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The bearing capacity and deformation characteristics of floating stone columns
were complicated and are not thoroughly understood. In the present study, a
series of experimental model tests of floating stone columns under vertical plate
loading was performed. This study investigated the influence of geogrid
encasement on the behavior of floating stone columns and provided
valuable insight into the load-displacement behavior, bulging deformation,
load transfer mechanism, and the radial stress of the geogrid encasement.
The test results show that the bearing capacity of the floating stone column was
significantly improved due to the geogrid encasement. The column with longer
encasement showed higher stiffness at large settlements. The bulging
deformation pattern of the column changed with different encasement
lengths. More vertical pressure transferred from the top of the column to
the bottom of the column due to the existence of the geogrid encasement.
The fully encased stone columns developed high radial stress and achieved
effective confinement of the column. The bearing capacities of the floating-
encased stone columns with different encasement lengths were controlled by
bulging deformation instead of penetration failure, which gave confidence that
the floating-encased stone columns were an effective method for field
construction in extensive soft soils.

KEYWORDS

geosynthetics, model tests, floating stone column, geogrid encasement, bulging
deformation

Introduction

Stone columns were an effective ground improvement technique and were extensively
used to deal with soft clay deposits by increasing bearing capacities, controlling
settlements, and accelerating the consolidation rate (Han, 2015a; Han, 2015b). In
geotechnical design and construction application, the column typically penetrated
through the soft clay and rested on a strong stratum, which was called an end-
bearing stone column. However, in the situation of vertically extensive soft soils
(commonly encountered in coastal areas), it was unnecessary to penetrate through the
entire soft soil deposits. The effective column length was suggested not to exceed 10 times
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the column diameter based on the consideration of performance
and economy. Therefore, the column may not reach a strong
stratum and float in the soft clay deposits, which were called
floating stone columns. In some instances, the construction of
floating stone columns was found to be more economical and
technically feasible than the end-bearing stone columns.

The ordinary stone columns may not be effective when soft
soils are extremely weak (e.g., undrained shear strength less than
15 kPa). The surrounding soft soils may not provide sufficient
confining pressure in the shallow depth. The stone column was
likely to bulge and failed to carry additional loads. Geosynthetics
(such as geogrid and geotextile) were introduced and used to
reinforce the stone columns vertically. The geosynthetic
encasement can provide additional confining pressure and
improve the stiffness and bearing capacity of the columns (Bai
et al., 2019; Bai et al., 2021; Bai et al., 2022; Gniel and Bouazza,
2010; Ghazavi and Afshar, 2013; Almeida et al., 2014; Chen et al.,
2015; Zhang and Zhao, 2015; Gu et al., 2016; Chen et al., 2018; Gu
et al.,, 2020; Tan et al., 2020).

However, most previous studies focused on either floating
stone columns unreinforced with geosynthetics (Ng and Tan,
2014; Shahu and Reddy, 2014; Zhou et al., 2017; Ong et al., 2018;
Shan et al., 2022; Zhao et al.,, 2021), or geosynthetic-encased stone
columns that reached a strong stratum (Murugesan and
Rajagopal, 2010; Pulko et al, 2011; Yoo and Lee 2012; Gu
et al., 2017a; Gu et al., 2017b; Mohapatra and Rajagopal 2017;
Schnaid et al., 2017; Kadhim et al., 2018; Kong et al., 2018; Zhou
and Kong, 2019a; Zhou and Kong, 2019b; Zhang et al., 2020; Tan
et al., 2021). There are limited studies on the performance of
floating stone columns reinforced with geosynthetic encasement.
Ali et al. (2012) carried out model tests on floating and end-
bearing stone columns and found that the full column length
gives higher failure stress than encasement over the top half or
quarter of the column length. Dash and Bora (2013) investigated
the performance of end-bearing stone columns and floating stone
(the
geosynthetic was called geomesh to model the geogrid). The

columns reinforced with window-mesh encasement
material properties of the window-mesh were significantly
different from those of the geogrid in terms of tensile stiffness
and rib width. The widow-mesh was difficult to model the actual
behavior of the geogrid, especially the interaction effect between
the aggregates and the geogrid. Hasan and Samadhiya (2016)
investigated the bearing capacities of vertical encased granular
piles by experimental and numerical analysis. Sarvaiya and
Solanki (2017) conducted experimental tests on floating stone
columns with different encasement lengths. It was suggested that
the full length of the encasement was not necessary based on the
consideration of the columns’ bearing capacity. Debnath and Dey
(2017) suggested that the optimum column length and optimum
encasement length of floating stone columns with a geogrid-
reinforced sand bed were six and three times the diameter of the
column, respectively, using finite element analyses. Kahyaoglu
and Vanicek (2019) presented the behavior of the embankment
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supported by floating-encased columns using the finite element
method. The effect of the encasement stiffness, the basal
reinforcement stiffness, and the embankment fill height was
investigated. The effective encasement length depended on the
surcharge and the strength properties of the column and the soil.
Thakur et al. (2021) compared the load capacities of the vertically
and horizontally reinforced floating stone columns in model
tests. The results indicated that the fully encased stone column
had a lower load capacity than the horizontal reinforced stone
column using geotextile encasement.

The
complicated for the floating stone columns reinforced with

deformation and load transfer mechanisms were

geogrid encasement and are not thoroughly understood. The
bulging deformation controlled the bearing capacity of floating-
(E-OSC,
geosynthetics) if the column was sufficiently long. The failure

ordinary stone columns unreinforced  with
mode of the floating-encased stone columns (F-ESC, reinforced
with geogrid encasement) may change because the large bulging
deformation would be limited to a relatively small value due to
the geogrid encasement. Moreover, the interaction between the
aggregates and the geogrid was important and needed to be
investigated further. This study presented a series of model tests
on floating stone columns under vertical incremental loads. The
influence of geogrid encasement on the behavior of floating stone
columns was investigated in terms of load-displacement
behavior, bulging deformation, load transfer mechanism, and

the radial stress of the geogrid encasement.

Description of the experiment

To investigate the behavior of floating stone columns
reinforced with the geosynthetic encasement, a series of plate
loading tests was conducted based on unit cell assumption.
Table 1 summarizes the model test parameters. The thickness
of the clay bed was kept at 1,000 mm in all tests and represents
the situation of vertically extensive clay beds. Two parameters
(i.e, the column length and the encasement length) were
investigated and varied in different tests. The column length
varied from 200-800 mm; therefore, the column was floated in
the clay beds. The encasement length varied from 0-600 mm and
represented the cases of floating-ordinary stone columns
(F-0SC) (F-ESC).
Figure 1 stone column was

and floating-encased stone columns
that the

constructed in vertically extensive clay beds and subjected to

shows floating

vertical pressure.

Materials properties
The soft clay was obtained from a deep excavation project of

a subway station in Guangzhou Higher Education Mega Center,
located in the Pearl River Delta near the coastal areas of south
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TABLE 1 Summary of model test parameters.

10.3389/fmats.2022.980851

Test No. Test type Test description Column length  Encasement length  Thickness of
(mm) (mm) clay bed
(mm)
1 Floating ordinary stone columns (without encasement) F-OSC2D 200 0 1,000
2 F-OSC4D 400 0 1,000
3 F-OSC6D 600 0 1,000
4 F-OSC8D 800 0 1,000
5 Floating-encased stone columns (with encasement) F-ESC6D-2D 600 200 1,000
6 F-ESC6D-4D 600 400 1,000
7 F-ESC6D-6D 600 600 1,000
8 Unreinforced clay Clay — — 1,000
p 100
. 80
Loading plate —
. - .
” .4 - [
Geogrid encasement ——m@. : 'g 60
4 @» S (=3
Stone column 4 | ©| S X 40
- > - 0 =
. 0 S *
Strain gauge —> > | N - 20
Pressure cell ——% = — /1
— Jloo] |8 0 ~
Clay be B a 1 10 100
T, 7 Particle size (mm)
300 I
FIGURE 2
Particle size distribution of the aggregates.
FIGURE 1
Plate loading test on floating-encased stone columns in
vertically extensive clay beds.
China. The soil was classified as CL based on the USCS.
Undrained triaxial tests were conducted to determine its
undrained shear strength and the corresponding moisture
TABLE 2 Properties of the soft clay. content. Table 2 summarizes the detailed properties of soft
Parameters Value clay. The aggregates used in the experimental test were
angular crashed stones and Figure 2 shows the particle size
Liquid limit 40% distribution. The internal friction of the aggregates was
Plastic limit 22% determined as 42.9° at a relative density of 62%.
Plastic index 18 The tensile properties and rib dimension of the biaxial
Moisture content 36% geogrid were carefully considered and properly modeled in the
Specific gravity 27 model test. A 1-mm thick polypropylene sheet was cut to the
Undrained shear strength (kPa) 4.1 aperture size of 10 x 10 mm by using a laser cutting machine.
USCS classification CL The rib width of the geogrid was 5mm in this study. The
geogrid encasement was formed by rolling the geogrid sheet
Frontiers in Materials 03 frontiersin.org
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TABLE 3 Tensile properties of the biaxial geogrid.

Parameters

Tensile strength at 1% elongation (kN/m)
Tensile strength at 2% elongation (kN/m)
Ultimate tensile strength (kN/m)

Secant stiffness at 1% elongation (kN/m)

Secant stiffness at 2% elongation (kN/m)

A 324
! !
g
o e
® &
Steel shell % % % T
o S
- e
@ ~
Connector \E % % ;
@ N
Baseplate\% % g g
O -
Wheel \H H_L"N
| 500 ]

FIGURE 3

Geogrid
with cable ties

10.3389/fmats.2022.980851

Geogrid
without cable ties

2.69 2.82
4.51 4.74
6.81 6.22
269.1 282.2
225.6 237.3

Testing set-up: (A) schematic of the test tank; (B) photograph of the plate loading test.

into a cylinder and fixed with nylon cable ties in the
circumferential direction. Three rows of nylon cable ties
were used at the joint interface to guarantee an effective
connection. Multi-rib tensile tests were conducted for the
geogrid samples with and without nylon cable ties
according to ASTM D6637 standard (ASTM 2015). Secant
stiffness can be calculated as J = £, where F and ¢ are the
tensile strength and the elongation of the geogrid, respectively.
Table 3 shows the test results and tensile properties of the
geogrid. The tensile strengths of the geogrid with and without
nylon cable ties were close, which demonstrated that the
connection method used to fix the joint interface was
reliable and effective.

Frontiers in Materials

Preparation of floating-encased stone
columns

A cylindrical steel tank was manufactured with an inner
diameter and a height of 300 and 1,200 mm, respectively. To
facilitate the preparation of the model test, the test tank was
uniformly divided into six sections in height. Each section
had a height of 200 mm and was connected with the
neighboring sections by bolts. Figure 3 shows the testing
setup of the model test. Plastic sheets were covered on the
inner wall surface of the test tank to reduce friction at the
soil-wall interface. The soft clay at a desired moisture content
of 36% was filled into the tank by layers. Each layer had a

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.980851

Gu et al.
Vertical pressure (kPa)
0 20 40 60 80 100 120
0 T T T T T 1
—»— Clay
10 - =& -F-0OSC2D
——F-0SC4D
o) - - - F-OSC6D
é 20 —0—F-OSC8D
=
[0}
=)
3
s 30 r
w2
40
n
50 ¢
FIGURE 4

Load-displacement curve of floating-ordinary stone columns
with different column lengths.

thickness of 50 mm and compacted uniformly. The test tank
was covered with a plastic sheet to prevent water evaporation
and stood for 3 days after the clay bed reached a thickness of
1,000 mm.

A replacement method was adopted for the construction
of floating stone columns. An open-ended plastic pipe with an
outer diameter of 100 mm was used and located at the center
of the test tank. The bottom of the pipe was first placed on the
surface of the soil instead of the bottom of the tank. In the
case of a floating-ordinary stone column with a column
length of 600 mm (F-OSC6D), the plastic pipe was placed
on the soil after the clay bed reached a thickness of 400 mm.
After the clay bed reached a thickness of 600 mm, the
aggregates of the calculated amount were filled into the
pipe to form the stone column 200 mm high and well
compacted. The pipe was then pulled up gently by 100 mm
in the vertical direction so that the pipe had a minimum
embedment depth of 100 mm within the surrounding soil.
The pipe was pulled up again after the next 200 mm thick soil
was placed and the next stone column section was installed.
The aforementioned procedure was repeated until the entire
stone column was constructed. In the case of floating-encased
stone columns, the geogrid encasement was slid down to the
designed depth along the outer surface of the pipe. The
encasement was kept in a fixed location during the pulling
up of the pipe by additional downward resistance applied by
hand and the interlock forces between the aggregates and the
geogrid.

Frontiers in Materials

10.3389/fmats.2022.980851

Vertical pressure (kPa)
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FIGURE 5

Load-displacement curve of floating-encased stone
columns with different encasement lengths.

Load tests on stone columns

A plate loading test was performed on a single column using
the maintained pressure test method. Vertical pressure was applied
on the top of the column in 8-10 increments and measured by the
mass of the standard weight. The pressure was maintained
constant until the rate of the settlement was less than 0.1 mm/h
and then the next pressure increment was applied. The loading test
was terminated when the settlement exceeded 40 mm, where the
vertical pressure may not be maintained and the column failed.
Strain gauges were used to measure the hoop strains in the geogrid
encasement. The strain gauges were oriented along the
circumferential direction of the encasement and fixed onto the
geogrid just after a cylindrical geogrid sleeve was formed. An earth
pressure cell was installed at the bottom of the column to measure
the pressure transferred to the bottom of the column.

Results and discussion
Load-displacement behavior

Figure 4 shows the load-displacement response of floating-
ordinary stone columns with different column lengths. The
bearing capacity of the clay bed was considerably improved by
the F-OSC. The ultimate bearing capacity of the column was
defined as the vertical pressure applied at the settlement of 20% of
the loading plate diameter (i.e., 20 mm). The ultimate bearing
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FIGURE 6

Bulging deformation of floating-encased stone columns with
different encasement lengths: (A) 200 mm, (B) 400 mm, and (C)
600 mm.
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capacity of the F-OSC was 40.4, 50.3, 53.3, and 55.7 kPa for the
column lengths at 200, 400, 600, and 800 mm, respectively. The
bearing capacity of the clay bed (e.g., 27.1kPa at the same
settlement) was improved by 1.9 times due to the existence of
the F-OSC with a column length of 400 mm. It was observed that
the bearing capacity may not be improved linearly with the
increasing column lengths. The increment of the bearing capacity
was small for the column length varying from 400 to 800 mm. An
effective column length of 600 mm was determined in this study
based on the consideration of the bearing capacity. Therefore, the
floating stone column with a length of 600 mm was selected as a
baseline case for the investigation of the influence of the geogrid
encasement on floating stone columns.

Figure 5 shows the load-displacement response of floating-
encased stone columns with different encasement lengths. The
bearing capacity of the floating stone column was significantly
improved due to the geogrid encasement. The ultimate bearing
capacities of the F-ESC were 68.0, 78.8, and 88.5 kPa for the
encasement lengths at 200, 400, and 600 mm, respectively. At the
beginning loading stage (e.g., the settlement was less than 10 mm),
the F-ESC with different encasement lengths showed similar
vertical pressure-settlement behavior. The granular aggregates
moved laterally and the column mobilized bulging deformation
gradually at this stage. The column stiffness decreased with the
increase in the settlement due to the discrete nature of the granular
material. Figure 5 shows that the F-ESC with longer encasement
maintained higher stiffness at large settlements. The fully encased
column (F-ESC6D-6D) showed good bearing capacity and its
stiffness began to decrease until the settlement reached 20 mm.

Bulging deformation

The strain gauges were attached to the surface of the geogrid
encasement to measure the circumferential strains. The value of
circumferential strains was equal to the radial strains of the
column due to the axial symmetry of the cylindrical stone
columns. Figure 6 shows the bulging deformation profiles of
floating-encased stone columns with different encasement
lengths subjected to vertical pressures.

Figures 6A,B show that the radial strain of the F-ESC increased
with the applied pressure. The recorded maximum value of the
radial strain was 0.53 and 0.51%, respectively, for the columns with
the encasement length of 200 and 400 mm. The strain gauges in
the F-ESC6D-2D test malfunctioned after the applied pressure
exceeded 65 kPa; therefore, no more data were recorded in this test.
Large radial strains happened near the base of the encasement
sleeve in these two tests. The bulging deformation of the column in
the reinforced section was limited due to the encasement. The
unreinforced section (i.e., the column below the reinforcement
base) may develop large bulging deformation. Bulging failure in
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FIGURE 7
Stress reduction ratio of floating-ordinary stone columns
with different column lengths.

the unreinforced section controlled the ultimate bearing capacity
of the partially encased stone column, which was similar to that of
the end-bearing encased stone column (Gu et al., 2016). The fully
encased stone column (F-ESC6D-6D) shows a different bulging
deformation pattern along the column depth. Figure 6C shows that
large bulging deformation happened at a column depth of 165 mm
instead of the base of the encasement sleeve. The recorded
maximum value of the radial strain was 1.5%, which was close
to the ultimate tensile strain of the geogrid. The column developed
bulging failure in the upper reinforced section (within a depth of
2 times the column diameter), which was similar to that of the end-
bearing encased stone column.

The bulging deformations of the partially and fully floating-
encased stone column were similar to those of the corresponding
end-bearing stone columns. This demonstrated that the floating-
encased stone column was an effective and reliable method to
improve the vertically extensive soft clay deposits.

Load transfer mechanism

To evaluate the applied pressure transferred from the top of
the column to the bottom of the column, a ratio of the stress at
the bottom to that at the top, referred to as the stress reduction
ratio can be calculated. The pressure transferred to the bottom of
the stone column was measured using the earth pressure cell
installed at the bottom of the column. Figure 7 shows the stress
reduction ratio plotted against the settlement for the floating
ordinary stone columns with different column lengths. The stress
reduction ratio was less than 0.5 for all tests. The value of the
stress reduction ratio typically decreased with the increase in the
settlement except for the case of F-OSC2D. The short column
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FIGURE 8

Stress reduction ratio of floating-encased stone columns
with different encasement lengths.

may penetrate the soft clay instead of bulging failure. The long
column (e.g., F-OSC4D, F-OSC6D, and F-OSC8D) showed a
smaller stress reduction ratio and less pressure transferred to the
bottom of the column. The applied pressure transferred to the
bottom of the long column was less than 20% after the column
reached a settlement of 20 mm. The bulging deformation
dominated the failure mechanism of the floating ordinary
stone columns.

Figure 8 shows the stress reduction ratio plotted against the
settlement for the floating encased stone columns with different
encasement lengths. The stress reduction ratio of the encased
stone column was higher than that of the ordinary stone column.
The encased column had good stiffness due to the effective
More
pressure was transferred from the top of the column to the

confinement provided by the encasement sleeve.

bottom of the column. The stress reduction ratio of the fully
encased stone column (e.g., F-ESC6D-6D) showed a similar
trend with that of the ordinary stone column (e.g., F-OSC6D)
because of their same location of bulging deformation. The
bulging failure of these two columns both happened within a
column depth of 2 times the column diameter. The partially
encased column (e.g., F-ESC6D-2D and F-ESC6D-4D) showed a
high stress reduction ratio at large settlements. A new shear zone
developed in the bulging section (i.e., the unreinforced section
below the reinforcement base); thus, the column acted like a pile
and more pressure was transferred to the bottom.

Radial stress of the encasement

The circumferential strains of the geogrid encasement were
measured by using strain gauges. The hoop force (T') provided by
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Radial stress of floating-encased stone columns with
different encasement lengths: (A) 200 mm, (B) 400 mm, and (C)
600 mm.

the encasement can be calculated as T = Je, where J and ¢ are the
secant stiffness and radial strain of the geogrid encasement,
respectively. The secant stiffness at 1 and 2% tensile strain
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was 269.1 and 225.6 kN/m, respectively. The radial stress (o)
provided by the geogrid encasement was then determined as ,
where r is the radius of the stone column. Figure 9 shows the
radial stress of floating encased stone columns with different
encasement lengths plotted against the settlement. Three or four
locations (at different column depths) were selected in each case
to illustrate the change in the radial stresses with the increase in
the settlement. The radial stresses provided by the encasement
sleeve were not constant and varied with the settlement. The
and 77.3 kPa,
respectively, for the columns with encasement lengths of 200,

maximum radial stresses were 28.9, 27.6,

400, and 600 mm. Figure 9 (c) shows that the fully encased stone
columns (F-ESC6D-6D) developed high radial stress, and
therefore achieved effective confinement of the aggregates. As
illustrated in the section on bulging deformationo, = T/r, the
fully encased column developed bulging failure in the shallow
section instead of in the bottom unreinforced section in the case
of the partially encased column. The bulging deformation of the
fully encased column was significantly smaller than that of the
partially encased column. Less volume change of the fully
encased column was anticipated during the loading process.
The floating stone column with a long encasement length was
stiffer and more robust than that with a short encasement sleeve.

Conclusion

In the present study, experimental model tests were
performed on floating stone columns reinforced with a
geogrid encasement. The following conclusions can be made
from this study.

1) The bearing capacity of the floating stone column was
significantly improved due to the geogrid encasement. The
column with longer encasement showed high stiffness at
large settlements.

2) The partially and fully encased stone column showed different
bulging deformation patterns and developed large radial
strains near the base of the encasement sleeve and at a
shallow depth of 2 times the column diameter, respectively.

3) The floating-encased stone column showed good stiffness
and more vertical pressure transferred from the top of the
column to the bottom of the column due to the effective
confinement provided by the geogrid encasement.

4) The radial stresses provided by the encasement sleeve were not
constant and varied with the settlement. The fully encased
stone columns (F-ESC6D-6D) developed high radial stress
and achieved effective confinement of the column.

5) The bulging deformation controlled the bearing capacities
of the floating-encased stone columns with different
encasement lengths, which gave confidence that the
geosynthetic-encased stone columns floated in extensive
soft soils was an effective method for field construction.
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