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ABSTRACT: In very soft soils, the use of granular columns can be restricted due to the lack of

adequate lateral confining pressure. In these conditions, the columns can be encased by a suitable

geosynthetic to provide the required confining pressure and to increase their bearing capacity.

Using a high-strength geosynthetic for confinement not only increases the strength of a granular

column, but also prevents lateral displacement of the column into the very soft surrounding soil.

This paper describes three-dimensional finite element analyses carried out to simulate the behaviour

of a single granular column with and without encasement in a very soft clay using the computer

program ABAQUS. Comprehensive numerical analyses were performed to study the influence of

the geosynthetic stiffness, the friction and dilation angle of the column material, the length of

geosynthetic encasement, the diameter of the column, the length of the column and the coefficient

of in situ lateral earth pressure. Model results show that the stress–settlement behaviour of

granular columns can be significantly improved by encasing them. The stiffness of the encasement

was found to have a major effect on the stress–settlement response of encased columns and their

associated load-carrying capacity. For partially encased columns, the optimum length of encasement

was found to be a function of the stress that is applied to the column.

KEYWORDS: Geosynthetics, Granular column, Stone column, Granular pile, Geosynthetic encasement,

Soft soil, Finite element analysis
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1. INTRODUCTION

Granular columns, which are sometimes referred to as

stone columns, sand columns, or granular piles, are

columns of compacted sand or gravel that are inserted into

a soft foundation using a variety of installation techniques

(e.g. Aboshi et al. 1979; Barksdale and Bachus 1983;

Bergado et al. 1996; Elias et al. 2006; Araujo et al. 2009).

This technology is commonly used for ground improve-

ment, especially for problematic soils that underlie struc-

tures that can tolerate some settlement such as road

embankments and storage tanks (e.g. Greenwood 1970;

Ambily and Gandhi 2007). Granular columns are also

utilised for supporting lightly loaded foundations such as

those that are encountered in low-rise buildings (e.g.

Greenwood 1970; Barksdale and Bachus 1983). The

increasing use of granular columns is attributed to their

proven successes in increasing bearing capacity, reducing

total and differential settlements, increasing the time rate

of settlement and reducing the liquefaction potential of

sands (Barksdale and Bachus 1983; Juran and Riccobono

1991; Priebe 1995; Muir-Wood et al. 2000).

Granular columns under compressive loads experience

failure modes such as bulging (Hughes and Withers 1974;

Hughes et al. 1975), general shear failure (Madhav and

Vitkar 1978), sliding (Aboshi et al. 1979) and punching

into soft soils located beneath the columns (Brauns 1978).

However, in soft clays, the most common failure mode for

granular columns is bulging (Madhav and Miura 1994).

It is well established that granular columns can be

effective in soft soils with undrained shear strengths
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ranging from 15 to 50 kPa (Barksdale and Bachus 1983;

Juran et al. 1988). In very soft soils (e.g. with undrained

strengths , 15 kPa), due to the lack of required lateral

confining pressure, the use of granular columns can be

problematic or even impossible (Juran and Riccobono

1991; Paul and Ponomarjow 2004). Some researchers

report that granular columns can be successfully installed

and used in soils with undrained shear strengths as low as

5–10 kPa (e.g. Greenwood 1970; Raju 1997). However,

although column installation in soils this soft is feasible,

larger settlements under load are typically observed,

making application of this technology a bit more challen-

ging in these soils (Greenwood 1970).

To increase the applicability of granular columns for

use in very soft soils (e.g. those with undrained strengths

, 15 kPa), or to improve column stress–settlement re-

sponse in all soil types, different techniques have been

proposed to enhance the performance of granular columns:

Aboshi et al. (1979) reinforced the top portion of each

column with a steel skirt. Sharma et al. (2004) used

horizontal layers of geogrid in the top portion of each

column. Rao and Bhandari (1980) used concrete plugs or

cement grout to prevent lateral bulging of the columns.

Juran and Riccobono (1991) suggested mixing the granu-

lar material that is placed at the top of each column with

cement.

Another method that can be used to provide the

required lateral confining pressure to increase the bearing

capacity of granular columns is to encase the column with

a suitable geosynthetic, to form a geosynthetic-encased

column (GEC). Using a high-strength geosynthetic for

confinement not only increases the strength of a granular

column, but also prevents lateral displacement of the

column material into the very soft surrounding soil. The

use of encasement for granular columns was first sug-

gested by Van Impe and Silence (1986) and Van Impe

(1989). This technique has been successfully used in

different projects (e.g. Kempfert and Raithel 2002; Raithel

et al. 2005; de Mello et al. 2008).

In Germany, since 1994, extensive studies have been

performed to develop a better understanding of the behav-

iour and performance of GECs (Alexiew et al. 2005).

Raithel and Kempfert (2000) developed an analytical

procedure based on the assumption of unit cell behaviour

and equal settlement for the column and soft surrounding

soil. Paul and Ponomarjow (2004) provided some sugges-

tions for the design of geogrid-reinforced crushed stone

columns. Alexiew et al. (2005) described a series of

design principles, technologies and procedures for GECs

and emphasised the importance of the tensile modulus of

the geotextile that is used for column confinement. Lee et

al. (2008) investigated the improvement in load-carrying

capacity and reduction in bulging that occurs in a geogrid-

encased stone column using field load tests. Wu et al.

(2009) developed an analytical procedure that assumes a

normalised relationship between the volumetric change

and the axial strain of the column material. They then

used this technique to investigate the stress–strain behav-

iour of a GEC that was subjected to monotonically

increasing lateral pressures.

Improved performance of GECs over conventional

granular columns has been verified by extensive labora-

tory tests. Al-Joulani and Bauer (1995) observed an

increase in the load capacity of GECs that was both

strain-dependent and a function of the dilatancy of

the column material. The increase in the shear strength of

the GECs was expressed as a cohesion intercept on the

Mohr–Coulomb strength envelope. Sivakumar et al.

(2004) and Malarvizhi and Ilamparuthi (2004) carried out

laboratory model tests on end bearing and floating

reinforced and unreinforced stone columns. Trunk et al.

(2004) performed experimental tests on geogrid wrapped

vibro stone columns under static and dynamic loads,

without lateral support. Ayadat and Hanna (2005) pre-

sented the results of an experimental investigation on the

performance of stone columns encapsulated in geofabric

installed in a collapsible soil layer and subjected to

inundation. Di Prisco et al. (2006) applied a vertical non-

monotonic loading path on small-scale reinforced sand

columns and observed improvements in both the stiffness

and bearing capacity of the columns. Lee et al. (2007)

investigated the failure mechanism and load-carrying

capacity of GECs by model tests. Murugesan and Rajago-

pal (2007) experimentally investigated the effects of

column diameter, geosynthetic stiffness and length of

encasement on the load-carrying capacity of GECs. They

concluded that the performance of partially encased

columns is very close to that of fully encased columns.

Gniel and Bouazza (2009) compared isolated column

behaviour with group column behaviour. Wu and Hong

(2009) performed a series of triaxial compression tests on

reinforced and unreinforced sand columns. They con-

cluded that using stronger geotextile did not change the

friction angle of reinforced specimens; however, it in-

creased the mobilised pseudo-cohesive values.

A number of numerical analyses have also been carried

out to study the behaviour of encased columns. Murugesan

and Rajagopal (2006) performed axisymmetric numerical

analyses and assumed continuum elements for the geosyn-

thetic. To address the interface shear behaviour, they used

lower shear strengths for the elements that were adjacent

to the geosynthetic encasement. Malarvizhi and Ilampar-

uthi (2007) also performed axisymmetric numerical ana-

lyses and used geogrid elements that only require the

specification of axial stiffness to model the encasement.

Park et al. (2007) carried out three-dimensional (3-D)

numerical analyses for evaluation of GECs. They selected

shell elements to model the geogrid. Yoo and Kim (2009)

compared the results of axisymmetric, 3-D unit cell and

fully 3-D models. Membrane elements were used to model

the behaviour of the encasement. They concluded that the

results of 3-D unit cells were in good agreement with

those from the fully 3-D model. They also noted that

axisymmetric modelling tended to give 10–20% larger

results than the 3-D models, particularly for the vertical

effective stress and lateral deformation of the granular

column, as well as the strain in the geosynthetic. From the

information that is available in the literature, it appears

that other researchers have typically not used interface

elements to model the behaviour of GECs; the use of
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interface elements is beneficial for simulating the relative

displacement that occurs at the interface between the

geosynthetic and the surrounding soils.

This paper describes the results of 3-D finite element

analyses that were carried out to simulate the behaviour of

a single GEC in soft clay using the computer program

ABAQUS (Hibbitt, Karlsson and Sorensen Inc. 2007). To

compare the performance of the GEC with a granular

column, parallel analyses were also performed on a

granular column without encasement. The influence of the

geosynthetic stiffness, the friction and dilation angle of

the column material, the length of geosynthetic encase-

ment, the diameter of the column, the length of column

and the coefficient of lateral earth pressure were studied

in the numerical analyses.

2. NUMERICAL ANALYSES

Finite element analyses were performed using the program

ABAQUS (Hibbitt, Karlsson and Sorensen Inc. 2007). As

the zone of interest has two planes of symmetry, it was

only necessary to numerically model the behaviour of the

system over a quarter of the domain. Figure 1 shows a

typical finite element mesh used in the analyses. In all of

the numerical analyses that were performed, the thickness

of the soft soil and the length of the column were assumed

to be 5 m. It was also assumed that the soil and column

were underlain by a rigid layer. The lateral extent of the

soft soil around the column (the radius of the modelled

zone of interest) was selected such that the numerical

model results were not affected by the imposed conditions

along the circumferential boundary of the soft soil. As

shown in Figure 1, when the radius of the granular column

was 0.4 m the overall radius of the cylinder was selected

to be 2.0 m. At the bottom boundary of the finite element

mesh, the displacements were set to zero in the z direction.

The displacements in the x and y directions were set to

zero on the circumferential boundary of the soft soil zone.

On the planes of symmetry, normal displacement was set

to zero.

The finite element mesh used in the numerical simula-

tions was developed using six-node linear triangular prism

elements for both the granular column and soft soil. The

granular column was modelled using a linear elastic-

perfectly plastic model with Mohr–Coulomb failure criter-

ion. The Mohr–Coulomb model is defined by five

parameters: effective friction angle (�), effective cohesion

(c), dilation angle (ł), elastic modulus (E) and Poisson’s

ratio (�). The parameters used in the numerical analyses

are summarised in Table 1. The Mohr–Coulomb para-

meters used in the numerical analyses are similar to the

typical values used by other researchers (e.g. Guetif et al.

2007; Ambily and Gandhi 2007).

The soft soil was modelled as a modified Cam Clay

material. Five material parameters are associated with this

model, namely the slope of the swelling line (k), the slope

of the virgin consolidation line (º), the void ratio at unit

pressure (e), the slope of the critical state line (M) and

Poisson’s ratio (�). The modified Cam Clay parameters

used corresponded to those obtained for experimental data

on soft Bangkok clay (Balasubramanian and Chaudhry

1978). These parameters are listed in Table 1.

The geosynthetic was modelled using four-node quad-

rilateral, reduced integration membrane elements. The

geosynthetic was assumed to be an orthotropic linear

elastic material, with an assumed Poisson’s ratio of 0.3

(e.g. Murugesan and Rajagopal 2006; Liu et al. 2007).

Alexiew et al. (2005) documented that design values of

tensile modulus (J) between 2000 and 4000 kN/m were

required for the geosynthetic used to encase granular

columns on a number of different projects (the tensile

modulus of the encasement, J, is also commonly referred

to as the geosynthetic stiffness, e.g. Murugesan and

Rajagopal 2006; Smith and Filz 2007). Consequently, a

value of J ¼ 3000 kN/m was used in the numerical

analyses. A circumferential elastic modulus (Ec) of

600 MPa was used for the geosynthetic, which was derived

from the relationship Ec ¼ J/t (e.g. Murugesan and Raja-

gopal 2006; Smith and Filz 2007). The thickness of the

geosynthetic (t ) was assumed to be 5 mm for all of the

numerical analyses that were performed; this value is in

accordance with the range of 3 to 7 mm thickness that is

1.6 m

0.4 m

x
z

y
Column

Geosynthetic

5.0 m

Figure 1. Typical finite element mesh used in the analyses

Table 1. Model parameters

Part Model � c ł E Ec � k º M e

(8) (kPa) (8) (MPa) (MPa)

Stone column Mohr–Coulomb 40 1 0 60 0.30

Soft soil Modified Cam Clay 0.20 0.09 0.51 1.00 2.00

Geosynthetic Linear elastic 600 0.30
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typically used for modelling this material (e.g. Sharma et

al. 2004; Park et al. 2007).

The assumption of orthotropic material behaviour for

the geosynthetic is based upon a prior comprehensive

study of numerical results (Khabbazian et al. 2009), which

indicated that using an isotropic linear elastic material for

encasement can increase the bearing capacity of a column

up to 10% and adversely affect the shape of lateral

bulging. In order not to adversely influence the numerical

results, and knowing that the encasement did not carry

vertical (compressive) load, the longitudinal elastic mod-

ulus (El) of the encasement was decreased to 1% of the

circumferential elastic modulus (i.e., El ¼ 0.01Ec). Further

decreases in the longitudinal elastic modulus beyond this

value had no effect on the numerical results.

Interface elements that can be characterised by two sets

of parameters were used to model interaction behaviour

between the geosynthetic and the granular column, and

between the geosynthetic and the surrounding soft soil. A

Mohr–Coulomb failure criterion with zero cohesion was

used for the interface elements. The coefficient of sliding

friction (�) between the geosynthetic and the granular

column was selected to be 0.5 (� ¼ 2/3 tan�) (Elias et al.
2006), where � is the friction angle of the column

material. For interaction between the geosynthetic and the

soft soil, � was assumed to be 0.3 (� ¼ 0.7 tan�)
(Abu-Farsakhl et al. 2007), where � is the friction angle

of the soft soil.

In order to compare the performance of the GEC with a

conventional granular column, parallel analyses were also

performed on a granular column without encasement. In

this case, in order to have similar interaction in the

granular column simulations to that observed between the

geosynthetic and the surrounding soft soil in the GEC

simulations, the coefficient of sliding friction between the

granular column and the soft soil was selected to be 0.3

(the same number as that used for the geosynthetic/soft

soil interaction in the GEC simulations, following the

guidance provided by Abu-Farsakhl et al. (2007)).

3. NUMERICAL RESULTS

In order to determine the stress–settlement behaviour on

top of the GEC, soil nodal points corresponding to the top

of the column were subjected to a series of vertical down-

ward displacements. The surrounding soil nodes were not

displaced directly as part of this process (they were left to

displace freely), as the goal of these analyses was to

examine the behaviour of a single column that is being used

to support an applied structural load (such as what might be

applied by a building foundation). More complex group

loading behaviour, such as that observed in pile-supported

embankments where settlement and stress arching occurs

between columns (e.g. Smith and Filz 2007; Huang and

Han 2009; Yoo and Kim 2009), is beyond the scope of this

work. As vertical displacements were applied to the top of

the column, the resultant stress was recorded, allowing the

stress–settlement curve to be drawn accordingly.

Figure 2 shows the stress–settlement response for both

a GEC and a granular column having the parameters listed

in Table 1. From Figure 2, it can be seen that after a very

small vertical settlement, the mobilised vertical stress on

top of the encased column was always greater than the

granular column and the difference increased with addi-

tional settlement. For example, at a settlement of 25 mm

(a common serviceability criteria), the mobilised vertical

stress on top of the GEC was 3.8 times greater than that

of the granular column. This ratio became 5.4 and 6.8 for

settlements of 50 and 100 mm, respectively.

The lateral bulging of the GEC and granular column at

a settlement of 50 mm is shown in Figure 3. It can be seen

that in the granular column, lateral bulging occurred up to

a depth of 1.2 m (1.5D, where D is the column diameter).

At greater depths, the lateral bulging became negligible.

For the GEC, the maximum value of lateral displacement

was much less than that for the granular column. However,
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Figure 2. Settlement vs. stress for a granular column and a

GEC
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Figure 3. Lateral bulging vs. depth for a granular column

and a GEC at a vertical settlement of 50 mm
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after a depth of 1D, the GEC experienced more lateral

displacement than the granular column. This was attrib-

uted to both the increased stress at the top of the GEC

(Figure 2) and deeper transmission of the load due to the

effect of the encasement.

Figure 4 shows the resultant hoop tension force along

the length of the granular column at settlements of 25 and

50 mm. It is clear that the maximum hoop tension force

occurred at the ground surface and decreased with depth.

Numerical results also showed that the maximum strain in

the geosynthetic was less than 1%, which is consistent

with the assumption of linear elastic behaviour for the

encasement.

4. PARAMETRIC STUDY

In order to investigate the influence of a number of the

input parameters on the behaviour of the GEC, a series of

parametric analyses were performed. In these analyses,

only one parameter was changed and all of the other

parameters were held constant at the base values. The

‘base’ model parameters are those listed in Table 1.

4.1. Influence of geosynthetic stiffness

To investigate the influence of the geosynthetic encase-

ment stiffness on the performance of the GEC, the

stiffness (J) was varied over a wide range of values from

300 to 10 000 kN/m. Figure 5 shows the stress–settlement

curves for the top of the column for different values of

encasement stiffness. It is evident that the performance of

the column improved significantly with an increase in

stiffness of the encasement. The mobilised stresses at the

top of the GEC at a vertical settlement of 25 and 50 mm

are shown in Figure 6 for different geosynthetic stiff-

nesses. Figures 5 and 6 show that the stress–settlement

response of GECs strongly depended on the value of

encasement stiffness. For example, at a settlement of 25

and 50 mm, if the stiffness of the encasement changed

from 1000 to 3000 kN/m, the corresponding stress that

was mobilised in the column was increased by as much as

90%.

Figure 7 shows the lateral displacement of columns at a

vertical stress of 100 kPa with different values of encase-

ment stiffness. At the small values of stiffness, increases

in the stiffness substantially decreased the lateral bulging;

however, for higher stiffnesses, the variation of lateral

displacement was insignificant. When results from GEC

simulations were compared with those for granular col-

umns, it was observed that the use of even low-stiffness
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encasement significantly improved the performance of the

column, as the load in the GEC was distributed over

significantly larger depths (e.g. greater than 3 m at a

vertical stress of 100 kPa; Figure 7).

4.2. Effect of friction angle and dilation angle of

granular column material

Three analyses were performed with different values of

friction angle (35, 40 and 458) for the column material

that was encased in the GEC. The resultant stress–

settlement curves are presented in Figure 8. The perform-

ance of the GEC was improved by increasing the

friction angle of the material, as expected. This effect

was, however, substantially less of an influence than

the encasement stiffness. For example, by increasing the

friction angle of the column material from 35 to 458, the

mobilised stress on top of the column at 50 mm settlement

increased by about 50%. This difference was significantly

less than the relative changes in mobilised stress value that

were observed for changes in the encasement stiffness.

As noted in the previous section, the stiffness of the

encasement in a GEC is of critical importance for

enhancing the stress–settlement response of the column.

By extension, the authors hypothesise that accurately

capturing the shear-induced volume change that occurs in

the encased granular material may also be quite important,

as it is the volumetric response of the encased material

that mobilises tensile stresses in the encasement, allowing

for superior stress–settlement column performance. A

highly dilative column material would probably be desir-

able, as it should more efficiently mobilise the stress in

the encasement under application of axial load to the

column. This would increase the confining pressure in the

column material at smaller axial displacements, leading to

less column settlement under the applied load. Conse-

quently, for accurate numerical modelling of GECs, the

use of a constitutive model that captures the volumetric

strain response during shear may be beneficial.

The Mohr–Coulomb model has limitations for charac-

terising shear-induced volume change in a robust way.

Historically, the way this has been addressed by previous

researchers who have modelled the behaviour of GECs is

through the use of a dilation angle in conjunction with the

Mohr–Coulomb model (e.g. Malarvizhi and Ilamparuthi

2007, Yoo and Kim 2009). For the analyses described here

the default value of dilation angle of the column material

was assumed to be zero (Table 1). To examine the effect

of shear-induced dilation on the stress–settlement re-

sponse of the column, three analyses with dilation angles

of 3, 6 and 108 were also performed. Figure 9 shows the

stress–settlement response of columns with different

values of dilation angle. The results indicate that an

increase of dilation angle from zero to 108 can enhance

the mobilised vertical stress by as much as 20%.

By comparing the relative effects of encasement stiff-

ness and granular column material properties on the

stress–settlement response of GECs, it appears that to

improve the performance of the GEC it is more efficient

to choose encasement with a higher stiffness than to

increase the strength parameters of the column materials.

It is possible that, if a very stiff and strong granular

column is required, improving only the quality of the

column materials will not be sufficient to achieve the

necessary column capacity.

4.3. Influence of the length of encasement

As shown in Figure 3, significant lateral bulging occurs in

granular columns up to a depth of 1.5 diameters of the

column (1.5D). Hughes and Withers (1974) and Madhav

and Miura (1994) have also stated that lateral bulging is

the most common failure mode that occurs in the top

portion of the granular columns. Consequently, it may be

sufficient to partially encase only the top portion of the

column, while still achieving essentially the same per-

formance as for a fully encased column. The influence of

partial encasement on column performance was studied by

varying the length of encasement (Lenc) from 0.8 m (1D)

to 4.0 m (5D). Stress–settlement results for partially

encased columns are presented in Figure 10.

From Figure 10, it is clear that increases in the length

of encasement improved the performance of the GEC. As

the length of encasement increased, the stress–settlement

response of a partially encased column approached that of

a fully encased column.

To better understand the behaviour of partially encased

columns, mobilised vertical stresses at vertical settlements
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of 25, 50 and 100 mm are presented in Figure 11. At a

settlement of 25 mm, encasing a granular column was

efficient up to a depth of 2D, after which further increases

in the length of encasement did not change the stress–

settlement response of the column. This optimum length

of geosynthetic increases to 3D and 4D at settlements of

50 and 100 mm, respectively. Accordingly, the effective-

ness of partially encasing columns to achieve the same

performance as fully encased columns is related to the

level of loads applied at the top of the column. This

finding is significant, as other authors have previously

tried to find a specific value for the optimum length of

geosynthetic. Murugesan and Rajagopal (2006, 2007)

performed both numerical analyses and model tests and

concluded that the optimum length of encasement was

equal to 2D (based on the results of their numerical

analyses) and 4D (from their model tests). Yoo and Kim

(2009) performed numerical analyses and suggested that

different optimum encasement lengths should be selected

for short- and long-term loading.

From Figure 10, it can also be seen that encasing a

granular column up to a depth of only one diameter can

significantly improve its performance. For example, at a

settlement of 50 mm, the mobilised vertical stress in a

partially encased column with a length of 1D was 4.5

times greater than that for a conventional granular

column.

Lateral bulging of partially encased columns having

encasement lengths of 1D, 2D and 3D are presented

together with a fully encased column in Figure 12, for a

vertical settlement of 50 mm. As the length of encasement

increased from 1D to 3D, the maximum value of lateral

displacement decreased. However, after a length of 3D,

additional increases in the length of encasement did not

change the maximum lateral displacement. By comparing

the results shown in Figures 3 and 12, it can be observed

that encasement of granular columns even up to a depth of

1D can considerably decrease the maximum lateral dis-

placement. For example, at a settlement of 50 mm, the

maximum lateral displacement of a granular column is 3.5

times greater than that of a partially encased column with

length of encasement equal to 1D.

4.4. Influence of geosynthetic-encased column

diameter

Murugesan and Rajagopal (2007) studied the load capacity

of encased stone columns through laboratory model tests

and concluded that the stresses developed in the columns

decreased with an increase in the column diameter. For

the present study, this behaviour was explored by varying

the column diameter (D) from 0.6 to 1.5 m (0.6, 0.8, 1.0,

1.2 and 1.5 m). For each of the column diameters that

were analysed, soil nodal points corresponding to the top

of the entire column were subjected to a series of vertical

downward displacements, without applying displacement

directly to the surrounding soil nodes (they were left to

displace freely). For each of the columns, the radial extent

of the soft soil around the GEC was varied to minimise

the effect of the boundary condition on the column behav-

iour.

Figure 13 illustrates the mobilised vertical stresses at

vertical settlements of 25, 50 and 100 mm for GECs of

varying diameters. Results from these analyses indicate

that as the diameter of the GEC increased, the mobilised

vertical stress on top of the column decreased. For
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example, by changing the diameter of the GEC from 0.6

to 1.5 m, the mobilised vertical stress at a settlement of

50 mm decreased by as much as 21%. Figure 13 also

shows that the influence of column diameter increased

with increasing vertical settlements; this is reasonable, as

larger settlements corresponded to larger loads in the

column. For example, by changing the diameter of GECs

from 0.6 to 1.5 m, the mobilised vertical stresses at

settlements of 25 and 100 mm decreased by as much as 14

and 26%, respectively.

Lateral displacements of varying-diameter GECs at a

vertical stress of 100 kPa are presented in Figure 14. As

shown, the lateral displacement increased with the dia-

meter of the column. This increase was noticeable up to

depths of 2.5 to 3 m, after which point the relative lateral

displacement of the columns was not significantly affected

by the column diameter.

Based on the results shown in Figures 13 and 14, using

smaller diameter GECs is a more efficient use of con-

struction materials than the use of large diameter columns.

However, there is a trade-off in additional cost and time

required for installation of multiple smaller columns. This

trade-off is often partially countered or otherwise offset by

difficulties that are commonly encountered when excavat-

ing larger diameter holes. These additional factors need to

be accounted for by the design engineer when optimising

the design of GECs for a specific project.

4.5. Influence of granular column length

In order to examine the influence of the length of the

column on the calculated numerical results, three analyses

were performed on granular columns with lengths (Lcol) of

2.5, 5.0 and 7.5 m. As noted previously, at the bottom

boundary of each of these columns, the displacements

were set to zero in the z direction. This means that the

columns that were being modelled were end bearing on a

rigid base and could not be considered to be ‘floating’

columns.

The variations of vertical stresses versus settlement for

all three analyses are presented in Figure 15. As can be

seen in Figure 15, a granular column with a length of

7.5 m behaved like a 5.0 m long column. This can be

attributed to the failure mechanism of both columns,

lateral bulging, which happens within the top portion of

the columns (Madhav and Miura 1994). As the length of

the granular column changed from 5.0 to 2.5 m, the

column exhibited an improved stress–settlement response.

This improvement decreased with vertical settlement. As

an example, a 2.5 m granular column is initially stiffer

than a 5.0 m column (in the elastic range of behaviour)

and behaves in a very similar manner to a 5 m (or 7.5 m)

long column when it begins to settle and experiences

lateral bulging (in the plastic range of behaviour). Conse-

quently, except for very short columns, changes in the

length of conventional granular columns typically do not

affect their stress–settlement behaviour.

To study the effect of column length on the stress–

settlement behaviour of GECs, four analyses were carried

out on GECs with lengths of 2.5, 5.0, 7.5 and 10.0 m.

Numerical analyses showed that the stress–settlement per-

formance of GECs decreased as their length increased

(Figure 16). Figure 16 shows that as the column length

was increased from 2.5 to 10.0 m, the stress–settlement

performance of the column decreased.

Figure 17 illustrates the mobilised vertical stresses at

vertical settlements of 25, 50 and 100 mm for GECs of
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different lengths. From Figures 16 and 17, it is evident

that the influence of column length was more substantial

for short columns at higher settlements. For example, at

vertical settlements of 25 and 100 mm, the vertical stress

on a 2.5 m column was 26 and 40% greater than that on a

5.0 m column, respectively; however, at vertical settle-

ments of 25 and 100 mm, the vertical stress on a 7.5 m

column was only about 8% greater than that on a 10.0 m

column.

The ratios of load-carrying capacity of GECs to that of

granular columns at vertical settlements of 25, 50 and

100 mm are presented in Figure 18 with respect to the

length of columns. It can be seen from Figure 18 that this

ratio decreased as the length of column increased and the

rate of decrease was more considerable at higher vertical

settlements. This implies that the encasing of granular

columns to enhance their stress–settlement performance is

more efficient for shorter columns than for longer ones.

This observation is reasonable, as shorter encased columns

exhibit more lateral bulging at the same vertical settlement

than do longer encased columns, mobilising confining

pressures in the geosynthetic encasement more rapidly.

This increased confinement allows shorter encased col-

umns to behave more rigidly under an applied load.

4.6. Influence of coefficient of lateral earth pressure

For the initial numerical analyses that were performed, the

lateral earth pressure applied to the geosynthetic by the

surrounding clay was assumed to correspond to an

‘at-rest’ earth pressure condition. As such, base values for

the lateral earth pressure coefficient (K) were determined

using the empirical relationship proposed by Brooker and

Ireland (1965): Ko ¼ 0.95 � sin�. This coefficient is used
in the numerical model to calculate the horizontal stresses

that are applied to the column by the surrounding soil and

can consequently have an effect on the mobilised ‘skin

friction’ along the side of the foundation element and the

associated stress–settlement response of the column. The

coefficient of earth pressure at-rest can be as low as 0.4

for soils formed by sedimentation, or up to 3.0 or more

for heavily preloaded deposits (Day 2006). For soft or

very soft clays, which are the soil types that GECs are

potentially most useful in, variations in the at-rest coeffi-

cient of earth pressure typically occur between 0.4 and 1,

as these soils are not overconsolidated. Installation-in-

duced disturbance can sometimes cause changes to the

value of K; however, for very soft clays, it is unlikely that

disturbance-induced changes to K will cause it to shift

outside of the aforementioned range. To explore the effect

of changes in the lateral earth pressure condition on the

stress–settlement behaviour of GECs, three K-values ran-

ging from 0.4 to 1.0 were considered herein. As shown in

Figure 19, the stress–settlement response of encased

columns became more favourable when there was an

increase in the coefficient of lateral earth pressure, which

is expected. At a settlement of 100 mm, as the coefficient

of earth pressure changes from 0.4 to 1.0, the load-

carrying capacity of a GEC can increase by as much as

25%.

5. CONCLUSIONS

Three-dimensional finite element analyses were performed

to compare the performance of GECs with conventional

granular columns. Parametric analyses were also carried

out to study the effect of variations in geosynthetic

stiffness, friction and dilation angle of the column material,
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length of geosynthetic, column diameter, column length

and the coefficient of lateral earth pressure on the behav-

iour of a GEC. The following conclusions were reached as

a result of the numerical analyses performed.

• The stress–settlement response of granular columns

can be significantly improved by encasing them. The

influence of encasement becomes more noticeable as

vertical settlement (or applied pressure) on top of the

column increases.

• The maximum value of lateral displacement of a

GEC is much less than that of a conventional

granular column for the same vertical settlement.

This is due to the fact that the increased stiffness of

a GEC allows larger loads to be transmitted to

greater depths, which in turn causes the lateral

displacements to be more evenly distributed over the

length of the column than what is observed in a

granular column.

• The stiffness of the encasement has a considerable

effect on the stress–settlement response of encased

granular columns and on their associated load-

carrying capacity.

• Improving the strength characteristics of granular

column materials (friction and dilation angle) in-

creases the load-carrying capacity of a given column.

However, in many cases, it is more efficient to select

encasement with a higher stiffness than it is to

improve the column material.

• The optimum length of encasement for achieving the

same performance as fully encased granular columns

is dependent on the stress applied to the top of the

column and the subsequent column settlement. As

the settlements (or vertical stresses) on top of the

column increase, the required optimum length of

encasement increases.

• Decreasing the diameter of an encased granular

column improves its stress–settlement response (i.e.,

larger settlements are observed in larger diameter

columns at the same value of applied stress at the

top of the column). It was also observed that lateral

displacements increase with the diameter of column;

this increase in lateral displacement is more notice-

able in the top portion of the encased column.

• For granular columns, except for very short columns,

increases in the length of column do not significantly

affect the stress–settlement behaviour, because fail-

ure occurs by lateral bulging in the upper portion of

the column. However, for GECs, the stress–

settlement response is affected by compression that

occurs over the entire length of the column; this

means that, at a given displacement, the mobilised

stress will be larger in shorter GECs than in longer

ones. This is akin to the behaviour of concrete piles

under load, where longer piles exhibit larger

settlements at the same load than do shorter piles.

Consequently, encasing granular columns to improve

their stress–settlement behaviour is more efficient

for shorter columns than it is for longer ones.

• In situ lateral stresses can influence the stress–

settlement response of GECs. Numerical analyses

showed that the performance of GECs improves as

the coefficient of lateral earth pressure increases.
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NOTATIONS

Basic SI units are given in parentheses.

c effective cohesion (Pa)

D diameter of column (m)

e void ratio at unit pressure (dimensionless)

E elastic modulus of encased soil (Pa)

Ec circumferential elastic modulus of encasement (Pa)

El longitudinal elastic modulus of encasement (Pa)

J tensile modulus (N/m)

K coefficient of lateral earth pressure

(dimensionless)

Ko coefficient of lateral earth pressure at rest

(dimensionless)

Lcol length of column (m)

Lenc length of encasement for a partially encased

column (m)

M slope of the critical state line (dimensionless)

t thickness of geosynthetic (m)

� effective friction angle (8)

k the slope of the swelling line (dimensionless)

º the slope of the virgin consolidation line

(dimensionless)

� coefficient of sliding friction (dimensionless)

� Poisson’s ratio (dimensionless)

ł dilation angle (8)
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