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ABSTRACT: The materials that make up the columns are generally sand, gravel or crushed stone,
which are sometimes called stone or gravel columns. The implementation of this system is widely used
in geotechnical engineering to increase bearing capacity and reduce settlement. The use of industrial
wastes such as steel slag in soil stabilization can be an environmentally friendly, sustainable and cost-
effective technique for solid waste disposal. Surveys show that many studies have been conducted on
the bearing capacity and settlement of improved soils with stone columns with or without geosynthetic
cover. However, a very limited number of studies on conventional stone columns and steel slag columns
with or without confinement and geosynthetic cover have been investigated in laboratories under
lateral loading. In this article, the lateral load capacity of steel slag granular sand-column environments
has been investigated using a large-scale direct shear test device. The effect of column material type
(steel slag and sand), column diameter, and changing the type of geosynthetic coating on the shear
strength parameters of sand-column composites has been investigated. The experimental results show
the effectiveness of using steel slag columns to improve the lateral load performance of sand, so that
by increasing the diameter of the column in the sand environment from 5 to 25 cm, the percentage of
maximum stress increases by 20 to 70% and also the percentage of internal friction angle increases by
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200 Up to 800% compared to the sand environment without slag column was observed.

1- Introduction

To date, many studies have been conducted on the
use of industrial waste in civil engineering projects as a
cost-effective and environmentally friendly alternative to
construction materials. Today, to stabilize and improve the
bearing capacity and reduce the settlement of soft and weak
soils, piles and ordinary granular columns are used [1]. The
most important factors affecting the performance of granular
columns are: diameter, configuration and distance of columns,
characteristics of aggregate materials, the relative density
of column materials and lateral confinement caused by the
surrounding soil [2-4]. However, the use of granular columns
in soils with shear strength of less than 15 kPa may not be
very effective due to insufficient lateral support provided by
the surrounding soft soil [5]. This problem can be largely
solved by adding a chamber to the granular column and using
a geosynthetic cover, which leads to higher shear strength and
prevents excessive column swelling [2]. This paper focuses
on understanding the lateral load capacity of sand reinforced
with steel slag column reinforced with different geosynthetic
coatings. The new point of this research is the use of steel slag
as granules in reinforced columns with different geosynthetic
layers to modify weak sands. The effect of various types of
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geosynthetic cover models on the lateral load capacity of the
composite sand and stone column with different diameters
was investigated.

2- Laboratory program

In order to implement the research program, two types
of materials are needed, the first category of host materials
in which the columns are placed and the second category of
materials used as column materials. In this study, uniform
fine sand collected from Varzane region in Isfahan province
was used as the host environment. For the second category,
steel slag has been used as the column material. This slag
is one of the side products of the electric arc furnace of
Mobarake Steel Company, one of the largest steel producers
in Iran. Granulation curves of materials are shown in Figure
1. Three types of geotextiles have been used to reinforce the
slag column with different density percentages (250, 400 and
600 grams per square meter) in this research.

3- Performing tests

In this research, a series of large-scale direct shear tests
were conducted to study the behavior of sand-column with
geosynthetic cover with different percentages of density or
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Fig. 1. Sand and slag grading curves

Table 1. details of the test program

Geotextile Column
Group weight diameter Ar(%)
(gr/m?) (Cm)
Without
(N) eotextile
g 22,87,
(G2) 250 > ’21)0 ’2155 » 1 19.6,34.9
(G4) 400 ’ ,54.5
(G6) 600

without it. For this purpose, a large-scale direct shear machine
with box dimensions of 30x30 ¢m? and depth of 14 ¢cm was
used. In this investigation, the behavior of steel slag column
in sand was evaluated based on ASTM D3080 standard. The
samples were cut under three different normal stresses (33,
65 and 130 kPa) and uniform displacement control with a
constant strain rate of 1 mm/min.

4- Preparation and testing program

In this study, large-scale direct shear tests were conducted
to investigate the behavior of sand due to the change in
column diameter and different geotextile models, and the
details of the test program are provided in Table 1. The effect
of column diameter or surface replacement ratio (Ar) on
column shear strength parameters was also investigated. As
shown in Figure 2, steel slag columns in different diameters
(5, 10, 15, 20, and 25 cm) were placed in the center of the
machine box with different models of geosynthetic cover and
without it (Table 1).

5- Results and Discussion

The results of the tests presented in this section include
the effect of different parameters such as the diameter of the
column, the use or non-use of geotextile, as well as the effect
of the density and model of the geotextile cover on the shear
strength. The percentage of the maximum shear stress of each
group of tests (G2, G4, G6) compared to the maximum stress
of sand can be seen in Figure 3..
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Fig. 2. Steel slag columns with various diameters in the
box of the device
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Fig. 3. The percentage of the maximum shear stress
of group samples compared to the maximum stress of
sand
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Figure 4 shows the variation of the angle of internal
friction for the enclosed columns of groups (N,G2,G4,G6)
with the replacement ratio (Ar), which is defined as the ratio
between the area of the steel slag column. Figure 5 shows
the cohesion value of the sand-slag column composite against
the area replacement ratio (Ar) for groups (N,G2,G4,G6) at
different levels of normal stress.

6- Conclusions

The wuse of industrial waste in civil engineering
applications as economical and environmentally friendly
building materials. This study is focused on the use of steel
slag materials as granular column materials for improving
loose sands. Based on the investigations, the following results
have been obtained:

1- As it has been determined from the results of this
research, the use of slag in the stone column will increase
the shear resistance parameters and increase the value
of the internal friction angle. This material, if it replaces
stone materials, is very suitable from the point of view of
the environment, because it will cause the consumption of
industrial waste.
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Fig. 4. Variations of internal friction angle of slag-sand
column composite

2-Examining the results shows that simply confining the
column in the soil can have a great effect on increasing the
maximum stress value and the higher the density, the more
this increase will have a slower slope

3- The presence of a slag column increases the angle of
internal friction, and the enclosing layer does not have much
effect on the trend of this parameter, but it increases the
cohesion of the aggregates of the column and increases the
shear resistance parameters.
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Fig. 5. Modelling of columns and geotextile in the box

SR S5 s dg g9, 2 G, JluSigi; . UKD

Fig. 6. G,- Geotextile on the thin wall steel pipe

£



180
—_ on =32.69 KPa
£1SD
4
=20
7]
B
b a0
0
E 60
E _ ‘___,--/——\_-_-___‘_‘_——-—

o 1
0 2 4 3] b 10 12

180

— on =65.37KPa

12

180

on = 130.74KPa

0 2 4 8 8 10 12
Horizontal Displacement (%) (AL/L)

—sand -—-slag —G2-5¢em
G2-10 cm —G2-15cm —G2-20cm
G2-25 cm

180
on=32.69 KPa
150
120
Q0
60
30
0
o 2 4 B 8 10 12
180
on=6537KPa
150
120
a0
B0
//
30 //
/
Y
o
o 2 4 =] 8 10 12

180

on = 130.74KPa

o 2 4 6 8 10 12

Horizontal Displacement (%) (AL/L)

——sand -~ -slag —N-5cm
N-10em —N-15em ——N-20em
N-25cm

G2 9 N dhbgﬁ W;—M d‘&:,‘b,o.i A% JS\M.'

Fig. 7. Stress-strain curves of N and G, Groups

£y



180

—_
Lh
(=)

—
[
(=]

Shear Stress (kPa)

[3%)
(=]

Shear Stress (kPa)

180
on =32.69 KPa on =32.69 KPa

120

90

12
on=6537 KPa 150 on=6537KPa

120
90
60
30
0

2 4 6 8 10 12 0 2 4 6 8 10 12

on =130.74 KPa 180 on =130.74 KPa

150
120
90
60
30
0

0 2 4 6 8 10 12 0 2 4 6 8 10 12

Horizontal Displacement (%) (AL/L) Horizontal Displacement (%) (AL/L)
—sand ---slag —G6-5cm — sand ---slag —G4-5¢cm
G6-10ecm ——G6-15cm ——G6-20 em G4-10cm ——G4-15em ——G4-20 cm
G6-25 cm G4-25 em

G65G4 6&05; W;—M Lglh)b’w A JSM

Fig. 8. Stress-strain curves of G, and G, Groups

£y



iiS Cuaglin g hlaasSS55 0> ol amd ol 098 I s
2 JlenS5g3 w515 & 23,500 Gi S9x i > gl s
Canglio ial33] 3yl> maions dlaly iy G5 i e b cdls oyl
Oyt a8 il Jd> 4 Vb (laplSe s ol > badiges (B
@ Cond laSSg) b boodd jpame (giw sl ladisel )
&Blg > ol JIyg8 1 (it ool jl e Singy Y (g sladiges
o)y slagygio )3 1) (yida oS dgaome HLiS (Sitwg) by
S e Dbl 0V g8

9l saiges ly (B Cuaglio polie ulul p (SinS g
09 9 lize slagS1y5 > JluSSgs Gide b slojbyw (slagyg
ods o3l lis A IS jd wimd o JuSts |y calisce 09,5 Lo oS )]
el gt ol ab obj cusls 4 Sitog) atedh Gl el
ol 93 85 ol 0 ¥ Skt e ¢ 'Ll Sl angl il
P sl Yl pogune Oyp0 & (i e Gl b,
s s > S sl b L1 SISa Jlaie il 4 g
oo @ 1y Jiuli8l an > ¥ dgus &S o lo YO &4 Ve I gt lab
Sl gols )5 3939 (Shb jgase cls oyl 3 a8 (N) cdls 51
o g ol Ly i Wil S e e ygi b gl b & am3 e
590 Oyl @l Bl 158l as s £ odgus B SKlasl 4y4l;
b i lie b BEaS55 (it st Sl 516l s ol
Db b lo)lyw gt > sl ol Ly baog S plo )3 (gt
b 3 555 o 58 5 s a8 W 4 B35
RLuSS S5 by > (oS Glag s e el (p 5L 2S5
ol 50 Oyl 4 b olyes a1y Sawe i Lili8l a5 205
2 $5es 5 e s o didS slagys bl s 4 W,
Cely Sattiwgl] Gibey 8L Gl (B Cuglie Sl 4 by
Caol o (I Blite (b (555 5 parSlo (o2 Cunglio 55 Ll
sl 0 ndigad )3 (6 ey (B Sy 2 Gl 4 e &S

awlo 3 hlsS5 b (g pte Bl VO (lojbpw (giw & (ol
asl uli8l FF/0 4 V8 5l awle Job SKlasl ayglj canl sads Jas
asl yiolisl JSwbolS ¥Y/0 & ¥/8 5l (Saiue jlade piored g Cul

Sloybyw oiw b dwle dges (St e (> Cjle & .l

1 Soil friction angle ®(°)
2 Cohshen (C) (kPa)

3635 0l slagyginn a8 (LIBIL ladiges (oolod (sl (o S5
o ) (o Cuogle adol inlial.canl amdly o158l e Sl YO 44 0
3 ol (63Y 5 )by (ygins (s ol > & Conl (57 )5 oS
it oy slo i 53 4 o 3 sl Sittigs oS yguaeo 4yY
2 0ad ol (S glagys Jdd 4 conl (Sen oy Cunglie ol
I RlasSS955 b odd jgame (g jlad By ASL LSS (ids
HB o 2 bodigad oy Camglie el aibly 138 a5l YO & Y-
oS o Slo LA 4y (demsy e b ol 53 &S b oo LRl k285
03,5 Cla 1y (b (gap g b pl 0 K> @le 4wl il
FaS a8 b b ygis b &y o ) 3V QA5 yidey (8] (25,8 0 b
olts (N) (Sztiaogss Gibsy (9 gt S5 g9l sladisal gl

o Bl YO 4 Y+ 3l g Hlad oS oK gl (b Cuoglie 45 And 0
By S I > el 4l I g BB b 4wl SIE
ALl s By Cuoglio (52l b g ol Vo ) yieS jhad
by GBS igel «(Suliwg) Gide (9 sladige )90 )3
Ot 59l Sdiges sl o5 b > il ge g BB (Susd ey
Jols @l avlio ailosly (Lt (618 (Sud p 5 hluSSg) Sidg L
G loog)S )3 bluasSsss 392y o andie (L5 JliesSgl (b b
5 ool (LS55 (1900 N 09 5L jblize by Cuoglio 2ol 3l 4y oo
— RS 5lag05 3 )5 editine dlail) 3550 (] > LSS5 @15 il
sy &y ey G5 ey e @0 ey Sl e N (ladiges S
P& Syge e 295 gaw (pyoml &g 038 dl ke
A 1 s ey 5| g diges g 4Bl dgng b 0l G (slaog 5
Sloog S 50 .15y (6 5eS Cdl g edly dabl Ty (g5l Cls gy ¢ b (IS
s 53> digad > (B 15 GRS ey 58 Jloys (15 3 G
O ik b 3j90 cpl g ol laplad b Sl it e ole YO )l L
)5 = 5 g5 4 yia gl VO B b gt e Sle 25 o Jles i
O 9l saaiged )3 (gt a8 (Rl 298 e 5S35 a9t plo
2 iged (o5 Canglio (l33l (G) hlusig) (g b osd jpae
ol Cuanl 1433 N 095 4 s 1) 3bj (IS jusid 13 9 woy SLo
55 2l hall el gt (18 jpane Sl 53 Cul 13,08

oo iSle 5555 (15,8 0 B dgd go el ol ppad 9035 0 (B IS

£1r¢



180 180
My CrkPa) D7y C(kPa)

. mgand 356 4.59 _|msand 3506 4.59 .
=150 | gag 492 369 . 150 10 slag 492 369 '
& eN-5 38 299 T e *G2-5 377 932 =]
= . ~
@ 120 1 =N-10 377 439 - 120 4= G2-10 381 13.52 .
S AN-15 392 469 AGZ-15 391 :leﬂ . ¢
W 90 - EN-20 403 540 90 _B(_Q-ZU 40.3 2578 4
E oN-25 444 559 *G225 44312 @~
= o a
©“ 60 A G0 I S

Group N e Group G2

30 1 30 - -

0 T 0 T T

0 50 100 150 0 50 100 150
180 180 —
D7y C(KPa) . | ;[’_[(l EIEE'\;;M .
- - mgand 356 4.5 )
& 150 Tt 0% 1o : 150 | sle 492 369
v, S Ly T +G6-5 376 1508 =
= +G4-5 378 1263 y -
2 120 |*G410 383 1624 120 | G610 385 244l $
$ 120,655 389 2015 AG6-15 388 2441 ¢
w‘: 2GA20 404 2996 MG6-20 404 3363 .
S 90 G425 445 3758 90 - ®GO-25 445 425 B
2 e &
@ . - :
60 | = : 60 - B i
[ LS Group G6

30 . Group G4 30 o p

0 T T 0 - -

0 50 100 150 0 50 100 150

Normal Stress (kPa)

Normal Stress (kPa)

Ol 09 9 indigr L sl (SLapygiw Gols (Saiged (1 oyt Croglile pa3lie (ool i (SiuuS gy A JSWS
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out coating
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Fig. 15. Comparison of the change in the cohesion of column with different encapsulating layers and
without it with sand [31]
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Fig. 16. Comparison of the change in the internal friction angle of the column with different enclosing
layers and without it with sand [31]
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Fig. 18. Comparison of the stress-strain diagram of columns (square layout) with different enclosing lay-
ers and without it with sand [31]
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Fig. 19. Variations of the internal friction angle of the slag-sand column environment of groups (N, G,,
G,, G with the replacement ratio (Ar)
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Fig. 20. Changes in the cohesion value of the slag-sand column environment of groups (N, G,, G,, G))
with the replacement ratio (Ar)

S g At yudin Moo il e Bl YO 4 Ve Sl gt

ORIl 8 gt JhB Ll b perSle Sy S5 4 bgiye (b
b oo

@ bogye (i G55 5 periSle (oD A5 Syitiwgs) gy -V

B g S 0 b dadigel By Canglio Gl o 0 SRI3EI

OFw S9b> sladiged )3 gtw s GoliEl s 4 obj obals

b Settiogsy b odd jpame glojliyw (giw by Cosglie Cansl i

g Settwgsy Gidg Wb Wb Gl Gap oS Gul
ol peSader Sl o8 Jlo i 15

OFi 290 93 53 (Bl SWlasl gl (giw jhad lE L ¥

Ol b Satngiy (iSey b 93V o)l ot (Sdme -0
LO¥/D 4 Y0 AT & oKin b e iliel Z0¥/0 4 VY 5 Ar

D90 odmliio L1 Shasl gl 5 g5 BB il el i8]

£yyY

& doi —F

Olsis @ plyes (gudige S35 (gmio luls ) edlinl
ol il Canj bz b 5l g dpo 4 g)ke Sleitle glas
Sbggin las plyis 4 (63358 0)lpw Slge Sl oslitul (gg) » adlllae
Ol G gaw jlCanl 00l 8 pake Cannws (sladusle daups (g (slaily
b Cd)b p (Stiwgi] Hladg 5 (g sla (gie gdlas ol
b Oliglefl cadlllae (yl )5 ad )y lojliys tmaule b
Slojlp Gyt —dwle slalaze gl oy p (lp S)Hi e eailine
ML balpd cos ol et g Sty by Cilisee (sla e b
ool Cuwd 4 o 2ol 48,5 & jgo (sl o)y wlosl b pil Sl
el

5 osliel ol 00 st BaioS oyl gl ) &S ehilen —)
g o (b Creglio slayiall ()b jidin cal (i (9w )3 )by
ol 0 e odlaiiwl oyl o daled YL 1) (I3l SKlawl 46l jluds
S Gypo  pdlas ol Casl gjludVeh claals S Clols I dow
L 28lioe cunlio sl Canj baen Jlas 51035 (S elae (301>
A dalgs sixis Olpl )l Slewy 5 Oluls ud Gpas cely oS

g LB SRl 4 pmie awle 3 (03V98 )by (gt (13938] -V

25 48 s 1 cal 2550 Jlogs 5 s y2 2 e Sle (S S



sals (655 s Ngy (il 353 i STy 42 5o g 3k
RS 953 5l oga )3 33)5 oo St gl & 4299 b cplpls cculs
2,5 oalal OFw (b Hguaxe dl)g)zof pfl);b
B SKlasl 6ol o YU cel glo)bpw guw d939 =V
b 2l Glua 386 prell cnl $59) 53 028 jgae 4Y g 395 0

Cuoglie (slo o)l A5 iy g (g SlaaaSin plradl (I3l ey

D5 (o oy

e Cow o 8-V
Juy o5 O,
1> Sl 4ygl5 20
Sipmz 1€
e &l D,

IS o 4 (gt (oo Colun A

&lo

[1] J. Patricio¢ Y. Kalmykova¢ L. Rosado< A method
and databases for estimating detailed industrial waste
generation at different scales—with application to biogas
industry development¢ Journal of Cleaner Production¢
246 (2020) 118959.

[2] M. Salehi¢ M. Bayat« M. Saadatc M. Nasri¢ Experimental
study on mechanical properties of cement-stabilized soil
blended with crushed stone waste« KSCE Journal of
Civil Engineering¢ 25(6) (2021) 1974-1984.

[3] A.A. Ashango¢ N.R. Patra« Behavior of expansive
soil treated with steel slag¢ rice husk ash¢ and lime¢
Journal of Materials in Civil Engineerings 28(7) (2016)
06016008.

[4] HM. Jaferc W. Atherton« M. Sadique¢« F. Ruddock¢
E. Loffillc Development of a new ternary blended

cementitious binder produced from waste materials

for use in soft soil stabilisation< Journal of Cleaner
Production¢ 172 (2018) 516-528.

[5] M. ShahriarKian¢ S. Kabiri« M. Bayat¢< Utilization of
zeolite to improve the behavior of cement-stabilized

soil¢ International Journal of Geosynthetics and Ground

Engineering¢ 7(2) (2021) 1-11.

Cuoglio y Goldd ol (Sui joame (9 (63Y 98 o)l puo (sl ygiaw ]
OB VL polle )3 (iS'9)é (Sl gie 9 00D jga>e Sl gie (S
g ST it Jgene

4 e dwle laswe j3 g lais 4 (3Y68 05l Al 3)lg —F
L) yracsilo Yo 5l Gl (gt B By 9 o0 (S Cenglie (o33
by 21 (5538 Sl sloslay g il (AYFIR ) 5,5 AT
SKlawsl dygl5 Do o (i Cuoglie yid inl38l & oo Sitiwss)
Moo Gl gt B G (sl (gt —tsle slalagies IS
sl IS sl cwl (St b 5l Jawe Ly ,ydr aS
o ol b sl ol g5 Sattiogts Lider e gl st dulo
ol slagygin (s Cunglie (IS b 4 bbe G109 o0
gl sl 04189y Sl sl g Sl yide (Seiwg) B ES )
ol iy Vi Jlo

2diS ypaze yais plys & hlaSSg) Y @S5 50 s -V
SN g o Sle (o8 5 ke GELSTL aljal 53 el gt
0AiS jgaze sl 13 (ST (I8l L S (slie 4y 0> puins 45U
AT blie glajliie ) 1) (Saiwur jlbe 5 Sy (15 Gl gt
L blie polie 5o awle (3 SKlawl agl; lade o SJs wuin o
D (655 g 08 Hlaws U 0lilS joaze oY S

Cogl ol joato slaysiw b a5 oK dwle by 55 —A
s Cod b g il dalgss (o0l il o iSle (iS5l s Canl 0
B9 & (Srgo 3 88 (o Joo SVL S )3 1) (S G5 @M
s 5 Al yo Sl s A8 Capl (S jga>e (g slapg b anlo
] a‘),on d.)l.:) o b O RS cdl M;Lo

Sl SIS jgae Bpo 45 3)5 (asie @l 4 drg L A
O s el agd ol g Sl Sge o (SUSSPT sl el 30 YU
KBy ple el omen Cunl 0ad )y (L slag s 4 SB Fly
N g 3 SB 52y S 358 5l 69l a5 33)5 (o0 g
Ol el g o YU 1) (Ko ot pbradl opl p ddlsl 0o oo
93,5 o syt Cenglin (5l

P Oge SWb jgaxe By &S amdoe L @lE ey p -
aubly i dipdio jlde (05 YU 53 (00U Hlw 130 Slgs o S Lo

£v¢



wearing courses with electric arc furnace slag aggregates:
Waste Management & Research¢ 27(3) (2009) 288-294.
[17] J. O’Connor¢ T.B.T. Nguyen¢ T. Honeyands< B.
Monaghan¢ D. O’Deac¢ J. Rinklebe¢ A. Vinu¢ S.A. Hoang¢
G. Singh¢ M. Kirkham¢ Production¢ characterisation«

utilisation¢« and beneficial soil application of steel slag:

A review¢ Journal of Hazardous Materialsc  (2021)
126478.
[18] C. Shi¢ Steel slag—its production¢ processinge

characteristics¢ and cementitious properties¢ Journal of

materials in civil engineerings 16(3) (2004) 230-236.

[19] H. Kumar¢ S. Varma¢ A review on utilization of steel
slag in hot mix asphalt¢ International Journal of Pavement

Research and Technology« 14(2) (2021) 232-242.
[20] M. Rezaci-Hosseinabadic M. Bayatc B. Nadic A.

Rahimi¢ Utilisation of steel slag as a granular column to
enhance the lateral load capacity of soil« Geomechanics

and Geoengineering¢ (2021) 1-11.
[21] H. Poh¢ G.S. Ghataora¢« N. Ghazireh¢ Soil stabilization

using basic oxygen steel slag fines¢ Journal of materials
in Civil Engineering¢ 18(2) (2006) 229-240.

[22]1W. Shen¢ M. Zhou¢ W. Ma« J. Hu¢ Z. Cai¢ Investigation
on the application of steel slag—fly ash—phosphogypsum
solidified material as road base material¢ Journal of

hazardous materials« 164(1) (2009) 99-104.

[23]1. Akinwumi¢ J. Adeyeri¢ O. Ejohwomu« Effects of steel
slag addition on the plasticity« strength¢ and permeability
of lateritic soil¢ in: ICSDEC 2012: Developing the

Frontier of Sustainable Designs

Construction¢ 2013¢ pp. 457-464.

Engineering¢ and

[24] J. Wu¢ Q. Liu¢ Y. Deng¢ X. Yu¢ Q. Feng¢ C. Yan«
Expansive soil modified by waste steel slag and its
application in subbase layer of highways¢< Soils and

Foundations¢ 59(4) (2019) 955-965.
[25] L. Lang¢ C. Song¢ L. Xue¢ B. Chen¢ Effectiveness

of waste steel slag powder on the strength development
and associated micro-mechanisms of cement-stabilized

dredged sludge¢ Construction and Building Materials¢
240 (2020) 117975.

g£1re

[6] A. Sharma¢ R.K. Sharma¢ Strength and drainage
characteristics of poor soils stabilized with construction
demolition waste« Geotechnical and Geological

engineering¢ 38 (2020) 4753-4760.

[7] R. Sharma« Utilization of FLY ash and waste ceramic
in improving characteristics of clayey soil: a laboratory

study¢« Geotechnical and Geological Engineerings 38
(2020) 5327-5340.

[8] K.S. Wani¢« B. Mir¢ Stabilization of weak dredged soils
by employing waste boulder crusher dust: a laboratory
study¢ Geotechnical and Geological Engineering¢ 38(6)
(2020) 6827-6842.

[9] D. Yang¢ A. Sasakic M. Endo¢ Reclamation of a waste
arsenic-bearing gypsum as a soil conditioner via acid
treatment and subsequent Fe (IT) As stabilization¢ Journal

of Cleaner Production¢ 217 (2019) 22-31.
[10] T. Zhang¢ S.Liu¢ H. Zhan¢ C.Ma« G. Cai¢ Durability

of silty soil stabilized with recycled lignin for sustainable

engineering materials¢ Journal of Cleaner Production«
248 (2020) 119293.

[11] S.C. Bostanci¢ Use of waste marble dust and recycled
glass for sustainable concrete production¢ Journal of

Cleaner Production¢ 251 (2020) 119785.

[12] D. Foti« Use of recycled waste pet bottles fibers for

the reinforcement of concretes Composite Structuress 96
(2013) 396-404.

[13] M. Jalal¢ N. Nassirc H. Jalalc Waste tire rubber and
pozzolans in concrete: a trade-off between cleaner
production and mechanical properties in a greener

concrete« Journal of Cleaner Production< 238 (2019)
117882.

[14] F. Mahdi¢ H. Abbas¢ A.A. Khan¢ Flexural¢ shear and
bond strength of polymer concrete utilizing recycled resin
obtained from post consumer PET bottles¢ Construction

and Building Materials¢ 44 (2013) 798-811.

[15] K.G. Tonet¢ J.P. Gorninski¢ Polymer concrete with
recycled PET: The influence of the addition of industrial
waste on flammability«

materials¢ 40 (2013) 378-389.

Construction and building

[16] F. Kehagia¢ Skid resistance performance of asphalt



numerical studies¢

international< 20(4) (2013) 252-262.

and analytical Geosynthetics

[37] S. Aryal¢ P. Kolay¢« Long-term durability of ordinary
Portland cement and polypropylene fibre stabilized
kaolin soil using wetting—drying and freezing—thawing
test¢ International Journal of Geosynthetics and Ground
Engineering¢ 6(1) (2020) 1-15.

[38] S.K. Dashs

encasement on the performance of stone columns

M.C. Bora¢ Influence of geosynthetic

floating in soft clay¢ Canadian Geotechnical Journal¢

50(7) (2013) 754-765.

[39] J. Jayarajan< R. Karpurapu¢ Settlement analysis of
geosynthetic encased granular column treated soft
clay deposits¢ International Journal of Geotechnical

Engineering¢ 14(5) (2020) 473-489.

[40] S. Murugesan< K. Rajagopal¢ Model tests on
geosynthetic-encased stone columns«

International¢ 14(6) (2007) 346-354.

Geosynthetics

[41] K. Deb¢ S. Shiyamalaa¢ Effect of clogging on rate
of consolidation of stone column—improved ground by
considering particle migration¢ International Journal of

Geomechanics¢ 16(1) (2016) 04015017.

[42] S. Palc K. Deb:
settlement of stone column-treated liquefiable sand¢

International Journal of Geomechanics¢ 20(10) (2020)
04020183.

Postearthquake reconsolidation

[43] S. Pal¢ K. Deb¢ Filtration performance of geotextile
encasement to minimize the clogging of stone column
during soil liquefaction« Geotextiles and Geomembranes¢
49(3) (2021) 771-788.

[44]1M.S. Almeida¢ 1. Hosseinpour< M. Riccio« D. Alexiew:«

Behavior of geotextile-encased granular columns

supporting test embankment on soft depositc Journal
of Geotechnical and Geoenvironmental Engineering¢
141(3) (2015) 04014116.

[45] J. Jayarajan< R. Karpurapu¢ Bearing capacity and
settlement response of ordinary and geosynthetic encased
granular columns in soft clay soils: analysis and design

charts¢ Indian Geotechnical Journal¢ 51(2) (2021) 237-
253.

£

[26] C. Cengiz¢« LE. Kilic¢ E. Guler< On the shear failure
mode of granular column embedded unit cells subjected
to static and cyclic shear loads<  Geotextiles and

Geomembranes¢ 47(2) (2019) 193-202.

[27] C. Cengiz¢ E. Guler< Sample preparation method for
large scale shear testing of soft-clay and granular-column

composites¢ MethodsX¢ 7 (2020) 100939.

[28] S.-H. Chong¢ J.-Y. Kim¢ Nonlinear vibration analysis
of the resonant column test of granular materials¢ Journal

of Sound and Vibration¢ 393 (2017) 216-228.
[29]1. Hosseinpour« M. Almeida« M. Riccio¢ Full-scale load

test and finite-element analysis of soft ground improved
by geotextile-encased granular columns¢< Geosynthetics

International¢ 22(6) (2015) 428-438.

[30] S. Murugesan¢ K. Rajagopal¢ Shear load tests on stone
columns with and without geosynthetic encasement¢

Geotechnical Testing Journal¢ 32(1) (2009) 76-85.

[31] S.R. Mohapatrac K. Rajagopal¢ J. Sharma¢ Direct
shear tests on geosynthetic-encased granular columns¢
Geotextiles and Geomembranes¢ 44(3) (2016) 396-405.

[32] K.-H. Xies

general theoretical solution for the consolidation of a

M.-M. Lu¢ A.-F. Hu¢ G.-H. Chen¢ A

composite foundation«
36(1-2) (2009) 24-30.

Computers and Geotechnicss

[33] I. Hosseinpour« C. Soriano¢ M.S. Almeidac A
comparative study for the performance of encased
granular columns¢ Journal of Rock Mechanics and

Geotechnical Engineeringe 11(2) (2019) 379-388.

[34] E.R. Orekantic G.V. Dommaraju¢ Load-settlement
response of geotextile encased laterally reinforced
granular piles in expansive soil under compression¢
International Journal of Geosynthetics and Ground
Engineering¢ 5(3) (2019) 1-8.

[35] P. Verma< A. Sahu¢ Effect of grouted granular

column on the load carrying capacity of the expansive

soil¢ International Journal of Recent Technology and
Engineering¢ 8(3) (2019) 2606-2612.
[36] M. Almeida« 1. Hosseinpour< M. Riccio« Performance

of a geosynthetic-encased column (GEC) in soft ground:



of single and group of geosynthetic encased stone
columns¢ Journal of Geotechnical and Geoenvironmental
Engineering¢ 136(1) (2010) 129-139.
[52] C. Yoo« S.-B. Kim¢ Numerical modeling of
geosynthetic-encased stone column-reinforced ground:«

Geosynthetics International¢ 16(3) (2009) 116-126.
[53] E.A. Oluwasolac M.R. Hainin« M. Aziz¢ Evaluation

of asphalt mixtures incorporating electric arc furnace
steel slag and copper mine tailings for road construction¢
Transportation Geotechnics¢ 2 (2015) 47-55.

[54] A.B. Cerato¢ A.J. Lutenegger¢ Specimen size and scale
effects of direct shear box tests of sands¢ Geotechnical

Testing Journal¢ 29(6) (2006) 507-516.

[55] A. Fakhimi¢ H. Hosseinpour< Experimental and
numerical study of the effect of an oversize particle on the
shear strength of mined-rock pile material< Geotechnical

Testing Journal¢ 34(2) (2011) 131-138.
[56] A.D. Orlando¢« D.M. Hanes¢« H.H. Shen¢ Scaling effects

in direct shear tests¢ in: AIP Conference Proceedings«

American Institute of Physics, (2009) 413-416.

[46] M. Ghazavi¢ A.E. Yamchic J.N. Afsharc Bearing
capacity of horizontally layered geosynthetic reinforced

stone columns¢ Geotextiles and Geomembraness 46(3)
(2018) 312-318.

[47] G. Araujoc E. Palmeirac R. Cunha¢ Behaviour of
geosynthetic-encased granular columns in porous

collapsible soil¢ Geosynthetics Internationalc 16(6)
(2009) 433-451.

[48] Y.-S. Hong¢ C.-S. Wu¢ Y.-S. Yu¢« Model tests on
geotextile-encased granular columns under 1-g and
undrained conditions¢ Geotextiles and Geomembranes:
44(1) (2016) 13-27.

[49] I. Hosseinpour« M. Riccio« M.S. Almeida« Numerical
evaluation of a granular column reinforced by
geosynthetics using encasement and laminated diskse
Geotextiles and Geomembranes¢< 42(4) (2014) 363-373.

[50] M. Khabbazian¢ V. Kaliakin< C. Meehan¢ Numerical
study of the effect of geosynthetic encasement on

the behaviour of granular columns:e

International< 17(3) (2010) 132-143.

Geosynthetics

[51] S. Murugesan¢ K. Rajagopal¢ Studies on the behavior

DOI: 10.22060/ceej.2022.20884.7561

M. J. Rezaei Hoseinabadi, M. Bayat, B. Nadi, A. Rahimi, The use of steel waste as granular
stone materials in stone columns along with geotextile in the direction of sustainable devel-
opment, Amirkabir J. Civil Eng., 54(12) (2023) 4615-4638.

a3 £yl o ol 4 digR>

vy






