent trench arrangements and individual stone columns
in the corresponding arrangements shows that the difference
between shear strength and shear strength parameters was not
significant and accordingly, equivalent trench arrangement
can be used as a replacement for individual stone columns.

4. Results show that in equivalent area arrangement, there
is not a significant increase in shear strength compared to
the loose sand bed. In area replacement ratios from 8.4% to
25% the volume of stone material used in equivalent area
arrangement was low and stone material was floating in sand
material and the connection between stone particles was not
possible. This prevented shear strength and internal friction
angle increasing. Results from this study show that for the
area replacement ratios used in this study shear strength in
equivalent area method was lower than shear strength in
other arrangements.

5. Results from the performed experiments show that
shear strength is equivalent area method is lower than that in
equivalent trench and individual stone column. Accordingly,
shear strength modifying coefficient, which is the ratio of shear
strength in different stone column arrangements (individual
stone column and equivalent trench) to shear strength in
equivalent area arrangement, is given by Equation 1.

T(ISC,ETM ) = AT(EAM ) (1)

T(ISC) shear strength in the individual stone column,
T(ETM ) shear strength in the equivalent trench method and
T(EAM ) is shear strength in the equivalent area method.

6. Results showed that the value of shear strength
modifying coefficient in the range of 1.05 to 1.26 for the
maximum shear strength, and in the range of 1.1 to 1.13 for

the shear strength value corresponding to 10% horizontal
displacement. According to the results, the average value
of the coeflicient is 1.17 for the maximum shear strength
and 1.12 for the shear strength value corresponding to 10%
horizontal displacement, regardless of the pattern of stone
column and equivalent trench arrangement.
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Table 3. Summary of experimental tests
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Fig. 3. a)Plan of individual columns in a single arrangement b) Equivalent trench plan equal to a single arrangement area

Y.omm r.omm
AV-MM [ Gt s
| . -mm, - r
o o T\ g |
S ‘ <
v
A\ MM—x yy.mm A\ MM E
&—p—omm Arvmmye ,L\\mij
@ Q O\ Q T
vamm
smm o AP/ Ve RLLLIY \ AN | A
x -
i
Yeormm reomm
FV-mm emm Vemmog  arimm A AMM - AT EMM_
O il
. 5
£
e . IEE
P i .
- - 3
o S
romm-—, Ysmm wrmm \AYMM
Ar-/1¢ Ar=/\Y

~—

&0 T b BLae Joleo 4l (650518 oMy (@ &y Syl 59 32 (S g (5305158 Shalyl 3k (1P g
Fig. 4. a) Plan of individual columns in a square arrangement b) Equivalent trench plan equal to a square arrangement

roomm

N
r rﬁ‘]m
yvivmm
rrimm
LYomm-—y—4f
Amm neimm—, my ‘
E €
E mmm &
= =
mumm
_—DIA A-omm
]

Eie Gyl b Blice Jolee adilyi (g8 )l58 (B (0 (ke il 50 1z (K oy (6 5558 )T 3 0 S
Fig. 5. a ) Plan of individual columns in a triangle arrangement b) Equivalent trench plan equal to a triangle arrangement

a0¢



APA B AFR doio AFAR JLo o 05l DY 093 €pusS pwol )y (wrbite &y

> 3 3

8y iyl o (3 edio iyl (2 @ye il (@ 8y (iulyT (IG5 it (5h 2 ows dunr J515 50 oudbdis L Juo diged & JS
Jolro g ()T () Joleo 4l i 4 et g g0 3T oo (3 Joleo aliil 5 4
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Table 4. Percentage of increase in shear strength compared to sand bed in single, square and triangle arrangement
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Fig. 9. Shear stress vs. horizontal displacement in homogenized area Ar=16.4
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Table 5. Percentage of increase in shear strength compared to sand bed in homogenized area Ar:16.4%
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Table 6. Percentage of increase in shear strength compared to sand bed in equivalent trench arrangement
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Table 7. Percentage of increase in shear strength in single and square arrangement corresponding to equivalent trench ar-

rangement
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Table 8. Equivalent shear strength parameters obtained from experiments and analytical relationships

ASlae Ll ol yl,l sl aoy01 b bl byl
. c.. _ w9l
] e — S Mo al3 w3l (S S al3 S
halosT aascine asl Joleo S Sl Jolxo Sl
saipdol | okS) | sl Jolse o oLS) Sl Jolas s
abuly 1o (V) alal,
(Jswly (az,9) " (JSwly (4> ,9)

S . Y vy - I Y. -
S-G-C-7vo YO | fY \fe . v v
S-G-C-\#//¥ \VdAl Y Ya A \ Y A\l
S-G-C-/\y VY . YA Yo Y A\ A\
S-G-C-A/¥ MY Y AN 4 Y'Y Y A\ R
S-G-5Q-\¢//¥ \VdAT . A Yo Y Y Al
S-G-SQ-/\Y V'Y Y Ya Yo Y \ Al
S-G-SQ-A//¥ AIS Y YA vf A Al ¥
S-G-TR-\#//¥ \SIf f A0’ Yo ¥ ¥ Al
S-G-C-W-vo% YO . ) vs f vf )
S-G-C-W-\s//f VPIf 0 A0’ Yo Y Al ¥\
S-G-C-W-/\v Y s 2 Yo | ) ¥
S-G-C-W-A//¥ AJS ) ¥ ve ¥ ¥\ ¥
S-G-SQ-W-\s//f \SIf \ YA o \f Y A
S-G-SQ-W-/y 'Y 0 \i4 Yo f AR '
S-G-TR-W-\#//f VoIf 2 \n% Yo ¥ ¥ ¥
S-G-MIX-/Yd YO ) ve i ) ¥ ¥\
S-G-MIX-\#//f VFIf s vf Yo ¥ v ¥\
S-G-MIX-/\Y Y ¥ vf Yo 0 Y ¥\
S-G-MIX-A//¥ AJ¥ s ve ve ¥ ¥ g
G Voo \# O - VY Yo -

Ao LBl SEaol ay5ly malidl Jlade o ieS sl Joles
S Sllas! ayls; o S a5 cl o] Slo mls iz
5 el la il )0 e S slagygin sl sjlugy S
ol g Wbl azg BB (LT g5 o b celine Joleo ailys
a5 B oo lid geoge (pl WAl a0 VB g LS
ol o, b gamge el jo Jolee il il 51 oles oo
a2 e Hlid @l oged eolitul lizme (Siw (35 (lal)] sz

S Soglio ool )y o Gl AT ol gl (] 5

Ty

Y o 4l | bl (Slos s a5
S s Canglie sl el ly Gl Sl Jols s cloas
Jobar 405 i i i la ] 45 ol
Ceoglia sla el )ly o SRl Jolae gl (ial)T o Jg cdbloe
odds &l LS 0gh sod 00sd (Slawle s s 4y ol S g
sadpdlol 4l Cos oy a5 ol Gl Sl A Jeox o
Loy i ja (Job SBhol a5ly (il jlade o i oless

asily Gl ol 5l G g oyiie g die ] 5 @ope Gl &



WA B AFR doio ATAR Jlo oF 05l DY 093 ey pual (e (osbies &yl

\»)

T(]SC,ETM) =0Ty

O Lyl 50 dby Caoglie =T (ISCETM) : YU alal, ;o
Cuoglio =T EAMJ(ETM) Joles azils L dSC) ljme Koo
ailge Jobee gl Gyl 50 (S
3 e i Gl O oo Hlade weo o lis Lo
bl b Joles o5y Cosglin sy 5 VTS 1 V)40 ogume
a5 Lol oo e VY (VY2 oogamme jo oy Ve a3
@Ay Ogh A s bugle Jlaie A a0 Jol> mli «
AN Ly Cglie S o (e 5 qpe 5 0ske Gl g9
Vool obale b Jolee o3 Cunglie 2l 45 5 VY L il
G o381 L aS a0 liad bl il o VY plp as
aS wad oo lis s b oo Gl & o po calizdal 4l
Ol e & e Jlade LSy saipol Al as SO o

Sl e Jlaie eS8 ke il )0 5 cn i @y

G gox—0

sleools awslic 5 bbbl 51 Jol> b 4 axg L
bl co S 7y & dallls ol 51 Jol> gl alKayle)]

ol )0 by anglie 33l bl a3 L
cdl> o laialeyl 5l ol oy Coaglie o ssalive o il
4ol glaces Gl & @y s e (S g slaptl)]
Olee 53 ol oo il 3 jie (S (g 4y Cumnd pl 00BN
OSs oalpNol sl cos S sl 4 o) 2 0590 sla il
Syiie bl )0 g Jlade Gt mye Glal)] 50 (ohp Cueglie
i Coslin sl oy o I A5 ol ik 55
o (5 S S 5 a5 ses e plis (Hl olml il 50
Ol g 009y (glamle S iy SIS (5 b (S il
i)l Grizes g eadipdlol 4ol G 4 4z g5 b azgi b (S5
5 & Gibl & by (S5 ey o5 WS (0 i 6518
aibon 05a0e Gial)l 4 bgsye (g y5eS

asily lagialyl (ooled o (B Cunglie Sal¥l Sl mls
sl e o oy Ceoglie ol glawle iy 4 Cos Jobeo

als 1y Gl e (i e Gl b Sblite Jolas a2l 5

g

el (s Cuwglie layiel )l az )3 g Sgdced oo
ool 5 ssbe %o slo il 31 S ol s s,
Slelno ol o Jolboo gl (tallpo (o5 Cunslin slo el
Ny, s SElasl agly (wldl lade adl o al S aladl
Sl 5 Sl el g8 a4 eabedlol sl s b a3
S 53 (sl 8g) (pl g ols doyo Ve (EI ol b bl
o0 V0 YL o 10 5 05 Qo) VO ) sl dsl 4l
LYY KW
o taloj] gl 5l ol (o Conglio gl ol ly galis anylio
Vishdow alul, boud avulne (:0le (220 Saglie yielil
Joles o )Tl 22 a4 lo ol S 0 a8 ol o] Sils
osdipll slagtalejl I ol (o3 Cunglio gl el ol
e @ aBboe (V abul)) (Lo Lalg 51 Jol> polie 5l i
alas), Lo obienslns 5y Canglin sl el 5l eslitnl S0
Sl (S g 002wl lSabiblone pwiige laJulos )3 (Jlos

Joles mhans tolyT a4y Cod (5 Ceaglie Lal38l g o —0-F
S G Giledoe 0 25z se Gl Soezmn Jlow
s g slass a5 Jloy jo Llogadts guaman 2> o
09y S olsie a4 Jolre maw cdl leolatnl wail ax g5 LB
adsl sloo sl yo Pl (Siw slagygiw (230l sl pgmye
oly las aslllas oyl jo oaldsll gl ol co gwaige sloz b
Coglie sl ol )l 9 obp Cwglin syl Jobw maw > oS

Cewloals &1l aslol jo
Sy Seglie Cod () (Shp Cwglie (Mol o yd
ey 2Slge Jobee gl (tal] (23 Cuaglie 4y Jolee il 3
ol 5o salplxl slaisle;] glp () (cop Cwglie Do
odliz Mol 4l cos iol8l L aS e oo lid bl .caloas

b oo Gl O oo



APA B AFR doio AFAR JLo o 05l DY 093 €pusS pwol )y (wrbite &y

(@) oy coglio (ol38l cu po A Jgu
Table 9. Shear strength increase coefficient

Al Cos e
N e I R
(C3S)) Qo0
S-G-C-/vo Yo \IYE VY
S-G-C-\#ri¥ V#I¥ Y VY
S-G-C-/vy \Y VY AR
S-G-C-A7f AY VA VY.
S-G-SQ-v#rr¥ \#I¥ AR VY
S-G-SQ-/\y \Y Y \TANS
S-G-5Q-A/¥ AY¥ AN VY
S-G-TR-#//¥ \kdAL AR \TAR¢
S-G-C-W-7¥yo Yo AR \JANS
S-G-C-W-\g//f \ldAi VNS VY
S-G-C-W-/y \Y VY VY
S-G-C-W-A//¥ AY¥ AR AR
S-G-SQ-W-ysr/¢ \kdAL AR AR
S-G-SQ-W-/vy \Y VY AN
S-G-TR-W-y#//¥ \#I¥ AR VY
S-G-MIX-/vo Yo \ \
S-G-MIX-\#1/¥ \l4Ai \ \
S-G-MIX-/\y 'Y \ \
S-G-MIX-A//¥ AIf \ \

Conglie 45 ol o1 Sl sasplnl slaiale;] 5| Lol gbs
i (Fa st sloinly 5| a8 Jobes g il 53 (o
p Swglie (Mol o yo elol (nl g adlioe Jolee atil
zhw (il 4 dalize sla ialyT 0 oy Coglie Cos aS (@)
slonds 4l w5 e Jolaa
A) oy Cwglin Mol oo jlade was o olid mls
35 9 VVE IO osgame 45 Slas iy Cesslie s o (
0dgaze ;3 do s Vo 38l olule b Jolee o0y Cwglae CIl>
Lgie e Jols gl 4 a3 b .ail go pizta VY IV -
Sl o i 5 mye 5 9,00 Gialy] 95 4 Az o Oy
Jolee o1 Cangli <l 55 5 VY b plyy 2510 s Caoglie

e

u;‘;.llj L bl Jolee audly u;",)"I)'l s o php Cwglde
5 ol gl aglio o)l 1) 25 Conglie Lol 3l o eS8 i
slagial)l 58 lizme (S (g 5 Jole ail s oyl slaioles]
5 hp Cwslie polie (e SWS AS sas e plas blie

ity 058 oo Aot 45 5 0555 dzgi bl o Cesslie slo el b

D503 lizme (S (g Gl Sl | Jolas ail 3

ol Sy Saeglie sla il 9 (b n Coglie A58

Slade bl el 4z B glawle g 4 Cod Jobee e
Sl )0 Sp Cenglie (sl il 5 (S Cenglie Sl lagie
o s s LY gy Sl s by Caglie o Joles b
oy yho 4y ol Jlade aoyn Ve Sl b bl by Caglie

Cowlaidl juals



WA B AFR doio ATAR Jlo oF 05l DY 093 ey pual (e (osbies &yl

conventional andgeogrid-encased stone columns, based
on FEM study, Geosynth. Int. 20 (4) (2013), 285-276.

[13] J. Nazari afshar, N. Mehrannia, FE. Kalantary,N.
Ganjian, Bearing Capacity of Group of Stone Columns
with Granular Blankets. International Journal of Civil
Engineering(2017), doi.org/10.1007/s-0271-017-40999y.

[14]]. Nazari afshar, N. Mehrannia, E Kalantary, Experimental
Investigation on the Bearing Capacityof Stone Columns
with Granular Blankets,Geotech Geol Eng J],1)36)
(222-209(2017.

[15].K. Deb, N.K. Samadhiya, ].B. Namdeo, Laboratory model
studies on unreinforced and geogrid-reinforced sand bed
over stone column-improved soft clay, Geotextiles and
Geomembranes, .196-190 (2011)(2)29

[16] M.Y. Fattah, M.A. Al-neami ,A.S. Al-Suhaily, Estimation
of bearing capacity of floating group of stone columns”
Engineering Science and Technology, an International
Journal, .1172-1166 (2017)(3)20

[17] M.Y. Fattah, M.Y., K.T. ShLASH ,M.].M. Al-Waily, Stress
Concentration Ratio of Model Stone Columns in Soft
Clays”. Geotechnical Testing Journal, .11-1(2010)(1)34

[18] M. Ghazavi, J. Nazari Afshar, Bearing capacity of
geosynthetic encased stone columns, Geotextiles and
Geomembranes, .36-26 (2013)38

[19] M. Ghazavi, A.E. Yamchi, J. Nazari Afshar, Bearing
capacity of horizontally layered geosynthetic reinforced

Geotextiles

stone columns”

2018)46), .318-312

and Geomembranes,

[20]S. Murugesan, K. Rajagopal, Shear load tests on granular
columns with and without geosynthetic encasement,
Geotech. Test. ], .44-35 (2008)(1)32

[21] S.R. Mohapatra , K.R., Jitendra Sharma, Direct shear tests
on geosynthetic-encased granular columns, Geotextiles
and Geomembranes, 405-396 (2016)(3)44.

[22] S.W. Abusharar, J. Han, Two-dimensional deep-seated
slope stability analysis of embankments over stone

soft

column-improved

2011)120), .110-103

clay, Engineering Geology,

[23] Z. Zhang, ]. Han, G. Ye, G., Numerical investigation on

factors for deep-seated slope stability of stone column-

A

&y

[1] B. Dheerendra , S. Nayak, R. Shivashankar, A Critical
Review of Construction, Analysis and Behaviour of Stone
Columns, Geotech Geol Eng J, 2013)31) 22-1.

[2] J.K. Mitchell, Soil improvement-state of the art report, in:
Proceedings of the 10th international conference on soil
mech. and found. Eng., Stockholm, (1981) 565-509.

[3] R.D Barksdale, R.C. Bachus, Design and Construction of
Stone Column,VOL1,FHWA/RD(1983)

[4] S. Murugesan, K. Rajagopal, Studies on the behavior
of single and group of geosynthetic encased granular
columns, Geotech. Geoenvironmental Eng, (2010)(1)136
.139-129

[5] S. Murugesan, K. Rajagopal, Model tests on geosynthetic

Int, (6)14

encased granular columns,

.354-346(2007)

Geosynth.

[6] S.Murugesan, Studies on the Behavior of Singleand Group of
Geosynthetic Encased Stone Columns, GEOTECHNICAL
AND GEOENVIRONMENTAL ENGINEERING, 136
.139-129 (2010)

[7] A.J. Choobbasti, A. Zahmatkesh, R. Noorzad, Performance
of Stone Columns in Soft Clay: Numerical Evaluation,
Geotech Geol Eng J, .684-675 (2011)29

[8] K. Deb, Modeling of granular bed-stone column-
improved soft soil, International Journal for Numerical
and Analytical Methods in Geomechanics,(-1267 (2008
1288.

[9] J. Nazari Afshar, M. Ghazavi, A simple analytical method
for calculation of bearing capacity of stone column,
International Journal of Civil Engineering, ,(2014)(1)12
.15

[10]. A.J. Choobbasti, A. Zahmatkesh , Investigation of
Bearing Capacity and Settlement of Strip Footing on Clay
Reinforced with Stone Columns, Australian Journal of
Basic and Applied Sciences, .3668-3658 (2010)(8)4

[11] K. Ali, J.T. Shahu, K.G. Sharma, Model tests on
geosynthetic-reinforced stone columns: a comparative
study. Geosynth. Int. 19 (4) (2012), 305-292.

[12] M.B.D. Elsawy, Behaviour of soft ground improved by



APA B AFR doio AFAR JLo o 05l DY 093 €pusS pwol )y (wrbite &y

modeling of stone-column reinforced ground. J. Geotech.

supported embankments over soft clay, Engineering
Geoenviron, 2)134) (2008), .194-185

Geology, 2014)168), .113-104
[26]N.V. Nayak , Recent Advances in Ground Improvements [24] J. Castro, Review Modeling Stone Columns, Materials,

by Stone Column, in In: Proceedings of Indian 7)10) (2017), d0i:10.3390/ma10070782.

Geotechnical Conference,Madras (1983). India. [25] S.A. Tan, S. Tjahyono, Oo, Kk, G., Simplified plane-strain

b gl )l dlio (nf @ 45985
J. Nazariafshar, M. Aslani, Laboratory study of shear strength of loose sand in the case of

Individual stone columns, Equivalent trench, and Equivalent area method, Amirkabir J. Civil
Eng., 52(4) (2020) 949-968.

DOI: 10.22060/ceej.2019.15104.5830

Ty






