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Abstract:
Background:
In weak clay soil, a proper ground improvement technique using a stone column can be limited by the absence of sufficient lateral confining
pressure. Stone columns should be strengthened to provide the minimum required lateral confining pressure.

Objective:
The aim of this study is to find out the significant improvement of the composite stone columns compared to the conventional stone columns by
comparing the bearing capacity enhancement and the treated soil stiffness for both models. Composite stone columns with a solid concrete part at
the top-head not only enhance the bearing capacity of the stone columns but also decrease the bulging failure and increase the surrounding soil
stiffness.

Methods:
The 2D finite  element  analyses were carried out  to simulate an experimental  study conducted by Ambily and Gandhi  on conventional  stone
columns.  ABAQUS  software  program  with  the  Mohr-Coulomb  criterion  for  soft  clay  soil  and  stones  was  used  in  the  simulation.  First,  a
preliminary numerical model was created to simulate the experiment model. Similar material properties, boundary conditions, and constraints were
considered in the preliminary model.  The results  were compared,  and they were similar  to the experimental  results.  During this  process,  the
efficiency of the numerical model was confirmed. Second, the same numerical model was performed for the composite stone columns without
modifying the material properties, boundary conditions, and constraints of the preliminary model. The parameters that influence the composite
stone column bearing capacity as the length of the concrete part, the stress concentration ratio, and the shear strength of the surrounding soil, were
all studied.

Results:
The data obtained from the aforesaid study was used along with ABAQUS software package. Compared to existing work, our approach achieves a
significant correlation, and it indicates that the solid concrete part increases the surrounding soil stiffness, in addition to increasing the bearing
capacity of the stone column. The solid concrete part resists bulging deformation by moving the bulging failure downward where the confining
pressure is larger. The stress concentration ratio increases with the length of the solid concrete part.

Conclusion:
Composite stone columns have a significant influence on the improvement of weak clay soil  and increase the bearing capacity of soil  under
superstructures. Furthermore, they also increase the stiffness of weak soil around the column. The magnitude of weak soil improvement by using
composite stone columns is greater than conventional stone columns. Therefore, composite stone columns are more efficient and effective than
conventional stone columns.
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1. INTRODUCTION

The composite stone columns are a useful, cost-effective,
and environmentally friendly  method  for  improving  the  low

*  Address  correspondence  to  this  author  at  School  of  Civil  Engineering,
Chang’an  University,  75  Middle  Chang’an  Road,  Yanta  District,  Xi’an  City,
Shaanxi Province, China; Tel: +86 18629294647;
E-mail: qiyaowang@tom.com

bearing  capacity  and  large-scale  settlement  of  weak  soil  and
has  been  widely  used  in  soft  soil  foundation  reinforcement.
Granular  columns,  which  are  usually  referred  to  as  stone
columns, sand columns, or granular piles, consist of compacted
sand  or  gravel  that  is  inserted  into  weak  soil  using  various
types  of  installation  techniques  [1  -  4].  Stone  columns  are
sometimes called flexible piles due to their flexibility [5]. The
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comparison of flexible and rigid piles shows that the vertical
bearing  capacity  of  stone  columns  mainly  depends  on  the
lateral  resistance  of  the  surrounding  soil.  However,  the
confining  pressure  near  the  ground  soil  is  relatively  small;
therefore, the stone columns are prone to bulge and fail within
the depth approximately four times the diameter of the column
[6 - 10]. The Indian Standard Guidelines also refer to the same
results reported by previous studies [11]. Therefore, engineers
have proposed many methods to improve the bearing capacity
of granular piles. However, the treatment effect is still affected
by the lateral resistance of the near-ground surface weak soil.
Moreover,  many researchers  focused on multiple  methods to
improve the  ultimate  bearing capacity  of  stone columns.  For
example,  the  analyses  of  swelling,  deformation,  stress  ratio,
and  settlement  were  studied  through  experiments  and
numerical  simulations.

In  geotechnical  engineering,  the  two  main  criteria  that
govern the design and performance of footings are the bearing
capacity  and  settlement.  A  stone  column’s  bearing  capacity
mainly depends on the confinement pressure provided by the
surrounding  weak  soil  [12].  A  previous  experimental
investigation revealed that the applied load is transmitted from
the  column  body  to  the  surrounding  soil,  and  a  small
magnitude  of  the  load  is  transmitted  to  the  bottom  of  the
column  [7,  13].  The  top  weak  soil  layer  has  a  significant
impact on the total stiffness, load-bearing capacity, and bulging
behavior of stone columns. The presence of a strong top layer,
such as sand, improves the strength and stiffness of weak soil
[14,  15].  The  stiffness  and  load-carrying  capacity  of  stone

column treated soil decreases with the increase of the top weak
layer thickness. Fig. (1) shows the bulging failure that occurs
within 4 times the diameter of the granular column. However,
numerical  and  experimental  indications  signify  that  even
bulging can occur in depths less than 2-3d [13, 16, 17]. Similar
experiment  results  indicate  that  bulging  failure  occurs  at  a
depth of 1.0d to 2.5d [18]. The swelling problem and its effect
on  weak  soil  bearing  capacity  were  investigated  [19],  and
bulging  and  excessive  settlement  caused  by  swelling  was
studied  based  on  the  modified  strain  wedge  model  [20].
Ambily and Gandhi conducted an experimental and numerical
study and found that when the column area alone is loaded, the
maximum bulging failure is at a depth of approximately 0.5d
[21].

Encasement  and  grouting  are  among  many  different
methods for reducing bulging to achieve a high stone column
bearing capacity. The composite stone column idea combines
the  advantages  of  different  conventional  stone  columns.  The
bearing capacity of composite stone columns is higher than that
of conventional stone columns at a competitive cost, and they
have  a  higher  load  capacity  than  the  bore  pile  of  the  same
peripheral  size  and  length.  In  addition  to  these  advantages,
composite  stone  columns  can  result  in  significant  resistance
against bulging failure [5]. Bulging deformation moves down
with the increasing length of the solid concrete part; also, the
stiffness  of  a  composite  stone  column  increases  with  the
existing  solid  part  near  the  ground  surface  [20,  5].  The
characteristics of the stone column further change due to the
solid concrete part.

Fig. (1). Bulging failure mechanism.
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Fig. (2). Composite stone column, solid concrete part at the top and stones at the bottom.

Fig. (3). Research methodology flowchart.

As  mentioned  earlier,  this  numerical  analysis  study  was
performed  to  study  the  effects  of  solid  concrete  part  on  the
composite stone column behavior as shown in Fig. (2) (Sand-
concrete  composite  column)  [22].  An  ABAQUS  software
package  was  used  for  numerical  analysis  verification.  The
numerical model for validation was approved by the previous

studies,  and  the  same  material  properties  and  boundary
conditions were selected as in the numerical, analytical study
conducted  by  A.  P.  Ambily  and  S.  R.  Gandhi  [21].  After
asserting the validity of the numerical model, four models of
composite stone columns were utilized, taking into account the
same  material  properties  and  boundary  conditions.  First,
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Conventional  stone  column  results  were  compared  with  the
experimental  and  numerical  study  of  a  previous  study;  the
results  indicate  an  ideal  agreement.  Second,  The  numerical
modeling  shape  was  changed  while  preserving  the  previous
parameters  and conditions.  Fig.  (3)  shows a flowchart  of  the
research methodology.

2. MATERIALS AND METHODS

2.1. Numerical Analyses

2.1.1. Model Validation

The  finite  element  software  ABAQUS  (ABAQUS/CAE
2017)  was  selected  to  take  advantage  of  its  durability  in  the
numerical analysis solution strategy for soil nonlinearity. Many
researchers have used ABAQUS for numerical modeling [23,
24],  such  as  simulated  encased  stone  columns  and  retaining

walls using geosynthetic material [25 - 28]. In this numerical
analysis,  a  2D  finite  element  analysis  method  based  on
ABAQUS was used to verify the numerical analysis accuracy,
and a reasonable comparison was made with the existing model
load tests on stone columns presented by Ambily and Gandhi
[21]. Three different model sizes of unit cells were filled with
homogeneous clayey soil,  and the  unit  cell  diameters  ranged
from 420 mm - 210 mm. These models were used in the model
test with the same 500 mm height [21]. According to the model
load test, the relationship of the unit tank diameter to the stone
column diameter  was  considered  as  s/d=2,  s/d=3,  and s/d=4.
They  were  denoted  by  model-1,  model-2,  and  model-3,
respectively, in this study. A stone column of 100 mm diameter
and 450 mm height was installed at the center of the clay bed
and loaded with a loading plate whose diameter was equal to
the  stone  column  diameter  [21].  The  material  properties
recorded  in  the  paper  and  later  used  in  the  analysis  are
presented  in  Table  1.

Table 1. Properties of the materials used for the validation using ABAQUS [17].

Properties
Materials

Clay Stone
Modulus of elasticity (kPa) 5500 55,000

Poisson’s ratio (v) 0.42 0.3
Angle of fraction (ϕ) 0 38
Dilatancy angle (ψ) 0 4
Shear strength (kPa) 30 0

Fig. (4). Finite element mesh and boundary conditions, stone column area alone loaded.
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CONCLUSION

The performance of the composite stone column reinforced
clayey  soil  was  investigated  in  the  present  study.  2D  finite
element analysis using ABAQUS computer software was used.
Composite stone columns having four different lengths of the
solid  concrete  part  (0.5,  1,  1.5,  and  2  times  the  column’s
diameter)  were  studied.  Ultimate  bearing  capacity  and  the
bulging failure were investigated for both two cases (column
area  loaded  and  tributary  area  loaded),  and  different  shear
strength  of  the  clayey  soil  was  considered  during  the
investigation  as  well.

The  following  conclusions  are  drawn  from  the  obser-
vations  of  the  present  work.

The  stress-settlement  response  of  composite  stone[1]
columns could be significantly improved by the solid
concrete  part.  Solid  parts  at  the  top  of  the  column
increased the stiffness, leading to high vertical stresses
with  little  settlement.  Vertical  stress  in  the  model-2
was  higher  than  that  in  model-3  due  to  the  high
confining pressure in  small  unit  cell  diameter.  When
the diameter of the unit cell was less than 3 times the
stone column diameter, the bearing capacity was high.
The  solid  concrete  part  length  affected  the  bearing[2]
capacity  of  the  stone  column.  When  h'=2.0d,  the
increase in maximum bearing capacity of the column
was  about  60%  in  the  column  area  loaded  case  and
approximately  90%  when  the  tributary  area  was
loaded.  This  enhancement  was  due  to  the  horizontal
stress generated within the top layer of the soil.
Bulging  is  an  important  parameter  that  affects  the[3]
capacity  of  the  column.  The  solid  concrete  part
increases  the  stiffness  near  the  ground  surface;  thus,
the bulging moves deeper where the confining pressure
is sufficient to resist bulging deformation. The results
indicate that the bulging decreased by more than 50%
when h'= 0.5d. In addition, the bulging deeper than 1.5
times the diameter is slightly smaller, and no bulging
decrease occurred.
The stress concentration ratio of the conventional stone[4]
columns was nearly 3%, which was consistent with the
results of previous studies. Increasing the length (h') of
the  solid  concrete  part  would  increase  the  stress
concentration  ratio.  Soft  clayey  soil’s  shear  strength
had a small effect on the stress concentration ratio of
the stone columns. In contrast, soil shear strength had a
significant influence on stone column bearing capacity.
The  stress  concentration  ratio  was  associated  with
stiffness  of  the  column  and  surrounding  soil.  In  the
present study, the higher stiffness of the stone column
was  when  the  concrete  part  length  was  twice  the
column diameter; thus, the stress ratio was the highest
value i.e., 8.5%. A composite stone column having the
highest stress ratio has the maximum bearing capacity
for loads.
The  improved  load  ratio  for  the  conventional  stone[5]
column remained  constant,  and  no  effects  were  seen
for  different  shear  strengths.  In  contrast,  the  shear
strength of clayey soil had a significant effect on the

improved load ratio for the composite stone column. In
low shear strength soil, the load ratio was 9.3, 40.5, 64,
97.9%, respectively, for different concrete part lengths.
While in the case of high shear strength soil, the load
ratio was 28.6, 56.3, 90.6, 129.1%, respectively.

LIST OF ABBREVIATIONS

h′ = The Length of the Solid Concrete Part

l = The Total Length of the Column

d = The Diameter of the Column

C = Shear Strength of Clay

s = The Diameter of the Unit Tank (spacing)

Es = The Elasticity Modulus of Stone

LR = Load Ratio

Ec = The Elasticity Modulus of Clay

n = Stress Concentration Ratio

CSC = Conventional Stone Column

CONSENT FOR PUBLICATION

Not applicable.

AVAILABILITY OF DATA AND MATERIALS

The  data  that  support  the  findings  of  this  study  are
available on request from the Corresponding Author [Q.W].

FUNDING

The study was approved by the National Natural Science
Foundation of China (Grant nos. 51379015 and 51579013) and
the Fundamental Research Funds for the Central Universities,
CHD (Grant no. 300102289303).

CONFLICT OF INTEREST

The  authors  declare  no  conflict  of  interest,  financial  or
otherwise.

ACKNOWLEDGEMENTS

I would like to pay my sincere gratitude to my supervisor
Dr. Qiyao Wang, Professor of Civil Engineering Department,
for providing generous guidance. I acknowledge the kindness
and infinite patience shown in all matters. The authors would
also like to thank the anonymous reviewers for their comments
and suggestions for improving the quality of this manuscript.

REFERENCES

H. Aboshi, "The" Compozer"-a method to improve characteristics of[1]
soft  clays  by  inclusion  of  large  diameter  sand  columns",  Retrieved
from,  1979.  https://pascal-francis.inist.fr/cms/?lang=en,  INIST
identifier:  PASCALGEODEBRGM8220158889
R.D. Barksdale, and R.C. Bachus, "Design and construction of stone[2]
columns", Turner-Fairbank Highway Research Center, vol. I, 1983.
https://rosap.ntl.bts.gov,  Identifier:  FHWA/RD-83/026;SCEGIT-83-
104
D.T. Bergado, L.R. Anderson, N. Miura, and A.S. Balasubramaniam,[3]
Soft ground improvement in lowland and other environments, 1996.
https://cedb.asce.org/CEDBsearch/
V.  Elias,  J.  Welsh,  J.  Warren,  R.  Lukas,  G.  Collin,  and  R.R.  Berg,[4]
"Ground  improvement  methods",  In:  FHWA-NHI-06-020,  vol.  II.
2006.



28   The Open Civil Engineering Journal, 2021, Volume 15 Salam and Wang

Y.  Guo,  M.  Zhao,  and  W.  Peng,  "Lateral  bulging  and  settlement[5]
analysis of solid-bulk tandem compound pile based on modified strain
wedge model",  Chin.  J.  Geotechnic.  Engineer.,  vol.  41,  no.  11,  pp.
2149-2155, 2019.https://cnki.net
D.  McKelvey,  V.  Sivakumar,  A.  Bell,  and  J.  Graham,  "Modelling[6]
vibrated stone columns in soft clay", Proc. Inst. Civ. Eng. Eng., vol.
157, no. 3, pp. 137-149, 2004.
[http://dx.doi.org/10.1680/geng.2004.157.3.137]
J.M.O. Hugher, and N.J. Withers, "Reinforcing of soft cohesive soils[7]
with stone columns", Gr. Eng., vol. 7, 1974no. 3, . https://trid.trb.org
J.  Black,  V.  Sivakumar,  and  J.D.  McKinley,  "Performance  of  clay[8]
samples reinforced with vertical granular columns", Can. Geotech. J.,
vol. 44, no. 1, pp. 89-95, 2007.
[http://dx.doi.org/10.1139/t06-081]
D.A.  Greenwood,  Mechanical  improvement  of  soils  below  ground[9]
surface, 1970. https://trid.trb.org
J.M.O. Hughes, N.J. Withers, and D.A. Greenwood, "A field trial of[10]
the reinforcing effect of a stone column in soil", Geotechnique, vol.
25, no. 1, pp. 31-44, 1975.
[http://dx.doi.org/10.1680/geot.1975.25.1.31]
IS:15284-2003  Indian  standard  code  of  practice  for  design  and[11]
construction  for  ground  improvement  guidelines,  Part  1:  Stone
columns,  India.  Retrieved  from  ,  2003.  https://google.com
M.  Ghazavi,  and  J.N.  Afshar,  "Bearing  capacity  of  geosynthetic[12]
encased  stone  columns",  Geotext.  Geomembr.,  vol.  38,  pp.  26-36,
2013.
[http://dx.doi.org/10.1016/j.geotexmem.2013.04.003]
J.M.  Pitt,  A.  Gaul,  K.  Hoevelkamp,  and  D.J.  White,  "Highway[13]
applications  for  rammed  aggregate  piers  in  Iowa  soils",  Iowa.
Department of Transportation. Bureau of Research and Technology,
2003. https://trid.trb.org
R.  Shivashankar,  M.R.D.  Babu,  S.  Nayak,  and  V.  Rajathkumar,[14]
"Experimental studies on behaviour of stone columns in layered soils",
Geotech. Geol. Eng., vol. 29, no. 5, p. 749, 2011.
[http://dx.doi.org/10.1007/s10706-011-9414-0]
P.  Foraboschi,  "Specific  structural  mechanics  that  underpinned  the[15]
construction of Venice and dictated Venetian architecture", Eng. Fail.
Anal., vol. 78, pp. 169-195, 2017.
[http://dx.doi.org/10.1016/j.engfailanal.2017.03.004]
S.  Murugesan,  and  K.  Rajagopal,  "Geosynthetic-encased  stone[16]
columns: Numerical evaluation", Geotext. Geomembr., vol. 24, no. 6,
pp. 349-358, 2006.
[http://dx.doi.org/10.1016/j.geotexmem.2006.05.001]
I.E.  Debbabi,  R.M.  Saddek,  A.S.A.  Rashid,  and  A.S.  Muhammed,[17]
"Numerical  modeling  of  encased  stone  columns  supporting
embankments  on  sabkha  soil",  Civ.  Eng.  J.,  vol.  6,  no.  8,  pp.
1593-1608,  2020.
[http://dx.doi.org/10.28991/cej-2020-03091569]
D. Lee, C. Yoo, and S. Park, Model tests for analysis of load carrying[18]
capacity of geogrid encased stone column, 2007.https://onepetro.org
Document ID: ISOPE-I-07-099
M. Haratian, and A.B. Khalkhali, "Evaluation of Ʋ-lnp’curves for the[19]
stabilization of saline clayey soils",  Civ. Eng. J.,  vol.  4,  no. 10, pp.
2411-2424, 2018.
[http://dx.doi.org/10.28991/cej-03091169]
Y. Guo, M. Zhao, G. Fu, and P. Yu, "Calculation of bearing capacity[20]
of new type concrete-discrete material tandem compound pile", Chin.
J.  Underground.  Space.  Engineering.,  vol.  14,  2018no.  06,  pp.
1625-1633.https://cnki.net
A.P. Ambily, and S.R. Gandhi, "Behavior of stone columns based on[21]
experimental and FEM analysis", J. Geotech. Geoenviron. Eng., vol.
133, no. 4, pp. 405-415, 2007.
[http://dx.doi.org/10.1061/(ASCE)1090-0241(2007)133:4(405)]

G. Zheng, S. Liu, and R. Chen, State of advancement of column-type[22]
reinforcement  element  and  its  application  in  China.  Advances  in
Ground Improvement., Research to Practice in the United States and
China, 2009, pp. 12-25.
[http://dx.doi.org/10.1061/41025(338)2]
C.  Yoo,  "Interaction between tunneling and groundwater  numerical[23]
investigation  using  three  dimensional  stress:  Pore  pressure  coupled
analysis", J. Geotech. Geoenviron. Eng., vol. 131, no. 2, pp. 240-250,
2005.
[http://dx.doi.org/10.1061/(ASCE)1090-0241(2005)131:2(240)]
C.  Yoo,  and  H-Y.  Jung,  "Case  history  of  geosynthetic  reinforced[24]
segmental retaining wall failure", J. Geotech. Geoenviron. Eng., vol.
132, no. 12, pp. 1538-1548, 2006.
[http://dx.doi.org/10.1061/(ASCE)1090-0241(2006)132:12(1538)]
C. Yoo, and A.R. Song, "Effect of foundation yielding on performance[25]
of  two-tier  geosynthetic-reinforced  segmental  retaining  walls:  A
numerical investigation", Geosynth. Int., vol. 13, no. 5, pp. 181-194,
2006.
[http://dx.doi.org/10.1680/gein.2006.13.5.181]
C.  Yoo,  and  S-B.  Kim,  "Performance  of  a  two-tier  geosynthetic[26]
reinforced segmental retaining wall under a surcharge load: Full-scale
load test and 3D finite element analysis", Geotext. Geomembr., vol. 26,
no. 6, pp. 460-472, 2008.
[http://dx.doi.org/10.1016/j.geotexmem.2008.05.008]
M.  Khabbazian,  V.N.  Kaliakin,  and  C.L.  Meehan,  3D  numerical[27]
analyses of geosynthetic encased stone columns.Contemporary Topics
in Ground Modification., Problem Soils, and Geo-Support, 2009, pp.
201-208.
[http://dx.doi.org/10.1061/41023(337)26]
M. Khabbazian, V.N. Kaliakin, and C.L. Meehan, "Numerical study of[28]
the  effect  of  geosynthetic  encasement  on  the  behaviour  of  granular
columns", Geosynth. Int., vol. 17, no. 3, pp. 132-143, 2010.
[http://dx.doi.org/10.1680/gein.2010.17.3.132]
P. Mohanty, and M. Samanta, "Experimental and numerical studies on[29]
response of the stone column in layered soil",  Int.  J.  Geosynth.  Gr.
Eng., vol. 1, no. 3, p. 27, 2015.
[http://dx.doi.org/10.1007/s40891-015-0029-z]
J.T.  Shahu,  and  Y.R.  Reddy,  "Clayey  soil  reinforced  with  stone[30]
column  group:  Model  tests  and  analyses",  J.  Geotech.  Geoenviron.
Eng., vol. 137, no. 12, pp. 1265-1274, 2011.
[http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000552]
S.N. Malarvizhi, "Comparative study on the behavior of encased stone[31]
column and conventional stone column", Soil Found., vol. 47, no. 5,
pp. 873-885, 2007.
[http://dx.doi.org/10.3208/sandf.47.873]
P. Debnath,  and A.K. Dey, "Bearing capacity of geogrid reinforced[32]
sand over encased stone columns in soft clay", Geotext. Geomembr.,
vol. 45, no. 6, pp. 653-664, 2017.
[http://dx.doi.org/10.1016/j.geotexmem.2017.08.006]
S.K.  Dash,  and  M.C.  Bora,  "Improved  performance  of  soft  clay[33]
foundations using stone columns and geocell-sand mattress", Geotext.
Geomembr., vol. 41, pp. 26-35, 2013.
[http://dx.doi.org/10.1016/j.geotexmem.2013.09.001]
M.  Karkush,  and  A.  Jabbar,  "Improvement  of  soft  soil  using  linear[34]
distributed floating stone columns under foundation subjected to static
and cyclic loading", Civ. Eng. J., vol. 5, no. 3, pp. 702-711, 2019.
[http://dx.doi.org/10.28991/cej-2019-03091280]
S.S. Rani, and P.S.P. Kumar, "A study of behaviour on stone column[35]
in  homogenous  soil",  Int.  J.  Sci.  Res.  (Ahmedabad),  vol.  5,  pp.
1215-1219, 2015.https://www.ijsr.net
R.R. Goughnour, and G. RR, A field study of long term settlements of[36]
loads  supported  by  stone  columns  in  soft  ground,  1979.
https://pascal-francis.inist.fr/cms/?lang=en

© 2021 SALAM & Wang.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

http://dx.doi.org/10.1680/geng.2004.157.3.137
http://dx.doi.org/10.1139/t06-081
http://dx.doi.org/10.1680/geot.1975.25.1.31
http://dx.doi.org/10.1016/j.geotexmem.2013.04.003
http://dx.doi.org/10.1007/s10706-011-9414-0
http://dx.doi.org/10.1016/j.engfailanal.2017.03.004
http://dx.doi.org/10.1016/j.geotexmem.2006.05.001
http://dx.doi.org/10.28991/cej-2020-03091569
http://dx.doi.org/10.28991/cej-03091169
http://dx.doi.org/10.1061/(ASCE)1090-0241(2007)133:4(405)
http://dx.doi.org/10.1061/41025(338)2
http://dx.doi.org/10.1061/(ASCE)1090-0241(2005)131:2(240)
http://dx.doi.org/10.1061/(ASCE)1090-0241(2006)132:12(1538)
http://dx.doi.org/10.1680/gein.2006.13.5.181
http://dx.doi.org/10.1016/j.geotexmem.2008.05.008
http://dx.doi.org/10.1061/41023(337)26
http://dx.doi.org/10.1680/gein.2010.17.3.132
http://dx.doi.org/10.1007/s40891-015-0029-z
http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000552
http://dx.doi.org/10.3208/sandf.47.873
http://dx.doi.org/10.1016/j.geotexmem.2017.08.006
http://dx.doi.org/10.1016/j.geotexmem.2013.09.001
http://dx.doi.org/10.28991/cej-2019-03091280
https://creativecommons.org/licenses/by/4.0/legalcode

	Numerical Study on Bearing Capacity and Bulging of the Composite Stone Column 
	[Background:]
	Background:
	Objective:
	Methods:
	Results:
	Conclusion:

	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Numerical Analyses
	2.1.1. Model Validation
	2.1.2. Analysis of Stone Column (Description of Finite Element Models)


	3. RESULTS AND DISCUSSION
	3.1. Parametric Study
	3.2. Load-Settlement Response
	3.2.1. Effect of Stress Concentration Ratio (n)
	3.2.2. Effect of Improved Load Ratio

	3.3. Bulging Behavior

	CONCLUSION
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES


