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In recent years, ground columns, such as vibro-concrete columns and geosynthetic-reinforced stone columns, have

been increasingly used to support superstructures and embankments when they are constructed on soft foundations.

Several new column technologies have emerged, including different shapes of concrete columns and composite

columns. The column technologies have also been combined with other technologies to create more effective and/or

economic solutions. However, the composite columns and the combined technologies have presented complicated

geotechnical problems in design and construction. This paper summarises different types of column technologies and

their functions, installation and applications, addresses design issues, and reviews recent research and development

related to the column technologies to improve soft foundations, including failure modes, load transfer mechanisms,

bearing capacity, settlement, consolidation and stability. Recent research has indicated that lateral deformation and

yielding of columns should be considered in a unit cell model for the analyses of load transfer, deformation and

consolidation. Several theoretical solutions have been proposed for the rate of consolidation of column-reinforced

soft foundations. Different failure modes should be evaluated for the stability of column-supported embankments.

Limit equilibrium methods based on shear failure overestimate the factors of safety of embankments on rigid or

semi-rigid columns in soft soil.

Notation
Ac cross-sectional area of a column

Ag total area of a column group including all

individual columns and the soil between columns

As surface area of a column

At toe cross-sectional area of a column

Atc total cross-sectional area of all individual columns

as area replacement ratio, defined as the

cross-sectional area of a column divided by the

total cross-sectional area of a unit cell

cr coefficient of consolidation of soft soil in the

radial direction

crm modified coefficient of consolidation of soft soil

in the radial direction

cu undrained shear strength of surrounding soft soil

Dc constrained modulus of a column

Ds constrained modulus of soil

dc diameter of a column

de diameter of a unit cell

Ec elastic modulus of a column

Eeq equivalent elastic modulus of a pier

Es elastic modulus of soil

fs side friction

f (as) influence factor of the area replacement ratio

g(�) influence factor of the improvement depth

Hc thickness of the column penetration zone

HL length of a column

H1 thickness of an equivalent layer

h(ª) influence factor of the applied pressure to soil

strength ratio

If improvement factor

J tensile stiffness of a geosynthetic

K factor

Keq stiffness of an equivalent pier

Kpr stiffness of a pier–raft system

Kr stiffness of a raft on the soil

kc permeability of a column

kr, kv permeability of soil in the radial and vertical

directions

ks permeability of a smear zone

mv1 coefficient of the volumetric compressibility of an

equivalent layer

N diameter ratio, defined as the ratio of the

influence diameter to the column diameter in a

unit cell

n stress concentration ratio

n9 stress concentration ratio considering lateral

deformation of a column

Peq load carried by an equivalent pier

Pr load carried by a raft

Qult,c ultimate load capacity of a single rigid or

semi-rigid column
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qt toe resistance

qu field unconfined compressive strength of a

column

qult ultimate bearing capacity of a flexible

column-reinforced composite foundation

qult,c ultimate bearing capacity of a single flexible

column

qult,s ultimate bearing capacity of surrounding soil

rc radius of a column

S settlement of a composite foundation

Spr settlement of a pier–raft system

Ss settlement of unreinforced soft soil

s diameter ratio of a smear zone to a column

Æpr pier–raft interaction factor

� mobilisation factor of the bearing capacity of soil

�z vertical strain at a depth of z

º mobilisation factor of an end-bearing

�c, �s Poisson ratios of column and soil, respectively

�c vertical stress on a column

�cx, �cy, �cz stresses on a column in the x, y and z directions,

respectively

�s vertical stress on soil

�sx, �sy, �sz stresses on soil in the x, y and z directions,

respectively

�c friction angle of column material

1. Introduction
In geotechnical engineering, a column is a vertical sub-structural

element, installed in situ by ground improvement techniques

(replacement, displacement, or mixture with chemical agents), that

transmits the load from a super structure or earth structure to

underlying or surrounding geo-media through compression, shear,

bending or rotation. Columns are mostly used to improve soft soils

by increasing the bearing capacity, reducing total and differential

settlements, accelerating consolidation and enhancing stability.

Sometimes, columns are also used to densify loose deposits, such as

sand, loess and collapsible soils, to minimise liquefaction and/or

collapse potential. This paper will discuss only the column

technologies used to improve soft foundations, which include soft

clay, silt, clayey or silty soil and peat. Recently columns have been

increasingly used to support embankments over soft foundations,

especially when differential settlement and/or rate of construction

are involved. Different types of columns have been used, which

have different construction techniques, materials and rigidity. Com-

posite columns have been developed to utilise the advantages of

individual components of the columns. Columns have also been

combined with other technologies, such as geosynthetic reinforce-

ment, pre-fabricated vertical drains, concrete piles and so on, to

improve their performance. This paper summarises different types

of column technologies and their functions, installation and applica-

tions, addresses design issues, and reviews recent research and

development related to the column technologies to improve soft

foundations including failure modes, load transfer mechanisms,

bearing capacity, settlement, consolidation and stability.

2. Types of columns
Internationally, the following columns have been commonly used

in practice: sand compaction piles (columns) (SCPs), stone

columns, deep mixed (DM) columns, grouted columns, and

vibro-concrete columns (VCCs). Cement–fly ash–gravel (CFG)

columns are commonly used in China, whereas rammed aggre-

gate piers are commonly used in the USA. In recent years,

geosynthetic-encased stone columns and controlled modulus

columns have been increasingly used. In addition, new types of

columns have been developed, such as hollow concrete columns

(Liu et al., 2003), multiple stepped columns (Borel, 2007; Liu,

2007a), X-shape (Liu, 2007b) or Y-shape (Chen et al., 2010)

concrete columns, grouted stone columns (Liu, 2007a) and T-

shaped DM columns (Liu et al., 2012). Most of these new

columns are concrete columns, which have higher strength and

stiffness, but different shapes have been used to reduce the

amount of concrete to create more efficient and economic

solutions. Furthermore, columns have been installed in a compo-

site form, as shown in Figure 1, which are referred to as

composite columns. Composite columns take advantage of the

positive effects of the individual components (e.g. concrete piles

for strength and stiffness, and sand columns for drainage).

Geosynthetic-encased stone columns, stiffened DM columns

(Jamsawang et al., 2008) and composite spun piles (Bhandari and

Han, 2009) are also composite columns. Chu et al. (2009)

provided an excellent overview of different construction technol-

ogies in geotechnical engineering, including the column technol-

ogies. Among all the above columns, concrete columns have

gained great acceptance in practice to improve very soft founda-

tions, but limited research has been done and few design methods

are available. Geosynthetic-encased stone columns have drawn

great attention from researchers (e.g. Castro and Sagaseta, 2011a;

Gniel and Bouazza, 2009; Khabbazian et al., 2010; Raithel and

Kempfert, 2000; Raithel et al., 2005; Zhang et al., 2012); few

field studies have been reported so far and most of the studies

were limited to laboratory model tests and numerical analyses.

Therefore, more research and field studies are needed for con-

crete columns and geosynthetic-encased stone columns.

Han and Ye (1991) proposed three methods to classify columns

based on installation methods, column materials and column

rigidity. These classification methods are still mostly valid after

some modifications as listed in Table 1. Flexible columns have

relatively lower load capacities and stiffness while rigid

columns have higher load capacities and stiffness. Semi-rigid

columns have load capacities and stiffness between flexible and

rigid columns. An important characteristic of semi-rigid col-

umns is that the capacities and stiffness of these columns vary

with the type and properties of the inclusion in or around the

columns, such as cement content and the stiffness of geosyn-

thetic reinforcement. Composite columns with rigid or semi-

rigid inclusions often behave like semi-rigid columns. The

classification of the columns based on the installation methods

has little to do with the other two classifications. However, the

classifications of the columns based on column materials and
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rigidity are interrelated. In this paper, the classification of the

columns based on the material or rigidity will be adopted in

the following discussion.

3. Functions, installation and applications

3.1 Functions

After installation, columns have served at least one of the

following functions in geotechnical applications: load bearing,

reinforcement, drainage and containment.

Owing to their higher strength and stiffness as compared with

surrounding soils, columns often serve as load-bearing elements,

carrying a large portion to most of the load from superstructures,

and transmitting it to a deep competent layer or through side

friction as piles; therefore, this is also referred to as a pile effect.

This effect increases the bearing capacities and reduces the

settlements of soft soils.

Analogously to steel-reinforced concrete, columns can also serve

as reinforcements to soft soils in the composite foundation, in

which soft soils are the matrix. In the composite foundation,

columns and soils deform together to share the vertically applied

load and/or provide shear resistance against sliding.

It is obvious that granular columns can serve as drainage paths to

soft soils. Recent research showed that chemically stabilised and

concrete columns can also accelerate the dissipation of excess

pore water pressure in soft soils (e.g. Huang et al., 2009; Zheng

Precast or
cast-in-place
concrete pile

DM column

(a)

Steel H or
pipe pile

DM column

(b)

Sand
column

DM column

(c)

DM
column

Sand column

(e)

Precast or
cast-in-place
concrete pile

Sand column

(d)

Figure 1. Composite columns (modified from Zheng et al.

(2009a))

Method Type Technology examples

Installation Replacement Stone columns

Displacement Sand compaction piles, stone columns

Mixture DM columns, grouted columns

Combination Rammed aggregate piers

Material Granular Sand compaction piles, stone columns, rammed aggregate piers

Chemically stabilised DM columns, grouted columns

Concrete Concrete columns, cement–fly ash–gravel (CFG) columns

Composite Geosynthetic-encased soil columns, stiffened DM columns, composite spun piles

Rigidity Flexible Sand compaction piles, stone columns, rammed aggregate piers

Semi-rigid DM columns, grouted columns, composite columns

Rigid Concrete columns

Table 1. Classification of columns
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et al., 2011). Han and Ye (2001) found that the acceleration of

consolidation of stone-column-reinforced foundations is attributed

to the drainage of the columns and the reduction of the vertical

stresses on soft soils. The acceleration of consolidation of the

composite foundation by low-permeability columns is mainly

attributed to the reduction of the vertical stresses on soft soils.

Composite columns, as shown in Figures 1(b) and 1(c), contain

sand columns for drainage.

Chemically stabilised soil columns and concrete columns can

have lower permeability than soft soils; therefore, they can be

used as a containment barrier to water seepage during excavation

or pollutants from contaminants when they are installed in a wall

or block pattern.

Column-reinforced composite foundations as stiffened platforms

have higher equivalent strengths and stiffness, which help

distribute vertical loads to the underlying soft soils in a wider

area and reduce the distributed vertical stresses onto the soft

soils. As a result, possible failure of the underlying soft soil is

prevented and its deformation is reduced.

3.2 Installation

Different methods are used to install columns, as shown in Table

1. They can be classified into four categories: (a) replacement,

(b) displacement, (c) mixture and (c) combination.

Replacement is to remove the in situ soil and backfill the hole

with better material. The removal of the in situ soil can be

accomplished by water jetting or drilling. The replacement

method has little to no effect on the surrounding soil. Displace-

ment involves displacing the in situ soil by high-pressure air,

casing or ramming, and then backfilling the hole with better

material. A combined method, such as partial replacement and

displacement, involves the process of removing the in situ soil

partially and then displacing the surrounding soil during the

installation of the column. Instead of replacement and/or

displacement, columns can also be formed by mixing a chemical

agent with the in situ soil using mechanical (deep mixing) or

hydraulic (grouting) means. Granular and concrete columns are

mostly installed by a replacement and/or displacement method,

whereas chemically stabilised soil columns are mostly installed

by mixing.

Different installation methods have different effects on the

surrounding soils. The effects also depend on the type of the

surrounding soil and the level of the groundwater table. The

replacement and mixing methods typically have limited to no

effect on the surrounding soil. The displacement method typi-

cally has a significant effect on the surrounding soil, which can

be densification and/or consolidation of the soil, ground heave,

or a combination of these effects. In loose sands, densification

can happen during the installation. In soft clays, however, large

excess pore water pressure can be generated in the surrounding

soil, and dissipation of the water pressure with time results in

soil consolidation.

Debats et al. (2003) reported that the vertical and radial effective

stresses in the surrounding soil within a radius of 5 m from the

axis of the column increased with time after the installation of

the stone columns by the displacement method in the field. Guetif

et al. (2007) verified this field result in their numerical analysis.

Experimental and numerical studies showed that the lateral

expansion towards the surrounding soil by ramming aggregates in

a pre-bored hole could increase the horizontal stresses in the soil,

increase the load capacity of the column and reduce the

settlement of the column (Chen et al., 2009). McCabe et al.

(2013) reported that the installation of displacement stone

columns could induce ground heave up to a distance of 20 times

the radius of the column. Shen et al. (2008) showed that the

strength of the surrounding sensitive clay by deep mixing first

decreased and then mostly regained or even exceeded its original

strength after column installation. Shen et al. (2008) attributed

the property changes in the short term to the soil disturbance and

fracturing and those in the long term to thixotropic hardening,

consolidation and diffusion of ions from the hardening agent.

3.3 Applications

Columns have been used for many applications in soft soils: (a)

support of superstructures including buildings, walls, embank-

ments and so on, (b) stabilisation of slopes, (c) lateral support

and (d ) containment of water and pollutants. In these applica-

tions, columns are used to increase the bearing capacity, reduce

settlement, enhance slope stability, provide lateral support, and

contain water and pollutant movement.

In recent years, columns have been largely used to support

embankments over soft foundations (Filz et al., 2012; Han and

Gabr, 2002; Springman et al., 2014; Van Eekelen et al., 2013).

This application is considered as one of the most important

applications of column technologies in recent years. Columns

have also been increasingly combined with other technologies,

such as geosynthetic reinforcement, prefabricated vertical drains

(PVDs) and rigid piles. Geosynthetic reinforcement above col-

umns acts as a bridging layer to transfer the embankment load to

the columns and to reduce the differential settlement between the

columns. The common applications of geosynthetic-reinforced

column-supported embankments are: (a) bridge approaches, (b)

roadway widening, (c) subgrade improvement and (d ) the support

of storage tanks (Han and Gabr, 2002). Concrete slabs have also

been used above columns instead of geosynthetic reinforcement

to support embankments over soft foundations (e.g. Zheng et al.,

2011).

When embankments are constructed over thick, soft soils, the soft

soils often do not have sufficient bearing capacity to support the

embankments. Under such a condition, columns can be used to

increase the bearing capacity of the soft foundation. Unless the

soft soils within the influence depth are fully reinforced by
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columns (often requiring significantly long columns, which are

costly), the soft soils below the reinforced zone at a greater depth

still deform at a slow rate. To reduce the length of columns and

to accelerate the rate of consolidation of the soft soils below the

reinforced zone, Xu et al. (2006) proposed the use of DM

columns to improve soft soils at a shallower depth and PVDs to

accelerate the rate of consolidation at a greater depth. The

concept of this combined technology is shown in Figure 2(a). A

similar method was proposed by Liu et al. (2008), as shown in

Figure 2(b) by combining dry jet mixed columns with PVDs;

however, its primary purpose is to use PVDs to accelerate the

dissipation of excess pore water pressure induced by dry jet

mixing installation, thus minimising the installation disturbance.

The secondary purpose of this combined technology is to

accelerate the consolidation of the soft soil between the columns.

Short columns can also be used between long, rigid piles or long

columns to increase the bearing capacity of soft soils at a

shallower depth, thus reducing the loads carried by long, rigid

piles or long columns so that the spacing of the long, rigid piles

or long columns can be enlarged to create a more economical

solution (Huang and Li, 2009; Zheng et al., 2009b). Figure 3

illustrates the concept of this combined method.

4. Failure modes and load transfer
mechanisms

4.1 Failure modes

Columns have been mostly used to carry vertical loads. Some-

times, they are used to increase the shear resistance of soft

foundations for deep-seated slope stability. Under certain circum-

stances, columns are subjected to horizontal loads or movement,

for example during excavation or under embankments. The

failure modes of the columns under these conditions are different.

Columns under a vertical compressive load transmit the load

through the surrounding soil by side friction or lateral confine-

ment. The possible failure modes are illustrated in Figure 4.

Columns may crush when the applied load is higher than the

strength of the columns. This failure more likely affects chemi-

cally stabilised columns, which have relatively brittle behaviour.

Shear failure may affect granular columns or chemically stabi-

lised columns at a low content of hardening agent. Punching

failure may affect short, granular and chemically stabilised

columns or concrete columns without an end-bearing layer.

Bulging failure more likely affects granular columns in soft soils.

Broms (1999) pointed out that columns may fail under tension

when they are located under an embankment. Rammed aggregate

piers have been used to provide uplift resistance by pre-installing

a steel plate at the bottom of the pier (Farrell et al., 2008). For

geosynthetic-encased columns, another possible failure mode is

bursting of the geosynthetic reinforcement.

Columns under a horizontal load or movement provide shear

resistance or a bending moment, and may fail under shear,

bending or rotation. Shear failure may affect granular columns.

Bending failure may affect long, chemically stabilised columns

and concrete columns, especially when no steel reinforcement is

included. Rotation may affect short, chemically stabilised col-

umns and concrete columns. Rigid inclusions can be installed

into granular or chemically stabilised columns to increase the

shear and bending resistance of columns.

In column-supported embankments, columns are subjected not

only to vertical compressive loads but also to horizontal loads;

(a)

PVD

DM
column

Embankment

PVD

DM
column

Embankment

(b)

Figure 2. Deep mixed column–PVD combined method: (a) short

columns and long PVDs; (b) equal-length columns and PVDs

Load

Firm soil or bedrock

Soft soil

Pile

Column

Footing

Figure 3. Column–pile combined method
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therefore, they may fail under compression, tension, shear,

bending and rotation (Broms, 1999; Filz and Navin, 2006; Han et

al., 2005; Zheng et al., 2010a, 2010b).

4.2 Load transfer mechanisms

4.2.1 Equal stress as opposed to equal strain

In geotechnical analyses, there are two ideal boundary conditions:

equal strain and equal stress. The equal-strain condition exists

under rigid loading (e.g. rigid footing) whereas equal-stress exists

under flexible loading (e.g. tyre pressure). In a column-reinforced

soft foundation, columns carry a higher stress than the soil under

an equal-strain (also equal settlement in the columns and the soil)

condition due to the stiffness difference between columns and the

surrounding soil (Figure 5). The ratio of the stress on the column

(�c) to that on the soil (�s) is defined as the stress concentration

ratio (n), which is often used to describe the load transfer

between columns and soft soils. However, under an equal stress

condition, the columns and the soil carry the same stress (i.e. the

stress concentration ratio is equal to 1) but have different

settlements. As a result, there is a differential settlement between

the columns and the soil. A column-supported embankment not

only has a stress concentration ratio greater than 1.0 but also has

a differential settlement (e.g. Han and Gabr, 2002; Huang et al.,

2009). Therefore, a column-supported embankment has a condi-

tion between equal strain and equal stress.

4.2.2 Unit cells without and with lateral deformation

The unit cell, which consists of one column and its surrounding

soil, has often been used to analyse column-reinforced soft founda-

tions. A one-dimensional (1D) unit cell, which does not allow

lateral deformation of the column as shown in Figure 6(a), has been

mostly assumed by many researchers in their analyses in the past

(e.g. Han and Ye, 2001, 2002; Xie et al., 2009a, 2009b). Han and Ye

(2001) pointed out that an increase of a lateral stress from the

column affected the variation of the excess pore water pressure in

the surrounding soil. Castro and Sagaseta (2011b) and Jiang et al.

(2013) found that the unit cell that allowed lateral deformation of

the column as shown in Figure 6(b) affected the settlement and the

consolidation rate of the column-reinforced soft foundations.

When a 1D unit cell is under an equal vertical strain condition, it

has the following relationship

�z ¼
� c

Dc

¼ � s

Ds1a:

n ¼ Dc

Ds1b:

where �z is the vertical strain at a depth of z; �c is the vertical

stress on the column; �s is the vertical stress on the soil; Dc is the

constrained modulus of the column; Ds is the constrained modulus

of the soil; and n is the stress concentration ratio. Therefore, the

stress concentration ratio is equal to the constrained modulus ratio

of the column to the soil under an equal vertical strain condition.

(a) (b)
(c)

(d)

(2–3)d

d

Figure 4. Possible failure modes of single columns subjected to

vertical loads (modified from Han and Ye (1991)): (a) crushing

failure; (b) shear failure; (c) punching failure; (d) bulging failure

Ss
Ec

(a)

Ss
Ec

(b)

σcσs

SsSc

EcEs

σc

σs

SsSc

EcEs

Figure 5. Equal strain plotted against equal stress: (a) equal

strain ¼ rigid loading; (b) equal stress ¼ flexible loading
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When a unit cell allowing lateral deformation is under an equal

vertical strain condition, it has the following relationship

�z ¼
� cz � �c(� cx þ � cy)

Ec

¼ � sz � �s(� sx þ � sy)

Es2a:

n9 6¼ Ec

Es2b:

where �z is the vertical strain at a depth of z; �cx, �cy and �cz are

the stresses on the column in the x, y and z directions, respec-

tively; �sx, �sy and �sz are the stresses on the soil in the x, y and z

directions, respectively; Ec is the elastic modulus of the column;

Es is the elastic modulus of the soil; �c and �s are the Poisson

ratios of the column and the soil, respectively; and n9 is the stress

concentration ratio considering lateral deformation of the column.

Therefore, the stress concentration ratio is not equal to the elastic

modulus ratio of the column to the soil under an equal vertical

strain condition when column lateral deformation is allowed.

Since the column under a concentrated stress deforms laterally

towards the surrounding soil, the column with the lateral

deformation carries less vertical stress but the surrounding soil

carries more vertical stress than those in the 1D unit cell,

respectively. As a result, the stress concentration ratio considering

column lateral deformation is lower than that without considering

lateral deformation. Figure 7 shows that the stress concentration

ratio with no lateral deformation at the end of consolidation was

equal to the elastic modulus ratio of the column to the soil. The

stress concentration ratio with an elastic column (i.e. allowing

lateral deformation) was lower than that with no lateral deforma-

tion.

Since columns and soils have different stress–strain relationships,

the stress concentration ratio, n, is not constant and depends on

the properties of columns and soils and the stress or strain level.

Figure 8 shows that the stress concentration ratio first increases

with the strain and then decreases with the strain after the column

yields. The increase of the stress concentration ratio indicates the

stress transfer from the soil to the column, while the decrease of

the ratio indicates the stress transfer from the column to the soil.

For flexible columns, the columns and the soft soil may yield at a

similar strain level. For semi-rigid and rigid columns, however,

the columns often fail first before the soil mobilises its strength.

Figure 7 shows that the foundation with elastic–plastic columns

had a lower stress concentration ratio than that with elastic

columns. Figure 7 also shows that the stress concentration ratio

increased with time due to consolidation but decreased after the

column yielded. These findings are the same as those of Han and

Ye (2001) and Jiang et al. (2013).

(b)

S Sc s� S Sc s�

σc

σs

σc

σs

Dc Ds Ec Es

δh

(a)

No lateral
deformation

Figure 6. Unit cells without and with lateral deformation of

column: (a) one-dimensional unit cell; (b) unit cell with lateral

deformation
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Figure 7. Stress concentration ratio under different conditions

(modified from Castro and Sagaseta (2011b))
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4.2.3 Stress transfer under unequal vertical strain

Simon and Schlosser (2006) clearly illustrated the load transfer

and deformations in column-supported embankments in Figure 9.

There exist two equal settlement planes in the system, one in the

embankment fill and one in the soft soil, if the embankment

height is higher than the critical height. Based on the field

measurements, Chen et al. (2010) reported the critical heights in

the embankments were in the range of 1.0–1.5 times the clear

spacing of the piles. Based on the model and field tests, Filz et

al. (2012) developed a relationship for the critical height with the

diagonal clear spacing and the diameter of the columns. Owing

to the relative difference between the pile settlement (Sc) and the

soft soil settlement (Ss), the negative shear stress (�) develops

along the column between the upper and lower equal settlement

planes but the positive shear stress develops below the lower

equal settlement plane. The negative shear stress increases the

average vertical stress (�c) in the column and reduces the average

vertical stress (�s) in the soft soil, which is higher than the initial

overburden stress (�0) but lower than the average vertical stress

(�f) with fill surcharge. Figure 9 also shows that the stress

concentration ratios at different depths are different. The vertical

stresses above the column and the soil at the upper equal

settlement plane are equal, while the highest stress concentration

on the column exists at the lower equal-settlement plane. This

load transfer mechanism was included in the analytical model

proposed by Chen et al. (2008).

The measured stress concentration ratios from several field tests

are presented in Figure 10. It is shown that the stress concentra-

tion ratio increased from 1.0 to a certain value with the applied

pressure and then decreased after reaching the peak value. The

peak stress concentration ratio occurred when the column stress

reached the yield strength. After the column yielded, the stress on

the column transferred back to the soil until both yielded and

reached their constant values. Figure 10 shows that the column-

supported embankment (CSE) without geosynthetic reinforcement

had a lower stress concentration ratio. The inclusion of geosyn-

thetic reinforcement increased the stress concentration ratio,
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which was confirmed by the numerical analysis (Han and Gabr,

2002) and the field measurements (Briançon and Simon, 2012).

Figure 10 also shows that the flexible columns had stress

concentration ratios from 1.0 to 5.0, the semi-rigid columns had

ratios from 5.0 to 10.0, and the rigid columns had ratios

more than 10.0 when they were under rigid loading plates

or in geosynthetic-reinforced column-supported embankments

(GCSEs). Zheng et al. (2012) reported a similar variation of the

stress concentration ratio from 8.0 to 16.0 measured below the

geogrid reinforcement and on the top of concrete pile caps

supported by concrete piles under the embankment loading.

5. Design issues
In general, flexible and semi-rigid column-reinforced foundations

are designed as composite foundations whereas rigid columns are

designed as piles. In the composite foundation design, a unit cell

concept is often used for simplification. This paper addresses the

following design issues: (a) bearing capacity, (b) settlement,

(c) consolidation and (d ) stability, based on the rigidity of

columns.

5.1 Bearing capacity

The bearing capacities of column-reinforced soft foundations

have been evaluated using three methods: (a) single column,

(b) unit-cell composite foundation and (c) group columns. The

unit cell composite foundation consists of a column surrounded

by the soil, and its bearing capacity is contributed by the column

and the surrounding soil.

5.1.1 Flexible columns

The ultimate bearing capacity (qult,c) of a single flexible column

mainly depends on the friction angle of granular material and the

lateral confinement related to the undrained shear strength (cu) of

the surrounding soft soil. Brauns (1978) derived a theoretical

solution for calculating the ultimate bearing capacity of a single

stone column; other solutions have also been obtained by differ-

ent researchers (e.g. Hughes and Withers, 1974). These solutions

for the ultimate bearing capacity of a single stone column can be

simplified into the following format

qult,c ¼ Kcu3:

where K is a factor, varying from 15 to 25 with an average of 20

(Ye et al., 1994). The K factor mainly depends on the quality of

the column material. The higher-quality column material has a

larger K value.

Since flexible columns and the surrounding soil mobilise their

strengths at a similar strain level, the ultimate bearing capacity

(qult) of a flexible column-reinforced composite foundation can be

estimated as follows

qult ¼ qult,cas þ qult,s(1� as)4:

where qult,s is the ultimate bearing capacity of the surrounding

soil. In the unit cell, an area replacement ratio (as) is defined as

the cross-sectional area of the column divided by the total cross-

sectional area of a unit cell. The ultimate bearing capacity of the

column, qult,c, can be estimated using Equation 3; however, this

estimation is conservative because the vertical stress on the

surrounding soil is not considered in Equation 3.

Bouassida et al. (1995) developed a theoretical solution for the
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bearing capacity of a foundation on a soil reinforced by a group

of columns.

5.1.2 Rigid columns

The ultimate load capacity (Qult,c) of a single, rigid column can

be estimated using the same method for a single, rigid pile, that is

Qult,c ¼ f sAs þ qtAt5:

where fs is the side friction, qt is the toe resistance, As is the

surface area of the column and At is the toe cross-sectional area

of the column. For some rigid columns, for example, VCCs, the

toe cross-sectional area is larger than the column shaft cross-

sectional area.

The ultimate bearing capacity (qult) of a rigid column-reinforced

composite foundation can be estimated using the method pro-

posed by Poulos (2001) for a piled raft foundation, which is

the lesser of the following two load capacities: (a) the sum of the

load capacities of the raft and all the rigid columns and (b) the

sum of the load capacities of the equivalent pier and the raft

outside the periphery of the pier.

5.1.3 Semi-rigid columns

Semi-rigid columns have a behaviour between flexible and rigid

columns. The ultimate load capacity of a single semi-rigid

column depends on the strength of the column, the side friction

between the column and the soil, and the toe resistance of the

column. The ultimate load capacity (Qult,c) of a single semi-rigid

column can be estimated as the lesser of the following two

capacities (Han et al., 2002)

Qult,c ¼ quAc6:

Qult,c ¼ f sAs þ ºqtAt7:

where qu is the field unconfined compressive strength of the

column, Ac is the cross-sectional area of the column and º is the

mobilisation factor of the end-bearing (typically ranging from 0.4

to 0.6). For chemically stabilised columns, the field strength is

typically 20–50% of the laboratory strength.

The ultimate bearing capacity of a semi-rigid column composite

foundation (qult) can be calculated as follows (Han et al., 2002)

qult ¼ as

Qult,c

Ac

þ �(1� as)qult,s8:

where � is the mobilisation factor of the bearing capacity of the

soil, typically varying from 0.5 to 1.0 for frictional columns or

0.1 to 0.4 for end-bearing columns. As shown in Figure 8, the

soil does not mobilise its full strength when the column fails. The

mobilisation factor is to account for this fact.

For a geosynthetic-encased column, the additional strength

provided by the geosynthetic hoop strength should be included, in

addition to the lateral confinement from the surrounding soil for

flexible columns (Raithel and Kempfert, 2000). Gniel and

Bouazza (2009) showed that the isolated partially encased stone

columns failed by bulging below the level of encasement.

5.2 Settlement

5.2.1 Flexible columns

Han (2010) summarised the methods for calculating the settle-

ment of stone column-reinforced foundations, which are also

generally valid for other flexible columns, including (a) the stress

reduction method, (b) the improvement factor method and (c) the

elastic–plastic method.

Stress reduction method: the stress reduction method was pro-

posed by Aboshi et al. (1979) as follows

S ¼ 1

1þ as(n� 1)
Ss

9:

where S is the settlement of the composite foundation and Ss is

the settlement of the unreinforced soft soil. Barksdale and Bachus

(1983) developed a design chart to determine the stress concen-

tration ratio for a stone-column-reinforced foundation, which can

be approximated as (Han, 2010)

n ¼ 1þ 0.217
Ec

Es

� 1

� �
10:

where Ec is the elastic modulus of the column and Es is the

elastic modulus of the soil. Based on field data, the modulus ratio

(Ec /Es) should be limited to 20.

Improvement factor method: Priebe (1995) proposed a basic

improvement factor method to calculate the settlement of stone

column-reinforced soft foundations by a vibro-replacement meth-

od considering stiff and incompressible columns with a bulging

over the column length as follows

S ¼ 1

I f

I f ¼ 1þ as

5� as

4(1� as) tan2 (45� � �c=2)
� 1

� �
11:

where If is the improvement factor and �c is the friction angle

of the column material. Priebe (1995) also suggested consideration
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of the column compressibility and overburden pressure in addition

to the basic improvement factor. The formulae and design charts

for such a consideration can be found in Priebe (1995).

Elastic–plastic method: Pulko and Majes (2005) and Castro and

Sagaseta (2009) proposed methods to calculate the settlement of

a stone column-reinforced soft foundation based on elastic–

plastic constitutive models. In their methods, the soft soil is

assumed to be linearly elastic, whereas the stone columns are

assumed to be linearly elastic–perfectly plastic following the

Mohr–Coulomb failure criterion with a constant dilatancy angle.

The plasticity starts with the upper portion of the column and can

extend deeper to the whole length of the column with an increase

of the applied load. Among these methods, Priebe’s (1995) is still

the favoured method to estimate the settlement of stone column-

reinforced soft foundations in practice (McCabe and Egan, 2010;

Douglas and Schaefer, 2014).

5.2.2 Rigid columns

The settlement of rigid column-reinforced soft foundations can be

estimated using methods for piled rafts or pile groups. Horikoshi

and Randolph (1999) and Poulos (2001) proposed simplified

design methods to calculate the settlement of piled rafts, which

are both based on pile–raft interaction. Horikoshi and Randolph

(1999) used the equivalent pier concept for the piled raft method,

as shown in Figure 11. In this method, the equivalent elastic

modulus can be calculated by

Eeq ¼ Es þ (Ec � Es)
Atc

Ag12:

where Eeq is the equivalent elastic modulus of the pier, Ec is the

elastic modulus of the column, Es is the elastic modulus of the

soil, Atc is the total cross-sectional area of all individual columns,

and Ag is the total area of the column group including all

individual columns and the soil between columns.

The stiffness of the pier–raft system in Figure 11(b) can be

calculated by

Kpr ¼
Peq þ Pr

Spr

¼ Keq þ K r(1� 2Æpr)

1� (K r=Keq)Æ2
pr13:

where Kpr is the stiffness of the pier–raft system, Peq is the load

carried by the equivalent pier, Pr is the load carried by the raft,

Spr is the settlement of the pier–raft system, Keq is the stiffness of

the equivalent pier, Kr is the stiffness of the raft on the soil and

Æpr is the pier–raft interaction factor. The settlement of the

column-reinforced soft foundation, Spr, can be calculated based

on the stiffness of the pier–raft system, Kpr, and the total applied

load (i.e. Peq + Pr).

The stress distribution method for pile groups included in Aashto

(2006) can also be used for this purpose.

5.2.3 Semi-rigid columns

Owing to the characteristics of semi-rigid columns, the methods

for flexible or rigid columns may be used to estimate the

settlement of semi-rigid column-reinforced soft foundations,

depending on the column rigidity. Jiang et al. (2013) showed that

the stress reduction method calculated the settlement of the DM

column-reinforced foundation close to the numerical result with

less than 10% error. Khabbazian et al. (2010) showed numerically

that the geosynthetic encasement significantly reduced the lateral

displacement of the stone column. Raithel et al. (2005) showed

that the improvement factors for geotextile-encased column-

reinforced foundations were significantly increased by the tensile

stiffness of the geotextile as compared with those for the stone

columns without geotextile encasement. Castro and Sagaseta

(2011a) modified their elastic–plastic solution for stone columns

by considering the encasement of a geosynthetic to estimate the

settlement of encased stone column-reinforced foundations. They

found that the effect of geosynthetic encasement became impor-

tant when the column started to yield, and its effectiveness

(a)

(b)

Raft

Ag

Equivalent pier, Eeq

deq

Raft

Soil, Es

Ag

Column, Ec

Ac

Figure 11. Equivalent pier in the piled raft method: (a) column

group; (b) equivalent pier
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depended on the geosynthetic stiffness factor, J/(rcEs), in which J

is the tensile stiffness of the geosynthetic, rc is the radius of the

column and Es is the soil modulus.

Han et al. (2009) verified that the method proposed by Horikoshi

and Randolph (1999) for piled rafts can also be used to calculate

the settlement of DM column-reinforced soft foundations. Since

the Horikoshi and Randolph (1999) method does not consider

lateral deformation of the columns, it should not be used for

flexible columns because of their relatively large lateral deforma-

tions.

Chai et al. (2010) and Pongsivasathit et al. (2013) proposed a

method to calculate the settlement of DM column-reinforced

foundations underlain by a soft soil, in which the penetration of

the columns was considered by treating the lower portion of the

reinforced zone as an ‘unreinforced’ layer, as shown in Figure 12.

Chai et al. (2010) and Pongsivasathit et al. (2013) obtained a

simplified formula to estimate the thickness of the ‘unreinforced

layer’, which depends on the area replacement ratio, the improve-

ment depth ratio (i.e. the column depth divided by the thickness

of the soft soil) and the pressure–strength ratio as follows

Hc ¼ HL f (Æs)g(�)h(ª)14:

where Hc is the thickness of the column penetration zone (treated

as an ‘unreinforced’ layer), HL is the length of the column, f (as)

is the influence factor of the area replacement ratio, g(�) is the

influence factor of the improvement depth and h(ª) is the

influence factor of the applied pressure to soil strength ratio. The

settlement within the improved zone is calculated based on the

compression of the composite foundation while the settlement

below the improved zone (including the penetration zone) is

calculated using the stress distribution method for pile groups

included in Aashto (2006).

5.3 Consolidation

5.3.1 Flexible columns

Han and Ye (2001, 2002) developed simplified solutions for the

consolidation rates of stone column-reinforced soft foundations

without and with well resistance and smear effects, as shown in

Figure 13. These solutions were developed based on the assump-

tions of equal strain and 1D deformation of the column and the

soil in a unit cell. The modified coefficient of consolidation of

soft soil in the radial direction was introduced and is presented

below

crm ¼ cr 1þ n
1

N 2 � 1

� �
¼ cr 1þ n

as

1� as

� �
15:

where cr is the coefficient of consolidation of soft soil in the

radial direction, crm is the modified coefficient of consolidation of

soft soil in the radial direction and N is the diameter ratio,

defined as the ratio of the influence diameter to the column

diameter in a unit cell. The modified coefficient of consolidation

of soft soil accounts for the contribution of the stress concentra-

tion on the columns due to the modulus difference between the

column and the soil. The modified coefficient of consolidation of

soft soil in the radial direction can be used to calculate the time

factors for radial consolidation. Han and Ye (2001) concluded

that the rate of pore water pressure dissipation or consolidation is

contributed not only by the drainage of the column but also by

the stress reduction on the soft soil.

P

SsSc

H

HL

Ls

Hs

Hc

Hu

Improved zone
for settlement
calculation

Soft soil

Firm soil

Figure 12. Column penetration method (modified from Chai et al.

(2010))

de

2H

z H
rc

r
re

kv

kr

Drainage surface

Drainage surface

Stone column

p

rs

kskc

Ec Es

Figure 13. Unit cell model for stone column-reinforced soft

foundations

257

Ground Improvement
Volume 168 Issue GI4

Recent research and development of
ground column technologies
Han

Downloaded by [ University of Kansas -Serials/Subscriptions] on [12/11/15]. Copyright © ICE Publishing, all rights reserved.



Baez and Martin (1995) and Boulanger et al. (1998) indicated

that the intrusion of native soil into stone columns during field

installation could reach 20% by weight. Field injection tests

indicated the ratio of the permeability of stone columns to that of

the native soil ranging from 15 to 40, while laboratory tests

indicated this ratio was from 40 to 100. Han (2010) suggested the

use of the formula for the permeability of a granular drain with

fine contents in the Federal Highway Administration Highway

Subdrainage Design manual (Moulton, 1980) to estimate the

permeability of granular columns. Han (2010) found that the

solution considering the well resistance effect predicted the rate

of settlement better as compared with the field data than the

solution without any well resistance, as shown in Figure 14.

Xie et al. (2009b) derived a solution for the rate consolidation of

a stone column-reinforced foundation considering the variation of

the permeability of the surrounding soil from the interface

between the column and the surrounding soil to the boundary of

a unit cell. Determination of such variations in the field is a

challenging task. Xie et al. (2009a) also considered a step or

ramp loading situation, which is useful to simulate the construc-

tion load, such as the filling of an embankment. In addition to a

step or ramp loading, Wang (2009) developed a solution for the

rate of consolidation for the stone column-reinforced foundation

subjected to a cyclic loading, which may be useful to simulate

traffic loading. Both Xie et al. (2009a) and Wang (2009) com-

pared their solutions to that of Han and Ye (2002) under an

instantaneous load, and obtained good agreement. All the above-

mentioned solutions were developed based on the assumptions of

equal strain and 1D vertical elastic deformation in the column

and the soil.

Castro and Sagaseta (2009) developed their solutions considering

lateral deformation of stone columns under a vertical load. The

lateral deformation of the column reduces the load carried by the

column and slows down the rate of consolidation. In addition,

Castro and Sagaseta (2009) treated the stone column as a linearly

elastic–perfectly plastic material. The upper portion of the

column can yield under a certain load and the plastic zone can

extend deeper to the whole length of the column when the

applied load is increased. They also developed modified coeffi-

cients of consolidation based on elastic and plastic deformations.

However, the Castro and Sagaseta (2009) solutions did not

consider smear and well resistance effects on the rate of

consolidation of the stone column-reinforced foundation.

5.3.2 Rigid columns

The rate of consolidation of rigid column-reinforced foundations

with an end-bearing condition should not be affected because the

rigid columns carry a majority of the load, and the settlement

occurs immediately. When rigid columns partially penetrate into

the soft soil, the rate of consolidation can be an issue. Zheng et

al. (2011) showed that the excess pore water pressure in the soft

clay between CFG rigid columns dissipated rapidly after each

embankment loading. Research is needed to develop a solution

for the rate of consolidation of rigid column-reinforced founda-

tions with partial column penetration.

5.3.3 Semi-rigid columns

Lorenzo and Bergado (2003) derived an analytical solution to

predict the consolidation rate of DM column-reinforced founda-

tions based on a unit cell concept. In their model, it is assumed

that the DM column has a higher permeability than the surround-

ing soil and all the water draining out from the surrounding soil

enters the DM column and drains out vertically through the

column. A 1D Terzaghi’s solution was used to calculate the

consolidation rate of the DM column. Lorenzo and Bergado

(2003) did not model lateral drainage as Han and Ye (2001,

2002) did for the consolidation of stone column foundations.

Miao et al. (2008) modelled the DM column-reinforced founda-

tion as a composite foundation with a higher equivalent modulus

than the untreated soil, and analysed the DM column-reinforced

foundation over soft soil as a double-layer system. They assumed

that the DM columns were impervious. Similar to Miao et al.

(2008), Chai and Pongsivasathit (2009) treated the DM column

foundation as a composite foundation with a higher equivalent

modulus. However, Chai and Pongsivasathit (2009) proposed an

equivalent permeability of the composite foundation, the same as

the formula for vertical drains developed by Chai et al. (2001), as

shown in Figure 15. The equivalent coefficient of volumetric

compressibility and permeability of the composite foundation can

be calculated as follows

mv1 ¼
1

asDc þ (1� as)Ds16a:

kv1 ¼ 1þ 1.5H2
1

�d2
e

kr
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 !
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Figure 14. Rate of settlement with or without well resistance

(after Han (2010))
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� ¼ ln
N

s
þ kr

ks

ln (s)� 3

4
þ 8H2

1kr

3d2
ckc16c:

where mv1 is the coefficient of volumetric compressibility of the

equivalent layer, Dc and Ds are the constrained moduli of the

column and the soil, H1 is the thickness of the equivalent layer,

de is the diameter of the unit cell, dc is the diameter of the

column, kr and kv are the permeability of the soil in the radial and

vertical directions, ks is the permeability of the smear zone, kc is

the permeability of the column, N is the diameter ratio of the unit

cell to the column and s is the diameter ratio of the smear zone

to the column. With the equivalent parameters, the closed-form

solution for the consolidation of two-layered soils by Zhu and

Yin (1999) can be used to calculate the rate of consolidation.

Huang et al. (2009) found that the consolidation of the DM

column foundation under the embankment could be accelerated

by columns with higher stiffness than soft clay, even though the

columns had the same permeability as soft clay. This finding was

further confirmed by Jiang et al. (2013) in their numerical study.

Figure 16 shows that the rate of consolidation increased with the

modulus ratio of the elastic column to the soil when the column

permeability was the same as the soil permeability.

Zhang et al. (2012) derived an elastic solution to consider the

effect of the permeability of geosynthetic encasement on the

consolidation rate of the encased stone column-reinforced foun-

dation, and found the geosynthetic encasement had a limited

effect on the consolidation rate because of the high permeability

of geosynthetic products.

5.4 Stability

5.4.1 Failure modes

Figure 17 shows the possible failure modes of columns under

embankments: (a) sliding, (b) collapse (rotational), (c) bending,

(d ) circular shear, (e) horizontal shear and ( f ) combined failure.

The actual failure mode of the column depends on its strength,

rigidity, length and diameter, location and spacing, as well as on

the end-bearing condition, the strength and stiffness of soft soil,

and the height and slope angle of the embankment. Under

certain conditions, there are combined failure modes, as shown

in Figure 17(f).

5.4.2 Flexible columns

In practice, it is common to use equivalent parameters (cohe-

sion, c, and friction angle, �) for flexible column-reinforced soft

foundations in stability analysis. The equivalent parameters for

the composite foundation are estimated based on the area

average of these parameters from stone columns and the soft

soil (e.g. Abusharar and Han, 2011; Cooper and Rose, 1999).

Figure 18 shows the numerical models for individual columns

and an equivalent area used in the Abusharar and Han (2011)

study. The numerical analysis using the strength reduction

method showed that the factor of safety of an embankment over

an individual column-reinforced foundation was approximately

90% that of the embankment over a composite foundation with

the equivalent parameters under an undrained condition (Abush-

arar and Han, 2011). The stress concentration effect on the

columns is sometimes considered in the stability analysis

(Kitazume, 2005).

5.4.3 Rigid columns

Zheng et al. (2010a) investigated numerically the stability of

embankments over rigid column-reinforced foundations. They

found that the bending moments and shear forces in the rigid

columns increased with the increase of the embankment load.

The bending failure occurred progressively on the rigid columns.

In soft soil, after the bending failure of the column at a certain

depth, the portion of the column above the failure location would

rotate and still provide resistance to the stability of the embank-

ment. In relatively firm soil, the second bending failure might

occur in the upper portion of the column.
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Figure 15. Consolidation of a column-reinforced soft foundation

over soft soil (after Chai and Pongsivasathit (2009))
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5.4.4 Semi-rigid columns

Kitazume et al. (2000) investigated the failure modes of DM

columns subjected to a vertical load or a combination of vertical

and lateral loads in centrifuge tests. They found that the bearing

capacities of DM column foundations under a combination of

vertical and lateral loads were lower than those under vertical

loads only. The DM columns under the combined loads ruptured

at a lower column strength, but rotated at a higher column

strength. Han et al. (2005), Filz and Navin (2006), and Han et al.

(2010) found numerically that DM columns under embankments

might fail due to shear, bending or rotation, depending on the

strength of the columns. Rigid inclusions can be installed in

granular or chemically stabilised soil columns to increase the

shear and bending resistance of columns. Kitazume (2008)

proposed two external failure modes (sliding and collapse) and

three internal failure modes (circular shear, horizontal shear and

bending), and developed simplified methods to estimate the

embankment pressure at failure for collapse, horizontal shear and

bending failures. It is challenging to develop a theoretical

solution for the combined failure mode. A numerical method with

a strength reduction approach may be used to estimate the factor

of safety for this combined failure mode. Han et al. (2005)

showed that the limit equilibrium method with a circular slip

surface (e.g. Bishop’s simplified method) overestimated the factor

of safety of the embankment over a DM column-reinforced

foundation determined by the numerical method using the

strength reduction approach, as shown in Figure 19.

6. Conclusions
This paper presents a technical review of recent research and

development in column technologies to improve soft foundations.

The following key points can be summarised.

A variety of new column technologies have been developed and
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successfully adopted for different applications. The column-

supported embankment is one of the most important applications

in recent years. A large amount of research has been conducted

to advance the knowledge of this embankment system. Among

the column technologies, concrete columns have gained great

acceptance in practice to improve soft foundations; however,

more research is needed to develop the related design methods.

Geosynthetic-encased stone columns have drawn great attention

from researchers; however, field studies are needed to verify

recent laboratory and theoretical developments.

Columns can be classified based on their installation method,

column material and column rigidity. Based on column rigidity,

columns can be classified into flexible, semi-rigid and rigid

columns.

Research reveals that isolated columns can fail due to crushing,

shear, punching and/or bulge under a compressive load; however,

group columns under a combination of vertical and horizontal

loads, such as embankment loading, can fail due to shear, bending,

rotation or tension, or a combination of these. Limit equilibrium

methods based on shear failure overestimate the factors of safety

of embankments on rigid or semi-rigid columns in soft soil.

Columns have functions of load carrying, reinforcement, drainage

and/or containment, and can be used to increase the bearing

capacity, reduce settlement, accelerate consolidation and increase

stability. Theoretical or approximate solutions are available to

design individual columns or column-reinforced composite foun-

dations considering these technical aspects. Significant advances

have been made to develop or improve the theoretical solutions

for the consolidation rate of column-reinforced soft foundations

with different types of columns.

Lateral deformation and yielding of columns have effects on the

stress transfer, settlement and rate of consolidation of the

column-reinforced soft foundation; therefore, these should be

considered in theoretical developments and practical design.

Research is needed to improve the approximation of using the

theoretical solutions based on an equal-strain condition to

evaluate the performance of column-supported embankments with

differential settlements between columns.

Combined and composite column technologies have been increas-

ingly used to combine their advantages and create effective and/

or economic solutions; however, they have also presented compli-

cated geotechnical problems, posed challenges to design and

construction, and provided opportunities for future research and

applications.
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