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ABSTRACT

Global instability or deep-seated failure of roadway embankments constructed on soft soils
IS a serious concern in the field of geotechnical engineering. Different ground improvement
techniques, such as stone columns, have been widely implemented to avoid deep-seated failure.
Stone columns derive their bearing capacity from the passive resistance provided by the native
surrounding soil, therefore, inclusion of stone columns in very soft soils may not be sufficient to
yield the desired level of improvement. As a result, geosynthetic encased stone columns (GESC)
have been introduced to improve soft soils with low undrained shear strengths. The objective of
this study is to quantify the contribution of GESC to vertical and global stability.

In this study, model GESC with geotextile sleeves with three different diameters: 10, 15,
and 30 cm, were tested as part of the experimental program. Kansas River Sand of 70% relative
density was used as the infill material of GESC. CD triaxial compression tests were conducted on
both ordinary sand and geotextile encased sand columns. The results showed that using geotextile
encasement increased the strength of column by providing an apparent cohesion and increasing
the friction angle beyond the peak friction angle of the ordinary sand column.

The vertical stability of GESC was investigated through a series of loading tests. The
loading tests were conducted on columns having various diameters and lengths, installed both in
air and in very weak surrounding soil (i.e. loose sand with 30% relative density). The performance
of GESC in air and with loose sand surrounding soil was studied with regard to bearing capacity,
radial strain, and axial strain relationships. The results of both cases showed that columns of
smaller diameters and shorter lengths exhibited higher bearing capacities compared with those of
larger diameters and longer lengths. GESC with surrounding loose sand exhibited lower radial and

axial strains compared with those in air at the same applied pressure. In addition, GESC with soil



confinement had higher bearing capacities than those in air at the same diameters and length to
diameter ratios.

The experimental findings were verified using the finite difference method within the
software program FLAC3D 5.01. The numerical results matched well with the experimental data.
A parametric study was conducted to assess the factors that may have an impact on the
performance of GESC, such as column diameter and length, soil thickness, geotextile encasement
length, geotextile stiffness, and friction angle of infill material. The results showed that increasing
the size and length of end-bearing GESC reduced its bearing capacity and increased its lateral
deformation, while shorter, partially penetrating GESC had lower bearing capacities as compared
with longer ones. The effective geotextile encasement length was found to be approximately five
times the column diameter. Geotextile stiffness had a substantial influence on the performance of
GESC, and the friction angle of infill sand had a less significant effect on the behavior of the
GESC.

Finally, a two dimensional finite difference method using FLAC2D 6.0 was used to
investigate the effect of ordinary stone columns and GESC on the short-term stability of an
embankment constructed over soft soil. Two different models were adopted in this study: column
walls and an equivalent improved area. A parametric study was conducted by varying some
parameters such as the spacing and size of stone columns, cohesion of the soil deposit, and stiffness
of the geosynthetic. The results showed that the equivalent area method yielded higher factors of
safety than the column wall method. The stability factor of safety decreased when the center-to-
center spacing between columns was increased, and increased when the soil cohesion was less than
25 kPa. Increasing the stiffness of geosynthetic encasement up to 2000 kN/m significantly

increased the stability factor of safety.
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CHAPTER 1
INTRODUCTION

1.1 Background
Large areas of the world are covered with soft clay deposits, especially coastal regions. As a

result of economic growth, many infrastructure projects, such as roadway embankments, are being
constructed in areas with weak soil deposits. Many challenging problems have been encountered
with regard to construction on soft soil deposits including bearing capacity issues, excessive
deformation, and slope instability. Global instability or deep-seated failure of a roadway
embankment constructed on a soft foundation has become a serious issue for geotechnical
engineers. Several ground improvement techniques have been widely implemented to avoid deep-
seated failures in weak soils including sand compaction columns, stone columns, and deep mixed
columns. The stone column, or granular pile technique, has been widely adopted to improve the
soft soils through the inclusion of granular columns which have a stiffness and drainage capability
that is far higher than those of the surrounding weak soil. In addition to the above benefits, this
technique is characterized by the ease of construction.

The development of the stone column technique occurred in Europe. Hughes and Withers
(1974) stated that stone columns were common in France as early as the 1830s to strengthen a
foundation soil carrying heavy ironworks. Stone columns have been widely used in Europe since
the 1950s and in North America since 1970s.

Since a stone column (see Fig. 1.1 (a)) derives its bearing capacity from the passive
resistance offered by the native surrounding soil, the inclusion of stone columns in very soft soils

may not be sufficient to the desired level of improvement. Therefore, geosynthetic encased stone



columns ( as shown in Fig. 1.1 (b)) are introduced as a convenient technique for improving soft
soils that have undrained shear strengths lower than 15 kPa (Han, 2015) . Encasing the stone
column within geosynthetic increases the stiffness of the column and thereby increases its load

capacity when compared with the ordinary stone columns.

Applied load Applied load

Ground surface l Ground surface lllll

TS0 a0 275" .... _......

Stone colu : .
, Soft soil Soft soil
5 Geosynthetic :
L encased stone o
030’0020’ o2 .
e column % .
355 e Geosynthetic
esses 54 3 encasement
:g:- .| oo 2
Lol 2 S %
0 %0 00 %0 0 o
(a) (b)

Figure 1.1 Illustration of stone column technique: (a) Ordinary stone column; and (b)

Geosynthetic encased stone column

1.2 Problem Statement
Over the last two decades, much research has been conducted to assess the degree of
improvement achieved by the inclusion of ordinary stone columns and encased stone columns in
soft foundation soils. Experimental data, theoretical solutions, and numerical analyses were
employed to investigate the role of stone columns in improving the bearing capacity of improved
ground and the lateral deformation patterns of embankments supported by columns at different
depths. Researchers have put a great deal of effort into comparing the performance of geosynthetic

encased stone columns to that of ordinary stone columns installed in soft soil foundations.



In addition to bearing capacity issues, deep-seated failure, or embankment instability, is
one of the major problems that may be encountered when constructing road embankments on soft
foundation soils. A few studies have been conducted to assess the global stability of embankments
constructed on ground improved through the use of ordinary stone columns (OSC). However, the
stability of embankments supported by geosynthetic encased stone columns (GESC) has not been
thoroughly investigated yet. This research focuses on the vertical stability of geotextile encased
single sand columns (GESC) of various diameters and lengths, installed in both air, which
demonstrates performance in the extreme case that the surrounding soil offers no confinement, and
in very weak surrounding soil which simulates the more likely case. In reality, soil conditions may
lie in between these two cases. The experimental data was verified through numerical analysis
using FLAC3D, and a parametric study was conducted to assess factors that may have an impact
on the performance of GESC. Finally, the stability of an embankment founded on treated ground
with a group of GESC was also investigated using plane strain modeling with FLAC2D under

short-term conditions.

1.3 Objectives

The main objectives of this research are:
» To evaluate the vertical stability of geosynthetic encased granular columns.
» To quantify the contribution of geosynthetic encased granular columns to global stability.
» To recommend design methods for vertical and global stability analysis.
1.4 Research Methodology

The research methodology included a literature review, laboratory testing, and numerical

analysis. (1) The literature review covers relevant studies related to the installation, load transfer



mechanisms for both ordinary and geosynthetic encased stone columns, and stability analyses for
stone column-supported embankments. (2) Laboratory tests were conducted on the infill material
(i.e., Kansas River Sand), ordinary sand columns, and geotextile encased sand columns to define
the strength properties. (3) Laboratory tests were performed on geotextile encased sand columns
in air and with weak surrounding soil to investigate the bearing capacity, radial and axial
deformations. (4) Numerical modeling using FLAC3D was conducted to verify and validate the
experimental data and to perform a parametric study to investigate the performance of geotextile
encased sand columns under different parameters. (5) Numerical modeling was conducted with
FLAC2D to evaluate the stability issues of geosynthetic encased stone column-supported

embankments.

1.5 Organization of Dissertation

This dissertation comprises six chapters. Chapter One presents an introduction to the
background, problem statement, and objectives of this research. Chapter Two contains a literature
review of the published work on the installation, functions and load transfer mechanism of ordinary
stone columns, applications of geosynthetic encased stone columns, and stability issues. Chapter
Three discusses the strength parameters of both ordinary and geotextile encased sand columns as
determined through a series of triaxial compression tests. Chapter Four deals with the vertical
stability of encased sand columns both in air and in weak surrounding soil. Chapter Five shows
results from the numerical analyses implemented on the experimental model and discusses the
calibration and validation of the research model and parametric study. Chapter Six presents the
numerical study of the stability of an embankment supported by geosynthetic encased stone

columns. Chapter Seven presents the conclusions and recommendations for future work.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This chapter contains a summary of selected published research on the inclusion of stone
columns in soft soils to improve the performance of foundation soil. The installation process,
functions and load transfer mechanism are also covered in this chapter. The applications of
geosynthetic encased stone columns are extensively addressed. Lastly, previous numerical and

experimental research on the stability of stone column supported embankments is also discussed.

2.2 Ordinary Stone Columns

Stone columns, also known as granular piles, are one of the most popular and widely used
ground improvement techniques throughout the world. This section presents a summary of
published information concerning the installation, functions and load transfer between stone
columns and the surrounding soil.
2.2.1 Installation Process

Stone columns are often installed by either water jetting (replacement or wet method) or
air jetting (displacement method). For the wet method, water is injected into the ground producing
soil slurry that is flushed out from the hole as shown in figure 2.1(a). For the displacement method
(figure 2.1(b)), air is injected into the ground with the use of a vibrating probe to form a hole. The
hole is then backfilled with gravel or crushed stone or sand which is densified using the vibratory
probe as it is withdrawn from the ground (Zhang et al., 2014; Han, 2015).

Raithel et al. (2005) reported the effect of the selected installation method on the shear

strength of soft soil. A comparison was made between the shear strength of soft soil before and



after the vibro-displacement installation process. The measurements showed the undrained shear

strength of the soil approximately doubled when compared with pre-installation values.
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Figure 2.1 Stone column installation: (a) Replacement method; and (b) Displacement method

2.2.2 Functions

Stone columns can serve multiple functions when installed in foundation soils. The primary
purposes for using this technique are to improve bearing capacity, reduce settlement, and enhance
drainage and stability (Ambily and Gandhi, 2007; Lo et al., 2010; Han, 2012; Zhang et al., 2014).

Since stone columns have a higher stiffness and strength compared with the weak
surrounding soil, they can be considered load bearing elements which carry a large portion of the
superstructure and/or earth structure load and transmit it to the underlying layers in a way similar
to piles (Lo et al., 2010). In addition, stone columns can serve as reinforcing units which act like
a steel-reinforced concrete; the soil and the column share the applied load and prevent sliding

failure (Han, 2012).



Granular columns can also provide drainage paths for soft soils (Han, 2012). The granular
backfill is more permeable than the surrounding soft soil. Thus, the presence of granular columns
will accelerate the dissipation of the excess pore water pressure in soft soils which in turn
accelerates the consolidation process and reduces both the total and post-construction settlements

(Lo et al., 2010).

2.2.3 Load Transfer Mechanism

In a column-reinforced soil, columns carry higher stresses than the surrounding weak soft
soils under the same strain (i.e. settlement) because of the differences in stiffness between columns
and surrounding soil.

The ratio of the stress on the column (o¢) to the stress on the soil (os) is referred to as the
stress concentration ratio (n). Since the columns and the soft soil have different properties, the
stress concentration ratio is not necessarily constant but its value varies according to the properties
of columns and soft soils and strain and/or stress level (Han, 2012). Figure 2.2 depicts the stress-
strain relationship for both the column and the soil. The stress concentration ratio first increased
with strain up to a point where the column had mobilized its maximum strength and then decreased
as the stress was transferred back from the column to the soil due to column yield (Han, 2015).
Abusharar and Han (2011) made the (conservative) assumption that the stress concentration ratio
of 1 for soil column supported embankments because soil columns usually behave in a manner
that is similar to a flexible foundation.

Figure 2.3 depicts the load transfer mechanism. Two equal settlement planes are
developed; one in the fill zone (when the fill height is greater than critical height h¢) and the other
in the soft soil. The critical height was estimated to be 1 to 1.5 times of the clear spacing between

columns (Chen et al. 2010). Since the column settlement (S¢) and soil settlement (Ss) are different,



a negative shear stress develops in the column between the upper and lower equal settlement
planes. However, the positive shear stress develops below the lower equal settlement planes.
Meanwhile, the average vertical column stress (oc) increases and the average vertical soil stress
(os) decreases due to the negative shear or skin friction. The average vertical soil stress (os) IS

found to be higher than the initial overburden stress (co) and lower than the average vertical stress

for the fill (o).
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Figure 2.2 Stress concentration ratio: (a) stress-strain curves of the soil and the column and (b)

stress concentration ratio versus strain (after Han, 2015)

2.2.4 Unit Cell Concept

In order to simplify the idealization of composite foundations, the unit cell concept has
been introduced (Murugesan and Rajagopal 2006; Ambily and Gandhi 2007; Gniel and Bouazza
2009; Lo et. al. 2010; Zhang et al. 2010; Tallapragada et al. 2011, Han 2012). This concept (see
figure 2.4) is based on the assumption that the column and the surrounding soil are going to deform
together at the same strain. Correspondingly, in order to accomplish the equal strain, two

conditions should be met: rigid loading and a loading area larger than the thickness of the



reinforced zone (Han, 2012). It was hypothesized that there was no lateral deformation of the soil
at the edge of the unit cell (Ambily and Gandhi, 2007). The stress concentration ratio of a unit cell
is thereby the ratio of constrained modulus of the column to that of the surrounding soil at an equal
strain condition (Han, 2015). The most common term used in unit cell concept is the area
replacement ratio (as), that is, the cross sectional area of the column divided by the total cross

sectional area of the unit cell.
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Figure 2.3 Load transfer mechanism (after Han, 2012)
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Figure 2.4 Unit cell concept (after Gniel and Bouazza, 2009)



2.3 Geosynthetic Encased Stone Columns (GESC)

Ordinary stone columns (OSC) usually derive their bearing capacity from passive
resistance provided by the surrounding foundation soil pressing against the lateral bulging of stone
columns as a result of axial load application. When embedded in soft clay, stone columns may
bulge due to lack of confinement offered by the surrounding soft soil. Furthermore, the soft clay
may enter the voids between granular material of column to cause clogging and reduce the
permeability of granular columns for drainage. In order to avoid these consequences, additional
confinement can be provided by using geosynthetic encasement. This will help to isolate the
granular soil inside the column so that it does not mix with the surrounding soil and increase the
stiffness of the columns (Arvizhi and Amparuthi 2007; Murugesan and Rajagopal 2006, 2009).
Figure 2.5 demonstrates the geosynthetic encased stone column (GESC). The installation of
geosynthetic encased stone columns involves driving a steel casing with a closed end tip into the
ground to create a hole. A geosynthetic tube is then inserted inside the steel casing and the granular
material is then backfilled. The tip of the casing is opened as the steel casing is withdrawn from

the soil with vibration to densify the infill material as shown in figure 2.6.
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Figure 2.5 Geosynthetic encased stone column (after Murugesan & Rajagopal, 2009)
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Figure 2.6 The installation procedure of geosynthetic encased stone columns

The radial stress acting on the stone columns oy is the sum of the contributions of both the
radial stress of the surrounding clay soil (orc) and the hoop tension (T) from geosynthetic

encasement as shown in figure 2.7:

Stone Column

Figure 2.7 Radial stress of surrounding soil and hoop tension of geosynthetic encasement (after

Loetal., 2010)
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= + ! 2.1
Ors = Orc R .

Where R= radius of stone column. orcand T are each composed of two parts: the initial value

time (i.e. Aorcand AT)(Lo et al., 2010):

_ T(i) AT
Ors = Op (1) + Aoy + R + 3 2.2
, AT
= 0yc(0) + Aoy + 0y + 7 2.3
Ops = 0pc(i) + 0rp + Aoy 5 2.4
AT
Ao, s = Aoy . + R 2.5

The hoop tension force (T) is influenced by the lateral strain of column material under the

superimposed load.
2.4 Design Considerations of Ordinary Stone Columns (OSC) and Geosynthetic
Encased Stone Columns (GESC):

2.4.1 Bearing Capacity and Lateral Bulgin