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Foreword

Foundations on very soft soils are always problematic. However, when the undrained shear 
strength is below some 15 kPa, even solutions such as stone columns prove inadequate. This 
is because the horizontal support provided by the soft soil should be able to resist the hori-
zontal outward pressures in the column. Nonetheless, the ingenuity of designers and con-
tractors and the ability of geosynthetic producers to tailor the material properties to satisfy 
design needs led to the use of high-strength geotextiles to construct geosynthetic encased 
columns (GECs). In this way, geosynthetics were able to provide yet another innovative 
solution to a geotechnical problem: foundation design, in this case, a sub-discipline that is 
not generally associated with the use of geosynthetics.

GECs may serve as foundation elements in very soft soils, including underconsolidated 
clays,	peats,	and	sludge.	Since	their	advent	in	the	1990s,	a	significant	number	of	success-
ful projects have been completed in countries such as Germany, Sweden, Holland, Poland, 
Brazil, and Turkey.

Geosynthetic Encased Columns for Soft Soil Improvement is a response to the increas-
ing demand for engineers knowledgeable in two of the most unique materials that could be 
faced in geotechnical projects: geosynthetics and soft soils. In writing this book, the authors 
focused the presentation of the information on the different phases that may be involved in 
a GEC project: from pre-design using charts to design using analytical methods to the les-
sons learned from instrumentation and numerical simulations. The authors’ comprehensive 
treatment of design approaches, construction options, and case studies not only facilitates an 
understanding of the principles of GEC technology, but also provides resources for actual 
implementation of this comparatively new method of soft soil improvement.

Jorge G. Zornberg, Ph.D., P.E., F. ASCE
Professor, Department of Civil Architectural and Environmental Engineering

The University of Texas at Austin
Immediate past-President

International Geosynthetics Society (IGS)
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Preface

The geosynthetic encased column (GEC) is a relatively recent method developed for soft 
soil	improvement.	The	method	was	first	introduced	as	a	concept	in	the	1980s,	and	the	first	
practical applications started in the 1990s. GECs have been widely used in some parts of the 
world for the last three decades. However, there is not yet in the literature a book summariz-
ing the knowledge accumulated during this period in relation to this soft ground improve-
ment technique.

The purpose of this book is to provide readers with the GEC fundamentals and prac-
tical applications. Chapter 1 presents the general principles of this ground improvement 
technique, including the methods used for GEC installation and how the material properties 
may be selected. Chapter 2 presents design methods; thus, settlement calculations by means 
of analytical methods and stability calculations by limit equilibrium methods are explained 
in detail. Chapter 3 presents calculation examples illustrating the usual steps to be done for 
both	service	limit	state	and	ultimate	limit	state	designs.	Then,	field	performances	exemplify-
ing practical applications of the GEC technique are presented in Chapter 4 for some case 
histories. Numerical analyses, often used in design to complement analytical methods, are 
presented in Chapter 5. Annexes I and II at the end contain the charts developed to perform 
settlement calculations.

The book combines the experiences of four authors with different academic and indus-
try backgrounds to describe GEC design and performance. The book is aimed at civil engi-
neers in general, particularly geotechnical engineers, working either in design or in practice, 
at graduate students, and at senior undergraduate students.

The authors would like to acknowledge all who have added important comments and 
suggestions to this book, namely Prof. Marcos Futai, Prof. Chungsik Yoo, Eng. Cristina 
Schmidt, Dr. Marina Miranda, and Dr. Sunil Mohapatra. The schematic drawings were pre-
pared by Eng. Rafael Lima Carvalho whom is appreciated. The authors also thank Juliana 
Rigolon for her assistance in the preparation of the pre-design charts.

The authors would like to thanks HUESKER Synthetics for the general support and to 
allow the use of its photos in the cover page.
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aE: area replacement ratio (-)
Ac: cross-sectional area of the column (m2)
AE:	column	influence	area	(m2)
bc: half of the width of the equivalent wall (m)
B: half of the equivalent width in 2D plane strain condition (m)
B: width of adjacent piles (m)
c′:	drained	cohesion	(kPa)
Cc:	coefficient	of	compression	(-)
cr, ch:	coefficient	of	horizontal	consolidation	(m2 s-1)
crm:	modified	coefficient	of	radial	consolidation	(-)
Cs:	coefficient	of	swelling	(-)
c’s: soft soil effective cohesion (kPa)
cv:	coefficient	of	vertical	consolidation	(m2 s-1)
Cα:	coefficient	of	secondary	compression	(-)
dc: diameter of the column (m)
de:	diameter	of	the	influence	area	(m)
e0: initial void ratio (-)
Ec: elastic modulus of column material (kPa)
Eoed: constrained modulus of soft soil (kPa)
Es: elastic modulus of soil (kPa)
Eu: undrained elastic modulus (kPa)
F: hoop force developed in geosynthetic encasement (kN m-1)
FOS: safety factor for uncertainties in production and data extrapolation (-)
F0: geosynthetic maximum tensile force in quick wide strip test (kN m-1)
Fall: geosynthetic allowable tensile force (kN m-1)
fc: safety factor to decrease soil cohesion (-)
ffi: safety factor to decrease soil angle of friction (-)
F′m: consolidation function (-)
fs: safety factor to increase the unit weight of soil (-)
ft: safety factor for external permanent load (-)
fq: safety factor for external live load (-)
Gs:	specific	gravity	of	the	grains	(-)
h0: initial column length (m)
Hcrit: critical height of embankment (m)
Hd	=	longest	drainage	path	due	vertical	flow	(m)

Symbols



xvi Symbols

Hem: embankment height (m)
Hs = soft soil thickness (m)
Hwp: thickness of working platform (m)
J: geosynthetic stiffness modulus (kN m-1)
Jbs: stiffness modulus of basal reinforcement (kN m-1)
Jen: stiffness modulus of the encasement (kN m-1)
kh: horizontal/radial hydraulic conductivity (m s-1)
ks	=	coefficient	of	permeability	in	the	smeared	zone	(m	s-1)
kv: vertical hydraulic conductivity (m s-1)
K0:	coefficient	of	at-rest	earth	pressure	(-)
K0*:	modified	coefficient	of	at-rest	earth	pressure
Ka:	coefficient	of	active	earth	pressure	(-)
Kp:	coefficient	of	active	earth	pressure	(-)
Lcol: column’s length (m)
Lenc: length of encasement (m)
m: hyperbolic power law (-)
mv	=	coefficient	of	volumetric	compressibility	(m2 kN-1)
n: stress concentration factor (-)
ng: Poisson’s ratio of the geosynthetic (-)
p*: effective vertical stress in middle of soft soil layer (kPa)
pref: reference effective vertical stress (kPa)
Ph: lateral force acting on the pile (kN m-1)
q: vertical applied load (kN m-2)
rc: column’s radius (m)
rgeo: original encasement radius (m)
R:	radius	of	the	influence	area	(m)
RFamb: reduction factor for chemical and environmental damages (-)
RFdm: mechanical damage reduction factor (-)
RFf: creep reduction factor (-)
RFjoint: reduction factor for joints/seems (-)
s: column center to center spacing (m)
S: settlement (m)
Sc: settlement on encased column (m)
Smr = ds/dc = ratio between the smeared zone diameter (ds) and the column’s diameter (dc) (-)
Ss: settlement on soft soil (m)
St: clay sensitivity (kPa)
Su: undrained shear strength (kPa)
t: time (day)
T: geosynthetic tensile force (kN m-1)
Trm:	modified	time	factor	(-)
U: degree of consolidation (-)
wn: natural water content (%)
wL: liquid limit (%)
wp: plastic limit (%)
z: depth (m)
γ′:	submerged	unit	weight	of	soft	soil	(kN	m-3)
γ′c:	column	fill	material	submerged	unit	weight	(kN	m-³)



Symbols xvii

γn: natural unit weight of soil or gravel (kN m-3)
γsat: saturated unit weight of soil (kN m-3)
γw:	specific	unit	weight	of	water	(kN	m-3)
δh,max: maximum horizontal displacement (m)
δv,max: maximum vertical displacement (m)
Δrc: column radial/horizontal deformation (m)
Δrgeo: encasement radial/hoop deformation (m)
Δu:	excess	pore	water	pressure	(kPa)
Δσ0: total applied embankment load (kPa)
Δσ0: total applied stress (kPa)
Δσ3,geo: horizontal (radial) stress supported by geosynthetic (kPa)
Δσh,c: increase in horizontal stress on top of the column (kPa)
Δσh,diff: horizontal stress acting on the geosynthetic (kPa)
Δσh,geo: encasement horizontal stress (kPa)
Δσh,s: increase in horizontal stress on top of the surrounding soil (kPa)
Δσv,c: increase in vertical stress on top of the column (kPa)
Δσv,s: increase in vertical stress on top of the surrounding soil (kPa)
εr: radial/hoop strain in geotextile encasement (%)
σ0 = in situ vertical stress (kPa)
σ1: major vertical stress (kPa)
σ3: minor horizontal (radial) stress (kPa)
σ′vm: over consolidation stress (kPa)
υ:	Poisson’s	ratio	(-)
ϕ′:	drained	angle	of	friction	(o)
ϕc: friction angle of column material (o)
ϕ′s: soft soil effective friction angle (°)
ϕ′sub: equivalent friction angle of the encased column in plane strain condition (o)
ψc: dilatancy angle of column material (o)
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1.1  Introduction

The design and construction of the structures on soft soil deposits have been, historically, a 
challenge for the geotechnical engineers so that serviceability and limit state conditions as 
well as cost and time schedule are properly addressed. In order to meet these requirements, 
a great variety of construction methods is available. These may include, for instance, soft 
soil	replacement,	basal	embankment	reinforcement,	use	of	lightweight	fill	material,	prefab-
ricated vertical drains and surcharge or vacuum to accelerate settlements, stage construction, 
use of granular stone columns, or different alternatives of soil cement mixture such as deep 
mixing or pile embankments with basal reinforcement (Almeida and Marques, 2013).

Among all available construction methods, the soft ground treatment with stone columns is 
one of the most widely adopted for reducing settlement and improving stability and load capacity 
(Poorooshasb and Meyerhof, 1997; Greenwood, 1970). However, when stone columns are installed 
in	extremely	soft	soils,	they	may	not	provide	significant	load	capacity	owing	to	low	lateral	soil	con-
finement.	McKenna	et al. (1975) reported cases in which the stone column was not restrained by the 
surrounding soft clay, which led to excessive bulging and soft clay squeezing into the voids of the 
stone aggregates, reducing the bearing capacity of the stone column as well as its drainage capacity.

The use of traditional stone columns is usually limited to the values of soft soil und-
rained strength Su	around	15	kPa	(EBGEO,	2011),	thus	confining	the	stone	column	with	a	
high-tensile-stiffness geosynthetic encasement (Raithel et al., 2002; Alexiew et al., 2005; Di 
Prisco et al.,	2006;	Murugesan	and	Rajagopal,	2006)	can	overcome	this	difficulty.	There	are	
also limited reports (Wehr, 2006; Yee and Raju, 2007) that the soft soils with Su values lower 
than 15 kPa have been treated with traditional stone columns.

Ghionna and Jamiolkowski (1981) and Van Impe and Silence (1986) were probably the 
first	to	recognize	that	columns	could	be	encased	by	geotextiles.	They	produced	an	analytical	
design technique to assess the required geotextile tensile strength, thus an ultimate limit state 
(ULS) analysis. Details on this technique were also provided by Kempfert et al. (1997). In 
addition, Raithel and Kempfert (2000) produced an overall design calculation method for 
analyzing the service limit state; say assessing column and soft soil settlements based on 
the geotextile radial tensile stiffness. An update, including use on recent projects in Europe, 
was provided by Raithel et al. (2005); Alexiew et al. (2005); Alexiew and Thomson (2014); 
andAlexiew and Raithel (2015) and in South America by De Mello et al. (2008).

1.2  General principles

The general scheme of the bearing system with geosynthetic encased columns (GECs), 
developed in Germany in the mid-1990s, is depicted in Figure 1.1. The encasement used for 
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the columns commonly consists of a woven geotextile with high-tensile modulus and low 
creep	coefficient,	which	results	in	favorable	drainage	characteristics	of	the	granular	column	
and	low	strains	in	the	geotextile.	The	column	filling	material	can	be	sand	or	gravel;	the	latter,	
however, provides higher overall stiffness of the encased column, but has to be compatible 
with the geosynthetic material used to prevent its damage. In addition, the use of granular 
spoilage is possible in some cases. The geosynthetic encasement also controls the column 
diameter, minimizes material losses, increases overall column stiffness, and avoids granular 
column contamination, thus preserving the drainage features.

Due to the higher stiffness of the GECs, load concentration (arching) occurs, thus reduc-
ing the vertical stresses on the soft foundation soils. The vertical load on a GEC generates 
also horizontal radial normal stresses outwards and radial widening of the column. This 
consequently	 results	 in	 counter-pressure	 from	 the	 surrounding	 soft	 soils	 and	 a	 confining	
resistance from the encasement, the latter being the key difference from “conventional” 
stone	columns.	The	mobilized	confining	ring	tensile	force	Tmob in the encasement depends 
on its tensile stiffness (modulus J) and hoop strain. The tensile force Tmob and the corre-
sponding radial strain (elongation) control the radial behavior and consequently the vertical 
performance of the GEC in terms of settlement and bearing capacity. The less the GEC 
compresses, the higher is the embankment load supported by the GEC and the smaller is the 
vertical stress taken by the soft soils in between GECs.

1.3  Applications (Alexiew and Thomson, 2014)

GEC may be applied in soft soil deposits with values of undrained strength Su lower than 
30 kN m–², being better suited for Su values lower than 15 kPa. However, it is also possible 
to apply GEC in the case of Su values as low as 5 kPa. The main range of interest of GEC 
are soft soils with constrained modulus Eoed between 0.5 and 3.0 MPa and their thickness 
from 8 to 30 m. The minimum recommended embankment height above the GECs is 1.5 m.

The range of settlement values compensated during the construction stage in GEC 
applications is usually 0.1–0.5 m. Moreover, as the GECs work as “mega-drains,” primary 
consolidation and settlements occur relatively quickly in comparison with prefabricated 
vertical drains. Post-construction settlements in GEC applications are usually quite small, 

Figure 1.1  (a) Scheme of GEC (Murugesan and Rajagopal, 2006); (b) outline of an embankment on soft 
soil over GECS (Alexiew and Thomson, 2014)
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and differential settlements are inexistent when the embankment height is above the critical 
height.

GECs are quite suitable in the case of foundations sensitive to lateral thrust such as 
piles in the vicinity of high embankments, stock piles, or other directly founded loads. GECs 
have also been applied in seismic areas for keeping the integrity of granular columns under 
“shearing” seismic impact. A further application of GECs is for existing railway embank-
ments being upgraded for higher speed trains, as GECs increase their dynamic stability 
(Alexiew et al., 2015).

1.4  Execution methods

Encased columns can be installed with or without lateral displacement of the soft soil, 
thus two different methods are generally available with regards to the GEC construction 
technology.

The	first	 technique,	 as	 shown	 in	Figure	1.2,	 is	 the	displacement	method,	 in	which	a	
closed-tip steel pipe is driven down into the soft soil followed by the insertion of the circu-
lar	woven	geotextile	and	sand	or	gravel	fill	in	the	sequence.	The	tip	opens	when	the	pipe	is	
pulled upwards under optimized vibration designed to compact the column.

The displacement method is commonly used for very soft soils (e.g., Su < 15 kN m–²). 
GECs executed with the displacement of soft soil usually have a diameter of approximately 
0.80 m, and the diameter of the geotextile is ideally equal to the inner tube diameter (Alex-
iew et al., 2003). The column spacing ranges typically between 1.5 and 2.5 m and the tensile 
stiffness modulus (J) of the geotextile generally varies between 1500 and 6500 kN m–1.

The second construction technique is the replacement method with excavation of the soft 
soil inside the pipe. With the replacement method, an open steel shaft is driven deep into the 
bearing layer and the soil within the shaft is removed out by augering, as illustrated in Figure 1.3. 
The replacement method is preferred for soils with relatively higher penetration resistance, 
or when vibration effects on nearby buildings and road installation have to be minimized.

Figure 1.2 Displacement method for GEC installation (Alexiew et al., 2005, after Huesker)
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1.5  Material properties selection

1.5.1  Soft soil

The design of GECs-supported embankments requires high-quality soft soil parameters to be 
obtained	in	a	well-specified	and	controlled	site	investigation	program.	This	includes	in situ 
and laboratory tests performed on good quality undisturbed soft soil samples. Among the 
soft soil parameters, the compressibility characteristics, the stress history, and the strength 
properties are those that mainly control the settlement and stability of the embankment over 
soft soil deposit.

The Standard Penetration Test (SPT) is the dominant in situ test for preliminary soil 
investigation, but very often, it is complemented by other in situ and laboratory tests. The 
Vane Shear Test (VST) is usually employed to determine the in situ undrained strength and 
clay sensitivity. The Piezocone Test (CPTu), with pore pressure measurements, is particu-
larly effective for soft clays, as it allows the estimation of both strength and consolidation 
characteristics, which are key properties of such soft soils (Lunne et al., 1997; Schnaid, 
2005; Robertson and Cabal, 2015). In addition, the CPTu provides the soil stratigraphy, as 
well as an estimation of the stress history.

Table 1.1 summarizes the tests usually performed and the soft soil parameters obtained 
from	each	test.	The	parameters	shown	in	Table	1.1	are	defined	in	the	list	of	symbols.

Casing is 
pushed into 
the soft soil, 
resting on a
rigid layer

Helical auger 
is used to 
remove the 

soft soil 
inside the 

casing

Geosynthetic 
sleeve is 

placed inside 
the empty 

casing

Geosynthetic 
sleeve is filled 

with 
aggregate 
through a 

funnel

Casing is 
raised around 
the encased 

granular 
column

Geosynthetic 
encased 
granular 

column is 
completed

Figure 1.3 Replacement method for GEC execution (Gniel and Bouazza, 2010)
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1.5.2  Granular column material

The	geotechnical	properties	of	the	granular	column	fill	material	can	be	determined	by	com-
mon laboratory tests such as direct shear or triaxial tests, thus allowing to obtain the param-
eters to be used in either numerical or analytical calculations. These tests, however, are 
performed very often.

For GEC executed with stone columns, the gravel should be clean, preferably crushed 
stone, hard, and free from organics or other deleterious materials, and its degradation using 
the Los Angeles testing machine should be less than 45% loss and its grain size should be 
between 12 and 75 mm (Castro, 2017).

The relative density of the gravel in the stone columns is not usually measured and may 
vary along the length of the column, in a similar manner as the column diameter. A proper 
stone column construction should achieve relative densities of the gravel above 75% (Barks-
dale	and	Bachus,	1983).	The	friction	angle	of	the	columns	(ϕc)	has	a	notable	influence	on	the	
results of a stone column treatment and limits up to 50°.

The Young’s modulus of the columns is usually between 25 and 100 MPa and varies 
with	the	granular	material	used	and	the	confining	pressure.	A	hyperbolic	power	law	“m”	is	
sometimes used to reproduce the stress-dependent stiffness of the granular columns (nor-
mally around 0.3). Table 1.2 lists the material properties reported in the literatures to model 
the behavior of the encased columns in the numerical analyses (Castro, 2017; Hosseinpour, 
2015).

1.5.3  Geosynthetic encasement

The	geosynthetic	encasement	can	be	modeled	as	a	flexible	membrane	not	supporting	com-
pressive stresses with a negligible thickness, which behaves as a linear elastic material with 
a modulus of Jg ranging from 1500 to 6000 kN m–1.

The tensile strength is usually reached for circumferential strains of around 5–10%, 
which implies strength values of 100–300 kN m–1 (Alexiew and Raithel, 2015). It is common 

Table 1.2 Parameters to model the encased column in the numerical analyses

Reference ϕc (
o) ψc (

o) Ec (kPa) υ (–) γsat (kN m–3)

Malarvizhi and Ilamparuthi (2007) 48 4 9 0.3 16
Yoo (2010) 40 10 40 0.3 23
Almeida et al. (2013) 38 50 15.5 0.3 18
Hosseinpour et al. (2015) 40 – 80 – 20
Alexiew and Raithel (2015) 32.5 0 – – 20
Khabbazian et al. (2015) 35 0 30 0.2 –
Chen et al. (2015) 38 10 40 0.3 22
Castro (2017) 32.5 5 50 0.33 20
Ayadat and Hanna (2005) 40 5 76.5 0.3 19
Murugesan and Rajagopal (2006) 40 5 85 0.3 18.5
Lo et al. (2010) 38 0 85 0.33 20
Keykhosropur et al. (2012) 32.5 2.5 50 0.3 19

Ec: column elastic modulus; γsat: saturated unit weight; υ: Poisson’s ratio; ϕc: column friction angle; ψc: dilation angle.
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for geosynthetics to be anisotropic, and then different properties should be input for each 
direction. Some other geosynthetic features, such as creep and damage during installation, 
are usually considered through reduction factors. In the recent numerical analyses (Liu et al., 
2017) in which the geosynthetic material was modeled as a continuum element of small 
thickness, it was found that it is necessary to ensure that it does not support compressive 
stresses, and hence, bending moments. Little attention is usually paid to the Poisson’s ratio 
of the geosynthetic (ng), but it may have important consequences on the results (Castro, 
2017). Common geosynthetics for column encasement are woven geotextiles. For woven 
geotextiles, the two directions work nearly independently; so, it seems logical to use values 
of the Poisson’s ratio close to zero. Soderman and Giroud (1995) propose values of ng = 0.1 
for woven geotextiles and ng = 0.35 for non-woven geotextiles.



http://taylorandfrancis.com


2.1  Overview

This chapter is focused on the design and analysis of the geosynthetic encased columns 
(GECs). As in any geotechnical structure, the design procedure has to consider two main 
aspects:

a.	 Serviceability	Limit	State	(SLS)	design	or	“vertical”	design:	define	the	GEC	layout	and	
characteristics to meet the allowed settlement criteria. This criterion also includes the 
verification	of	encasement	tension	failure	(ULS	design);

b. Ultimate Limit State (ULS) design or “global” stability design: assessment of the global 
failure of the embankment-GECs-soft soil system.

In this chapter, an analytical method used for the vertical design and analysis of the GECs-
treated soft foundation is introduced. An analytical solution for prediction of the time-
dependent settlement is also presented. In addition, and for the purpose of global stability, 
stability analysis of embankments over GECs is also explored.

2.2  Vertical design: “general principles”

The most commonly used method for the design of GEC systems was proposed by Raithel 
(1999), which later was complemented by Raithel and Kempfert (2000). Other calculation 
methods were subsequently proposed by many researchers (e.g., Castro and Sagaseta, 2010; 
Zhang et al., 2011; Pulko et al., 2011; Castro and Sagaseta, 2013; Zhang and Zhao, 2015), 
which	are	also	summarized	briefly	in	this	chapter.	Raithel	and	Kempfert’s	(2000)	method	
is derived from the solution presented by Ghionna and Jamiolkowski (1981), which was 
the	first	one	developed	for	the	analysis	of	stone	columns’	improved	foundation.	Later,	Van	
Impe and Silence (1986) presented a methodology for this type of calculation including an 
Ultimate Limit State analysis without considering the encasement strains or the deforma-
tions and settlements. Raithel and Kempfert’s (2000) method complements both the meth-
odologies presented in 1981 and 1986 considering the geosynthetic strains and settlements. 
This developed procedure was then implemented in EBGEO’s (2011) recommendation with 
some	small	modifications.	It	is	probably	nowadays	the	most-used	solution	for	vertical	design	
and analysis of GEC systems.

The Raithel and Kempfert (2000) method utilizes the unit cell concept, in which each 
column is responsible for the equilibrium of a portion of soil surrounding a single encased 

Chapter 2

Design methods
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Figure 2.1 Unit cell idealization: AC = column area and AE = unit cell area

column. The designed values provided through iterations are (a) tensile force in the geo-
synthetic	encasement;	(b)	settlement	separately	on	the	soil	and	encased	column;	(c)	specific	
circumferential strain in the geosynthetic encasement; (d) vertical stress on the top of the 
encased column; and (e) vertical stress on the top of the soft soil. This method considers the 
following hypotheses through the calculation process:

•	 The	settlements	occurring	in	the	firm	layer	(where	the	columns	rest)	are	disregarded;
• The settlements of the column and the surrounding soft soil are equal;
•	 The	columns	mobilize	the	active	state	condition,	thus	the	coefficient	of	active	thrust,	

Kac, is applied;
•	 When	the	columns	are	installed	using	the	replacement	method,	the	at-rest	coefficient	of	

thrust is applied to the soil Ks = K0,s	=	1	-	sin	ϕ′;	if	the	displacement	method	is	used,	the	
lateral	thrust	coefficient	is	increased	in	relation	to	the	at-rest	coefficient	of	thrust,	Ks = 
K*0,s.	Both	coefficients	are	relative	to	the	instant	before	embankment	construction;

• The geosynthetic encasement has a linear-elastic behavior;
• Calculations consider the soft soil long-term drained behavior (thus, effective stress 

parameters apply) because the maximum settlement and tensile force in the encasement 
occur for this condition.

It	is	observed	that	the	use	of	increased	coefficient	of	thrust	K*0,s (2–3 times K0,s) can result in 
zero	tension	values	on	the	geosynthetic	encasement.	It	means	that	the	soil	suitably	confines	the	
columns, which then no longer require the restriction promoted by the encasement. This soil-
confining	effect	of	K*0,s, however, may cease over time due to the phenomenon of stress relaxation 
occurring in the soft clay. Therefore, in the design, the value of K0,s (K0 without increase) should 
be used conservatively even when using the displacement method for encased column installation.

The area replacement ratio (aE = Ac/AE)	 is	 initially	defined,	which	 is	 the	relationship	
between the column area Ac and	its	influence	area	AE, i.e., the area of the unit cell, as sche-
matically shown in Figure 2.1 for a group of encased columns installed in a triangular pattern.

The	area	of	influence	AE is calculated by means of Equation (2.1), and the value of de 
(diameter	of	the	area	of	influence)	is	taken	as	1.05s	(for	triangular	mesh),	1.13s	(for	square	
mesh), and 1.29s (for hexagonal mesh), where “s” is the center-to-center spacing between 
the	columns.	In	this	way,	the	area	of	influence	is	given	by:

A
d

E
e=π
2

4
 (2.1)
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The column cross-sectional area Ac is simply calculated using the column diameter, dc, 
which is typically equal to 0.80 m, but may vary as required. Figure 2.2 illustrates the tri-
angular, square, and hexagonal meshes used in design. The square mesh pattern is the most 
commonly used, followed by the triangular one.

2.3  Vertical design: “analytical calculation”

The analytical model developed by Raithel (1999) and Raithel and Kempfert (2000) uses 
the unit cell concept, thus addressing the problem in the condition of axial symmetry with 
boundary conditions illustrated in Figure 2.3. A singular encased column and its surround-
ing soil are analyzed and the vertical stress equilibrium is developed, thus allowing to 
calculate the vertical and horizontal deformations separately on the encased column and 
surrounding soil.

Figure 2.2  Common columns installation pattern: (a) hexagonal; (b) square; (c) triangular patterns 
(adopted from Balaam and Booker, 1981)
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2.3.1  Equilibrium: “stresses and forces involved”

The	total	stress	equilibrium	between	the	embankment	load	Δσ0 and the vertical stresses act-
ing	on	the	column	Δσv,c and	the	soil	Δσv,s is described by Equation (2.2) as follows:

∆ ∆ ∆σ σ σ0 . . .( ), ,A A A AE v c c v s E c= + −  (2.2)

where:
Δσ0	=		embankment	total	vertical	stress,	equal	to	the	embankment-specific	weight	times	

the height of embankment;
Δσv,c = vertical stress on top of the column;
Δσv,s = vertical stress on top of the surrounding soil.

Figure 2.3 Unit cell model of encased granular column after Raithel and Kempfert (2000)
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The	vertical	stress	due	to	embankment	loading	(Δσ0) and the unit weight of the surrounding 
soil and column material produces an increase in the horizontal (radial) stresses in the col-
umn	and	the	surrounding	soil,	called	Δsh,c	and	Δσh,s,	respectively.	The	values	of	σv,0,c and sv,0,s 
are the initial in situ vertical stresses in the column and the soil, respectively. These variables 
are presented in Equations (2.3) and (2.4). The value of K*0,s shown in in Equation (2.4) must 
be replaced by K0,s if the excavation method is used.

∆ ∆ ∆σ σ σh c v c a c v c a cK K, , , , , ,. .= + 0  (2.3)

∆ ∆ ∆σ σ σh s v s s v s sK K, , , , , ,
*. .= +0 0 0

 (2.4)

The hoop (“ring”) force developed on the geosynthetic encasement is given by F, which is 
calculated based on the hoop strain and the tensile stiffness modulus J of the geosynthetic 
encasement, provided by the manufacturer (Equation (2.5)). Note that J is time-dependent 
due to encasement creep and decreases with time (i.e., J = J(t)). The hoop strain can be 
calculated	from	the	variation	of	the	geosynthetic	encasement	radius	(Δrgeo) and the original 
encasement radius (rgeo), as shown in Equation (2.5). The circumferential force given by 
Equation (2.5) can be transformed into horizontal (radial) stress acting on the geosynthetic 
encasement	Δσh,geo, as shown in Equation (2.6).

F J
r

r
geo

geo

= .
∆

 (2.5)

∆σh geo
geo

F

r, =  (2.6)

Equation	(2.7)	defines	the	value	of	Δσh,diff, which is the net horizontal stress resulting from 
the	horizontal	stress	acting	on	the	column	(Δσh,c), the horizontal stress on surrounding soil 
(Δσh,s),	and	the	horizontal	stress	developed	on	the	geosynthetic	encasement	(Δσh,geo).

∆ ∆ ∆ ∆σ σ σ σh diff h c h s h geo, , , ,( )= − +  (2.7)

This	stress	difference	Dσh,diff causes the column to expand. The radial horizontal deformation 
Δrc and the settlement on soil Ss can be calculated according to Equations (2.8) and (2.9), 
respectively, noting that the method considers the column settlement (Ss) as equal as the 
settlement on surrounding soil (Ss). Equation (2.8) is resulting from the approach of Ghionna 
and Jamiolkowski (1981) for calculation of the horizontal deformation of a hollow cylinder 
subjected to vertical loading.

∆
∆

r
E a

rc
h diff

E
c= −
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vs = Poisson’s ratio of soft soil; and
Eoed,s = constrained modulus of soft soil.

S
E E

hs
v s

oed s

s

s
h diff= −

−











∆
∆

σ ν
ν

σ,

,
* ,. . . .2

1

1 0  (2.9)

h0 = initial column’s length.

∆ ∆r r r rc geo geo c= + −( )  (2.10)

r0 = initial radius of the column.

Equation (2.10) is obtained from a purely geometric correlation. Thus, the incremental cal-
culation of the settlement must be done by updating the values of h0 and r0. The variation of 
the	radius	of	the	column,	Δrc, is given by Equation (2.11) as follows:

E E
p c

poed s oed ref
ref

m

, ,

*

.
.cot

=
+ ′








φ  (2.11)

Based on the intrinsic hypothesis of the method, the settlement at the top of the column is 
equal to the settlement in the surrounding soil, Equation (2.12):

Sc = Ss (2.12)

According to the assumption given by Equation (2.12), Equation (2.13) is obtained with the 
variable	Δrc given by Equation (2.14).
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 (2.14)

where:
Ka,c = active earth pressure of column material.

Substituting	Equation	 (2.14)	 in	Equation	 (2.13),	only	 the	value	of	ΔσV,S is indeterminate; 
Equation (2.13) must then be solved by an iterative process. In Equations (2.13) and (2.14), 
the value of J is the (time-dependent) “ring” tensile stiffness modulus of the geosynthetic 



Design methods 15

encasement. For design purposes, rc = rgeo can be used in Equations (2.11), (2.13), and (2.14), 
assuming the encasement’s radius is equal to the column’s radius.

2.3.2  Soil constrained modulus Eoed,s

The value of the soil constrained modulus (Eoed,s) can be determined as a function of the 
vertical effective stress level in the middle of the soil layer, p*, as shown in Equation (2.15).

E E p poed s oed ref ref
m

, ,
*.( / )=  (2.15)

where:
Eoed,ref = reference constrained modulus of soil (see Fig. 2.4);
p* = effective vertical stress in middle of soft soil layer (see Equations (2.16) and (2.17));
pref = reference effective vertical stress (see Fig. 2.4);
m	=	exponent	coefficient.

The value of p* to be considered can be a function of the vertical effective stress in the soil 
before loading (p1

*) and vertical effective stress in the soil after loading (p2
*), that is, before 

applying	Δσ0 (p1
*)	and	after	applying	Δs0 (p1

*). The value of p* can be obtained by either Equa-
tion (2.16) or Equation (2.17). Equation (2.16) results in the net loading applied, and its use 
is preferred.

p
p p

p

p

*
* *

*

*ln

=
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2 1

2

1

 (2.16)

p
p p*

* *

=
+2 1

2  (2.17)

The value of the constrained soil modulus (Eoed,s) can also be obtained by means of Equation 
(2.18)	in	order	to	consider	the	effective	cohesion	of	the	soil	c′.

E E
p c

poed s oed ref
ref

m

, ,

*

.
.cot

=
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φ  (2.18)

The	effective	cohesion	in	very	soft	soils	is	usually	quite	low,	thus	c′	=	0	is	a	common	
design hypothesis. For the example presented in Figure 2.4, it is seen that Eoed,s ≈	600	kPa,	
pref  ≈	100	kPa,	and	m	≈	0.86.	It	should	be	noted	that	Raithel	(1999)	and	Raithel	and	Kemp-
fert (1999) present a procedure to consider multiple soil layers.

Although Raithel and Kempfert’s (2000) method considers an equal settlement 
on column and soil, these settlements have shown to slightly differ from the numeri-
cal analyses and field measurements (Alexiew et al., 2012; Raithel et al., 2012). The 
results obtained by the analytical method, however, provided a good general agreement 
with results of numerical analysis and field data (e.g., Almeida et al., 2013; Riccio 
et al., 2012).
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2.3.3  Geosynthetic tensile force

The geosynthetic tensile force obtained by Equation (2.5) must be compared with the allow-
able tensile force of the geosynthetic material (Fall) that is the maximum tension that the 
geosynthetics withstands in the long term. Reduction and safety factors have to be applied 
as presented in Equation (2.19) to evaluate Fall from F0.

F
F

RF RF RF RF FOSall
f dm amb jo

= 0

. . . .int

 (2.19)

where:
F0						  =		tensile	resistance	in	quick	wide	strip	test	(nominal	resistance	from	catalog,	it	

is often also called UTS – Ultimate Tensile Strength);
RFf				 =	reduction	factor	for	creep;
RFdm		 =	reduction	factor	for	mechanical	damage;
RFamb	 =	reduction	factor	for	chemical	and	environmental	damages;
RFjoint  = reduction factor for joints/seams, if exists;
FOS	     =		factor	of	safety	accounting	for	uncertainties	in	production	and	data	

extrapolation.

Information regarding reduction factors and typical values can be found, e.g., in German 
Recommendations EBGEO (2011) and British Standard BS 8006 (2010). Note that they 
can differ for various polymers and types of encasements; thus, precise values have to be 
provided by the geosynthetic manufacturer. The same is valid for the time-dependent ring 
tensile stiffness J.

2.4  Vertical design: consolidation analysis

In section 2.3, an analytical calculation was presented allowing computing the maximum 
settlement (Sc = Ss) of an embankment over a GEC system. However, in most cases it is 
important to determine the settlement development over time during both the embankment 

Figure 2.4 Variation of constrained modulus with vertical stress – values of Eoed,s, Pref, and m
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construction and the post-construction periods due to consolidation. Han and Ye (2002) 
developed an analytical method to calculate the degree of consolidation, originally proposed 
for the ordinary stone columns (Barron, 1948), but it could be applied to the encased col-
umns,	since	the	geosynthetic	encasement	allows	for	water	flow.

Han and Ye (2002) assume the following hypotheses to develop their formulation:

•	 There	is	no	vertical	flow	of	water	in	the	surrounding	soil,	either	in	the	smeared	zone	or	
in the intact zone;

•	 Each	column	has	a	circular	area	of	influence,	and	the	granular	columns	are	completely	
saturated, as is the surrounding soil;

• The granular column and the surrounding soil deform vertically, and the vertical defor-
mations of both are equal, occurring in any depth;

•	 The	coefficients	of	compressibility	of	the	smeared	and	non-smeared	zones	are	equal;
• The loading is applied instantly and considered constant during the consolidation period;
• The vertical stresses inside the columns and in the surrounding soil are considered uni-

form and constant along the depth;
• The excess pore pressure inside the column is uniform and constant along the radius column;

The settlement over time, S(t), can be calculated by Equation (2.20) through:

S t S U tc( ) . ( )=  (2.20)

where:
Sc  =  settlement on column or on surrounding soil (Ss = Sc) calculated as shown in 

section 2.3 considering the time-dependent tensile modulus J = J(t) for a given 
time;

U(t)	=		U	=	degree	of	consolidation	due	to	radial	water	flow	at	a	given	time	calculated	
using Han and Ye’s (2002) method as follows:

U eF
T

m
rm

= −
−
′1
8

.

 (2.21)

where:
′Fm  = consolidation function (see Equation (2.24));

Trm	=	modified	time	factor.

The	value	of	the	modified	time	factor	(Trm) is determined by Equation (2.22) and is depen-
dent	on	the	modified	radial	consolidation	coefficient	(crm), given by Equation (2.23).

T
c t

drm
rm

e

=
.

2
 (2.22)

where:
de = diameter of the unit cell (see Fig. 2.2);
t = time elapsed after application of the load; and
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Where:
kr		    =	soil	horizontal	(or	radial)	permeability;
γw	       =	specific	unit	weight	of	water;
mv,c	=	volumetric	compressibility	coefficient	of	column;
mv,s	=	volumetric	compressibility	coefficient	of	surrounding	soil;
aE	       =	area	replacement	ratio	as	defined	earlier;
cr	         =	coefficient	of	horizontal	consolidation	(due	to	radial	flow);
ns	      =		stress	concentration	factor	–	relation	of	the	vertical	stress	on	top	of	the	column	

and vertical stress on the top of the surrounding soil at the end of primary 
consolidation. According to the Han and Ye (2002), ns can also be expressed 
as	the	ratio	between	the	volumetric	coefficients	of	soil	and	column,	i.e.,	ns = 
mv,s/mv,c. The recommended value for ns, considering encasement effect, in the 
relation	given	by	Δσv,c/Δσv,s, can be precisely estimated by EBGEO (2011).

N	        =		ratio	between	the	diameter	of	the	unit	cell	and	the	diameter	of	the	column,	N	=	
de/dc.

The variable ′Fm appearing in Equation (2.21) is determined as follows:
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where:
ks					=	permeability	coefficient	of	soil	in	the	smeared	zone;
kc				 =	permeability	coefficient	of	column	material;
H					=	longest	drainage	path	due	vertical	flow;
Smr =  ds/dc = ratio between the smeared zone diameter (ds) and the column’s diameter (dc).

As shown above, the formulation presented by Han and Ye (2002) does not consider the 
additional	contribution	of	the	vertical	drainage,	which	is	relatively	small,	as	the	water	flow	
in the vertical direction is much smaller than in the radial direction.

2.5  Vertical design: column layout

The effect of the column layout is analyzed in this section. A comparison between the trian-
gular (de = 1.05s), square (de = 1.13s), and hexagonal (de = 1.29s) meshes is presented, where 
de	is	the	diameter	of	influence	area	and	s	the	spacing	between	axes	of	columns,	as	shown	in	
Figure 2.2. The area replacement ratio aE will	affect	significantly	the	foundation	settlement	
and the hoop tensile force developed in the geosynthetic encasement, and the cost of the 
foundation is directly related to the area ratio aE. The greater the aE the higher the cost, as 
more columns need to be implemented.

Column	spacing,	s,	can	be	defined	from	the	desired	area	ratio,	column	diameter,	and	
type of mesh to be adopted (triangular, square, or hexagonal). In Equation (2.25), the area 
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of	influence	aE is presented as a function of the column area Ac and the area replacement 
ratio aE.

A
A

aE
c

E

=  (2.25)

This results in Equation (2.26) as follows:

d
d
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E

2
2

=  (2.26)

In this way, Equation (2.26) results in Equation (2.27):

s s
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c

E

2 2
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. =  (2.27)

The value of s is given by:

s
d

s a
c

m E

= .
1  (2.28)

Figure 2.5 shows the required column spacing to produce the area ratios equal to 0.10, 0.20, 
and 0.30 considering different mesh layouts. The results are presented for the column diam-
eter (dc)	equal	to	0.80	m.	It	is	observed	that	the	triangular	mesh	is	the	most	efficient	pattern	
because it is possible to achieve the desirable area ratio (aE) with larger spacing compared 
with square and hexagonal layouts.

Figure 2.6 presents results of settlements as function of different values of area ratio (aE) 
and	using	parameters	presented	in	Tables	2.1	and	2.2.	In	this	figure,	the	soft	soil	thickness	
(Hs) is 8.0 m, the tensile stiffness modulus (J) is 2000 kN m–1,	and	the	imposed	load	(Δσ0) 
is 100 kPa. It is observed that the increase of aE	results	in	significant	reduction	of	settlement	
and	its	influence	is	more	pronounced	when	aE value varies between 0.10 and 0.20.
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Riccio et al. (2016) analyzed a hypothetical case of an embankment over encased col-
umns with parameters presented in Tables 2.1 and 2.2. The soil parameters used are typical 
of the west zone of the city of Rio de Janeiro, and the imposed loads (embankment height 
multiplied	by	the	natural	specific	weight	of	the	embankment)	are	variables.	The	parameters	
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Figure 2.6  Settlements as function of area ratio aE, where: Hs = 8.0 m; J = 2000 kN m–1; Δσ0 = 100 kPa; 
other parameters as presented in Tables 2.6 and 2.7

Table 2.1 Parameters of soft soil and column fill (Riccio et al., 2016)

Parameter Value

′cs (soft soil effective cohesion) 2.0 kPa

′φs (soft soil effective friction angle) 28º

Eoed,s,ref (reference constrained modulus of soft soil) 1000 kPa
vs (Poisson’s ratio of soft soil, drained condition) 0.30
m (exponent, variation of Eoed,s with vertical effective stress) 0.84
Pref (reference vertical effective stress) 100 kPa

′γs (soft soil submerged unit weight) 4 kN m–³

′φc (effective friction angle of column filling material) 30º

′γc (column fill material submerged unit weight) 8 kN m–³

Table 2.2 Geometrical parameters (Riccio et al., 2016)

Parameter Value

aE (area ratio) 0.10; 0.20; 0.30
Hs (soft soil thickness) 4 m; 8 m; 16 m
J (geosynthetic stiffness modulus) 2000; 4000; 6000 kN m–1

rgeo (geosynthetic encasement radius) 0.40 m
rc (column radius) 0.40 m
s (columns center to center spacing) Variable
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of	 the	 column	fill	material	 are	 also	 typical	 for	 encased	granular	 column	 soil.	The	 “ring”	
stiffness modulus J of geosynthetic encasement was changed allowing a parametric analy-
sis. The calculations were performed by means of Raithel and Kempfert’s (2000) method 
described in section 2.3.

Figure	2.7	shows	the	variation	of	vertical	stress	on	surrounding	soil	(Δσv,s) as a function 
of soft soil thickness (Hs)	and	applied	load	(Δσ0) using parameters presented in Tables 2.1 
and 2.2. The area ratio, aE, is 0.30 and the stiffness modulus of geosynthetic encasement, J, is 
2000 kN m–1. As seen in Figure 2.7, the higher the soft soil thickness, the greater is the vertical 
stress acting on surrounding soil. Considering an applied load of 150 kPa, the vertical stress 
acting on soil is around 15 kPa for a soft soil thickness of 4.0 m; on the other hand, for a soft 
soil thickness equal to 16.0 m, the vertical stress on soft soil is around 25 kPa. Therefore, the 
GEC column has the effect of reducing the vertical stress on soil. This effect will be more 
pronounced by increasing the stiffness modulus (J) (Riccio et al., 2016).

In	Figure	2.8,	variation	of	soil	vertical	stress	Δσv,s is plotted as a function of aE and J, 
while soil thickness and imposed load are kept constant at 8.0 m and 100 kPa, respectively. 
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Figure 2.7  Vertical stress on soil (Δσv,s) as a function of loading (aE = 0.30, J = 2000 kN m–1), Riccio et al. (2016)
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As seen, both a higher area ratio aE and modulus J reduce the total soil vertical stress, which 
is	plausible	from	the	engineering	point	of	view	and	corresponds	to	some	simplified	analyses	
in Alexiew et al.	(2005).	Note	that	the	benefit	of	increasing	aE in the range of 10–20% is more 
significant	than	for	aE	˃ 	20%.	This	corresponds	to	the	present	experience	from	executed	proj-
ects (Alexiew et al., 2012; Alexiew and Thomson, 2013; Alexiew et al.,	2016)	and	confirms	
recommendations in EBGEO (2011).

It should be noted that the choice of both aE and modulus J to control settlement and 
stability	is	a	matter	of	optimization,	as	similar	results	of	final	settlements,	for	instance,	can	
be achieved using different column layouts. Technical, economic, and environmental fac-
tors have to be taken into account inclusive of, e.g., total costs, number of installation rigs, 
construction time, and carbon footprint. More comments, details, and optimization recom-
mendations can be found in Alexiew and Thomson (2014).

2.6  Alternative calculation methods

Alternative methods for foundation designs of GEC systems were proposed by Pulko et al. 
(2011); Zhang et al. (2011); Castro and Sagaseta (2013); and Zhang and Zhao (2015). 
These methods are compared with Raithel and Kempfert’s (2000) method, as can be seen 
in Table 2.3.

2.7  Global stability: plane strain analysis

An important aspect of an embankment construction over soft soil treated with encased 
granular columns is to verify the stability of embankment by calculating the factor of safety. 
This	section	presents	a	method	for	a	2D	global	stability	analysis	using	either	the	finite	ele-
ment simulation or the limit equilibrium method. The numerical analysis here is performed 
based on the methodology proposed by Raithel and Henne (2000) and Tan et al. (2008) and 
successfully used by Hosseinpour et al. (2017).

Tan et al.	(2008)	proposed	a	simplified	methodology	for	2D	plane	strain	analysis	of	the	
conventional granular columns, in which the unit cell of granular column is converted into a 
wall to obtain the equivalent plane strain column width, as illustrated in Figure 2.9.

According to Tan et al. (2008), the following relationship is used to calculate the half of 
the column width bc in 2D plane strain simulation:

b B
r

Rc
c=
2

2
 (2.29)

where:
rc = radius of the column (see Fig. 2.9a);
bc = half of the width of the equivalent wall (see Fig. 2.9b);
R	=	radius	of	the	influence	area	(see	Fig.	2.9a);
B = half of the equivalent width in 2D plane strain condition (see Fig. 2.9b).

Equation (2.30) gives the relation between R and B, as follows:

R B=1 13.  (2.30)

This	approach,	however,	is	not	calibrated	for	the	influence	of	the	confining	support	provided	
by the geosynthetic encasement, thus the increase of column strength is not taken into account.
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In order to consider the contribution of the geosynthetic encasement in the shear strength 
of the columns, the proposal of Raithel and Henne (2000), recommended in EBGEO (2011), 
may	be	used.	In	this	proposal,	the	friction	angle	of	the	column	filling	material	(ϕ′)	is	replaced	
by an increased friction angle ( ′φsub),	which	takes	into	account	the	confining	effect	of	the	geo-
synthetic encasement. Figure 2.10 illustrates the Mohr circles obtained from the horizontal 
stresses located at a point on the border of the encased column. A similar concept (Malar-
vizhi	and	Ilamparuthi,	2008)	increases	c′	instead	of	ϕ′.

The	values	of	σ3,s,tot,	σ3,c,	and	Δσ1,c	shown	in	Figure	2.10	are	defined	as	follows:

•	 σ3,s,tot     =  total horizontal stress (or resulting stress) that acts in the soil due to compression 
of	the	column	and	relieved	by	the	confinement	produced	by	the	encasement;

•	 Δσ3,geo = horizontal (radial) stress supported by geosynthetic;
•	 σ3,c           = horizontal (radial) stress inside the column.

Figure 2.9  Tan et al. (2008) proposal for geometric transformation of 3D to 2D condition: (a) original 
condition (axisymmetric); (b) transformed condition (plane strain)

Figure 2.10  Horizontal stresses on the border of geosynthetic encased column (adapted from Raithel 
and Henne, 2000)
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The development of the solution assumes that the equilibrium of horizontal stresses is given 
by Equation (2.31) below:

σ σ σ3 3 3, , , ,s tot geo c+ =∆  (2.31)

The	solution	considers	the	relationship	between	the	major	stresses	(σ1,c, vertical stress) and 
minor	(σ3,c, horizontal stress) in the inner part of the column, Equation (2.32).

σ σ
φ
φ

φ
φ1 3

1

1
2

1, , .
sin

sin
.

cos

sinc c c=
+ ′

− ′
+ ′

′

− ′
 (2.32)

Considering the null cohesion and the relation given by Equation (2.31) yields:
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 (2.33)
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By developing Equations (2.33) and (2.34), the equivalent (or substitute) effective friction 
angle	 is	 calculated,	which	 considers	 the	 effect	 of	 confinement	 provided	 by	 geosynthetic	
encasement. The value of ′φsub is given by Equation (2.35) as follows:
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The	stresses	Δσ3,geo	and	σ3,c	can	be	obtained	by	Equation	(2.6)	(Δσh,geo) and Equation (2.3) 
(σh,c), respectively. Another way to obtain these stresses is by means of numerical analysis, 
in which the unit cell approach and axisymmetric type analysis is valid.

One	alternative,	instead	of	using	substitute	higher	c′	or	ϕ′,	is	to	perform	stability	analy-
ses using the higher pressure on top of GECs calculated from the vertical design, which then 
“automatically” increases the shear strength in the columns (Raithel et al., 2012). However, 
this option is more time consuming than calculations using the methods proposed by Raithel 
and Henne (2000) or Malarvizhi and Ilamparuthi (2008).

The ′φsub (or ′csub ) are the increased shear parameters to be considered for the granular 
filling	material	of	the	encased	columns	in	2D	plane	strain	analysis.	Therefore,	the	follow-
ing steps are suggested for global stability purposes (ULS via limit equilibrium methods or 
numerical analysis) and, if needed, for a more precise calculation of global deformations 
(numerical analysis, depending on the model):

• Perform the 3D geometry transformation to 2D condition by means of Tan et al.’s (2008) 
method proposed for ordinary column;

• Calculate the increased shear parameters ′φsub or ′csub . If necessary, the unit cell analysis 
should be performed to determine the required parameters;
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•	 Replace	the	original	ϕ′	or	c′	of	the	column	fill	(usually	c′	=	0)	by	 ′φsub as per Raithel and 
Henne’s (2000) or ′csub as per Malarvizhi and Ilamparuthi’s (2008) proposal;

• If necessary, divide the length of the column into sub-layers by obtaining more than one 
value for ′φsub or ′csub along the column’s length. This procedure should be adopted when 
there	is	a	significant	variation	of	Δσ3,geo	and	σ3,c along the length of the column. This 
approach becomes feasible when using numerical analysis.

If the global stability calculated shows a low factor of safety, the best way to improve the 
stability is to add a basal geosynthetic reinforcement on the top of the GECs (EBGEO, 
2011).

2.8  Final comments

2.8.1  Vertical and global designs

“Vertical” design (focusing on the Serviceability Limit State, SLS) and “global” design 
(focusing on the Ultimate Limit State, ULS) for embankments supported by GECs were 
discussed in this chapter. Vertical design allows for the calculations of settlements as well as 
tensile force in the geosynthetic encasement, and global design allows for global system sta-
bility and factor of safety calculations. Settlement calculations obtained from vertical design 
are referred to basal settlements, assumed equal by the analytical method used herein, which 
in fact is not observed in practice (Almeida et al., 2014).

If	the	design	is	related	to	a	fixed	embankment	top	elevation,	as	in	the	case	of	roads	and	
railways, then the embankment height needs to be increased to compensate for settlements. 
Therefore, vertical design calculations need to be performed again as embankment vertical 
stresses have increased, and this is in fact an interactive process (Almeida and Marques, 
2013). Often some surplus of height at the beginning of the embankment construction is 
a proper solution Alexiew et al. (2012). However, in some geotechnical problems, such as 
stockyards,	the	height	of	embankment	or	applied	vertical	stress	is	the	fixed	value	rather	than	
the embankment top elevation.

If the water level is close to ground level, embankment submergence may occur after 
settlement stabilization, thus applied embankment vertical stresses need to be corrected, 
resulting also in an interactive process (Almeida and Marques, 2013).

2.8.2  Differential surface settlements

No mention was given yet to differential settlements on the top of the embankment (sur-
face settlements) on GECs, which may be obtained, for instance, by numerical analyses. 
The critical height of embankment Hcrit, often used in relation to piled embankments, may 
be	defined	as	the	height	of	embankment	above	which	surface	differential	settlements	do	
not take place.

Numerical calculations have shown that the analytical equations used to compute the 
critical height of embankment for piled embankments may be satisfactorily adopted also for 
GEC-supported embankments (Carreira et al., 2016). This equation, proposed by McGuire 
et al. (2012) and based on experimental and numerical studies, is given by:

H s dcrit c= ′+1 15 1 44. .  (2.36)



Design methods 27

where:
dc	=		diameter	of	encased	column	as	defined	earlier;	and	s′	is	given	by	Equation	(2.37),	

for square mesh:

′ =
+

−s
s s dc

( )1
2

2
2

2 2
 (2.37)

where:
s1 = s2 are the spacing between the column axes.

Therefore, if a value of embankment height greater than Hcrit is used, no differential surface 
settlements will take place. This check is on the safe side, because the “pointed support” 
provided by GECs is “softer” in comparison to rigid columns, thus resulting in smaller 
settlement differences at any level.

2.8.3  Proposed steps for design

In conclusion, the proposed steps for the design of a GEC-supported embankment are:

a. Adopt a value of GEC diameter dc in accordance with the commercially available instal-
lation pipes; dc = 0.80 m is probably the most widely used GEC diameter.

b. Adopt a distance “s” between columns GEC; it is suggested that the height of embank-
ment Hemb is ideally greater than Hcrit	defined	by	Equation	(2.36)	so	that	surface	differ-
ential settlements do not occur, if this is a requirement (not in the case of stockyards, for 
instance).

c. Perform vertical design, thus calculating the GEC tension force and settlements on both 
column	and	soft	soil.	Perform	iterative	calculations	if	a	fixed	top	embankment	elevation	
is required or if embankment submergence occurs.

d. Perform global design to ensure an adequate factor of safety, thus adequate global sta-
bility. Basal reinforcement may be added if increasing the factor of safety is required.
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3.1  Introduction

This chapter presents the material properties used in the pre-design charts of the GECs-
reinforced foundation inserted into Annexes I and II. Some calculation examples are also 
presented afterward to demonstrate how to use the pre-design charts. The charts provided 
are based on the analytical calculation method proposed by Raithel and Kempfert (2000) and 
explained in detailed in Chapter 2. The adopted soil parameters are deemed to be typical and 
cover a range of values normally found in projects involving soft soil treatment with GECs.

The main parameters affecting the results are the drained soft soil strength parameters 
(c′	and	ϕ′),	the	thickness	of	the	soft	soil	layer	(Hs), the total applied embankment load 
including	the	external	live	loads	and/or	external	permanent	loads	(Δσ0), the area replacement 
ratio (aE), and the tensile stiffness modulus of the geosynthetic encasement in “ring” direc-
tion (J). In all cases shown herein, the radius of the geosynthetic encasement (rgeo) is 0.4 m, 
being equal to the column radius (rc). The water table level was also assumed to be located 
on the top of the soft soil layer.

3.2  Limit state design

In	order	to	perform	a	suitable	analysis,	two	design	approaches	should	be	satisfied:	the	Ulti-
mate Limit State (ULS, the system and its components are assumed in the stage of failure; 
strength-related parameters control the design) and the Serviceability Limit State (SLS, 
deformation-related parameters control the design). Different partial safety factors are 
applied in both cases depending on codes used in different countries. Roughly speaking for 
the ULS, they increase the actions and reduce the resistances. For the SLS, often all partial 
safety factors are set to one. A suggestion according to the factors is given in Table 3.1 for 
the purpose of orientation only.

The ULS approach considers partial safety factors to increase the unit weight of soil 
(fs), external permanent load (ft), and external live load (fq). In the ULS approach, moreover, 
factor of safety is applied to reduce the tensile strength of the geosynthetic encasement (i.e., 
RFf, RFdm, RFamb, RFjoint, and FOS) as described in section 2.3.3.

On the other hand, the SLS approach does not consider the increase in the soil unit 
weight (fs = 1.00), external permanent load (ft = 1.00), and external live load (fq = 1.00) or 
the partial safety factor regarding the strength of the geosynthetic.

It is necessary to point out that the partial safety factors depend on the standard of each 
country; however, the factor of safety regarding the tensile strength of the geosynthetic rein-
forcement depends on the manufacturer.

Chapter 3

Parameters used in pre-design 
charts and calculation examples
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It is important to highlight that for vertical design purposes, no partial factors of safety 
are applied, neither partial nor global. In case of factor of safety application (global design), 
this should be done depending on the country and the valid geotechnical codes.

3.3  Material parameters

The pre-design charts are organized in four groups: A, B, C, and D. Groups A and B are 
presented in Annex I and groups C and D are inserted in Annex II. Groups A and B consider 
a soft soil reference constrained modulus of 500 kPa, and groups C and D assume it equal 
to 1500 kPa.

Table 3.2 shows the other required material parameters used in the analyses. It is noted 
that the main differences between the groups are the values of soft soil constrained modulus 
(Eoed)	and	drained	strength	parameters	(c′	and	ϕ′).	Figure	3.1	illustrates	the	geometry	of	the	
hypothetical case considered for the analysis with material properties presented in Table 3.2.

3.4  Vertical design: charts utilization

For each soft soil thickness (i.e., Hs = 5, 10, 15, or 20 m), four groups of charts are presented 
in order to calculate the following values according to the total applied embankment stress 
(Δσ0):

• Circumferential tensile force in the geosynthetic encasement (F);
• Normalized settlement with respect to the soft soil thickness (S/Hs);
•	 Vertical	stress	on	soft	soil	(Δσv,s); and
•	 Vertical	stress	on	top	of	the	column	(Δσv,c).

Note that some lines in the charts to obtain the above four variables (F, S/Hs,	Δσv,s,	Dσv,c) end 
up	earlier	due	to	the	5%	limitation	of	the	maximum	specific	axial	strain	in	the	geosynthetic	

Table 3.1 Partial factors of safety and reduction factors

Partial factor of safety or reduction factors Ultimate Limit 
State (ULS)

Serviceability Limit 
State (SLS)

Load factors, increasing 
“action”

Unit weight of embankment fill
External permanent load
External live load

fs = 1.30*
ft = 1.20*
fq = 1.30*

fs = 1.00
ft = 1.00
fq = 1.00

Soil factors, decreasing 
“resistance”

Tangent of angle of internal friction
Cohesion

ffi = 1.20
fc = 1.5

–

Encasement factors, 
decreasing strength 
and/or tensile modulus

Applied in the encasement strength Reducing 
strength, see 
section 2.3.3

Reducing tensile 
modulus
–

Reduction factors Accounting for:
Creep
Installation and mechanical damage
Environment

Product-
dependent RFf

RFdm

RFamb

RFdm

in combination 
with isochronous 
curves

* Suggested values (depends on the standard of each country).



Table 3.2 Parameters used in pre-design charts according to the analysis carried out

Properties Group A 
(Annex I)

Group B 
(Annex I)

Group C 
(Annex II)

Group D 
(Annex II)

′γs (kN m–³) 4 4 4 4

′γc (kN m–³) 9 9 9 9
vs (–) 0.4 0.4 0.4 0.4
ms (–) 0.84 0.84 0.84 0.84

′φs (°) 25 28 25 28

′φ c (°) 30 30 30 30
pref (kPa) 100 100 100 100

K s0 1, sin= − ′φ 0.58 0.53 0.58 0.53

′cs (kPa) 2 5 2 5
Hs (m) 5, 10, 15, 20 5, 10, 15, 20 5, 10, 15, 20 5, 10, 15, 20
Eoed, ref (kPa) 500 500 1500 1500
aE (%) 10, 15, 20 10, 15, 20 10, 15, 20 10, 15, 20
J (kN m–1) 2000, 3500, 6500 2000, 3500, 6500 2000, 3500, 6500 2000, 3500, 6500

Subscripts “s” and “c” refer to the soft soil and column, respectively.

Figure 3.1 Hypothetical embankment on GECs-soft clay ground
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encasement.	If	the	selected	value	of	Δσ0 is not covered by any line, a greater tensile stiffness 
modulus of geosynthetic (J) or a higher area ratio necessarily need to be selected (aE).

3.5  Calculation examples

Some examples are presented here aiming to calculate the desire variables mentioned above 
for a hypothetical GECs system. In practice, if the variables are not included in the charts, an 
interpolation can be applied whenever possible. This seems acceptable due to the pre-design 
character	of	the	charts.	For	the	final	design,	precise	analytical	and/or	numerical	calculations	
should be performed. The same is valid if the variables are quite different from those pre-
sented in the charts.

3.5.1  Example 1: embankment over GECs – “vertical design”

Consider an embankment constructed over a 10 m thick soft soil layer (Hs) improved by 
GECs as illustrated in Figure 3.2. It is necessary to perform a vertical design, thus determin-
ing the embankment settlement (leading design criteria to be met), the geosynthetic tensile 
force, the vertical stress on top of the column, as well as the vertical stress on the surrounding 
soft soil. The embankment is 4.0 m high (Hem) and the apparent unit weight of the compacted 
fill	is	equal	to	γem =19 kN m–³. The geosynthetic encasement has a tensile stiffness modulus 
(J) of 2000 kN m–1 and the column diameter is 0.80 m. The column is assumed to be formed 
by sand material with effective angle of friction ( ′φc ) equal to 30°. The reference constrained 
modulus (Eoed,ref), the effective cohesion ( ′cs ), and the drained angle of friction ( ′φs ) of the soft 
soil are 500 kPa, 5 kPa, and 28°, respectively. The area replacement ratio (aE) is also 10%.

Solution

The total embankment applied stress is:

∆σ0
34 19 76= × =m kN m kPa/

Figure 3.2 Schematic representation of example 1
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Using Annex I and considering Eoed,ref = 500 kPa, the pre-design charts shown in group B are 
used to determine the corresponding output variables. The charts shown in group B concern 
a soft soil layer with strength parameters ′cs  = 5 kPa and ′φs  = 28°. Since the soft soil thick-
ness is Hs = 10 m, the charts 5B, 6B, 7B, and 8B are used.

The circumferential tension (F) in the geosynthetic encasement is calculated by means 
of chart 5B (Annex I, group B) as illustrated in Figure 3.3.

Using	chart	5B	(i.e.,	Fig.	3.3)	for	Δσ0 = 76 kPa and the curve corresponding to aE = 
10% and J = 2000 kN m–1, the mobilized ring force in geosynthetic encasement is F =  
85 kN m–1. Chart 6B is utilized (Fig. 3.4) to calculate the settlement. Considering aE = 10% 
and J = 2000 kN m–1, the normalized settlement is S/Hs = 0.075. Since the soft clay thickness 
is Hs = 10 m, the calculated settlement value is 0.075 × 10 = 0.75 m. The soft soil vertical 
stress is obtained using chart 7B (Fig. 3.5) and the curve corresponding to aE = 10% and  
J = 2000 kN m–1	results	in	a	soil	vertical	stress	of	Δσv,s = 15 kPa. The column vertical stress is 
determined from chart 8B (Fig. 3.6), and using the curve corresponding to aE = 10% and J = 
2000 kN m–1	results	in	a	vertical	stress	on	column	of	Δsv,c = 600 kPa. In the present example, 
the	calculated	relationship	between	Δσv,c	and	Δσv,s (i.e., known as stress concentration fac-
tor ns	=	Δσv,c/Δσv,s)	is	quite	high	and	equal	to	40.	However,	field	measurements	indicate	that	
this ratio is commonly much smaller, in the range typically between 3 and 8, mainly due to 
the presence of a working platform above the soft soil layer. Raithel and Kempfert’s (2000) 
analytical solution, however, does not consider the existence of this granular platform layer, 
consequently theoretical ns values are much higher.

Figure 3.3 Chart 5B (Annex I) – Mobilized force in geosynthetic ring
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Figure 3.4 Chart 6B (Annex I) – Normalized settlement

10

20

25

25 50 75 100 125 150 175 200

∆σ
 v

,s
(k

Pa
)

∆ σ o (kPa)

J = 2000 kN/m–1 
aE = 10%

J = 3500 kN/m–1 
aE = 10%

J = 6500 kN/m–1 
aE = 10%

J = 2000 kN/m–1 
aE = 15%

J = 3500 kN/m–1 
aE = 15%

J = 6500 kN/m–1 
aE = 15%

J = 2000 kN/m–1 
aE = 20%

J=3500 kN/m–1 
aE = 20%

J=6500 kN/m–1 
aE = 20%

5

0

15

Figure 3.5 Chart 7B (Annex I) – Vertical stress on top of soft soil
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To perform the Serviceability Limit State and the Ultimate Limit State analyses, the 
partial factors of safety and reduction factors must be applied (see Table 3.1).

3.5.2  Example 2: stability analysis of embankment  
on GECs – “global design”

It is required to evaluate the short- and long-term global stability (global design) of a 4.0-m 
high embankment (Hem) over GECs-reinforced soft foundation with columns diameter equal 
to dc = 0.8 m spaced s = 1.8 m in a square mesh, as shown in Figure 3.7. For this purpose, 
the method proposed by Raithel and Henne (2000) is used, in which the encased granular 
columns are converted into equivalent walls with an increased angle of internal friction to 
take	into	account	the	encasement	confining	effect.

The	compacted	embankment	fill	has	an	apparent	unit	weight	equal	to	γem = 19 kN m–³ 
and	drained	angle	of	friction	of	ϕ′	=	30°.	The	soft	soil	layer	is	15	m	thick,	with	the	ref-
erence constrained modulus of Eoed,ref = 1500 kPa, effective cohesion of ′cs  = 2 kPa and 
drained angle of friction of ′φs  = 25°. The undrained shear strength of soft soil is Su = 14 kPa 
on top with an increment of 1.0 kPa m–1 along the depth (Su = 14 + 1.0z). The column 
filling	material	is	sand	with	drained	angle	of	friction	equal	to	 ′φc  = 30° and the apparent 
unit	weight	of	γc = 19 kN m–³. The geosynthetic encasement has a tensile stiffness modulus 

0

500

1,000

1,500

2,000

2,500

25 50 75 100 125 150 175 200

∆σ
o 

v,
c(

kP
a)

∆σo (kPa)

J = 2000 kN/m–1 
aE = 10%

J = 3500 kN/m–1 
aE = 10%

J = 6500 kN/m–1

aE = 10%

J =2000 kN/m–1 
aE = 15%

J = 3500 kN/m–1 
aE = 15%

J = 6500 kN/m–1 
aE = 15%

J = 2000 kN/m–1

aE = 20%

J = 3500 kN/m–1 
aE = 20%

J = 6500 kN/m–1 
aE = 20%

Figure 3.6 Chart 8B (Annex I) – Vertical stress on top of column
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(J) equal to 3500 kN m–1. A basal geogrid is placed over the columns with 60 kN m–1 effec-
tive (allowed) tensile force. The pre-design charts here are used aiming to calculate the 
following variables:

a. Mobilized ring force in geosynthetic encasement;
b. Settlement of the embankment;
c. Vertical stress on column; and
d. Vertical stress on surrounding soil.

Solution

The total applied stress imposed by the embankment is:

∆σ0
34 19 76= × =m kN m kPa/

From Annex II and considering soft soil constrained modulus equal to 1500 kPa, group C 
charts, developed for soil strength properties of ′cs  = 2 kPa and ′φs  = 25°, should be used. 
Among those, charts 9C, 10C, 11C, and 12C are selected since the soft soil thickness is 
Hs = 15 m. Considering 0.8 m diameter columns spaced s = 1.80 m in a square mesh, the area 
replacement ratio (aE) is calculated as follows:

de = 1.13s = 1.13 × 1.80 = 2.03 m
AE = 3.25 m² (see Equation (2.1))
dc = 0.80 m
Ac = 0.50 m²
aE = Ac/AE = 0.15 (aE = 15%).

Figure 3.7 Schematic representation of example 2
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The mobilized “ring” tensile force in the encasement is determined using chart 9C (Annex II ). 
For the present case, considering J = 3500 kN m–1 and aE = 15%, the tensile force is F = 50 kN m–1. 
Chart 10C (Annex II) gives a normalized settlement S/Hs = 0.026. Considering soft soil thickness 
of Hs = 15 m, the total embankment settlement is S = 0.39 m.

The vertical stress on soil is calculated using chart 11C, thus considering J = 3500 kN 
m–1, aE =	15%,	and	Δσ0	=	76	kPa,	the	vertical	stress	on	the	top	of	the	soft	soil	is	Δσv,s = 20 kPa.

Similarly, for J = 3500 kN m–1, aE	=	15%,	and	Δσ0 = 76 kPa and using chart 12C, the 
vertical	stress	on	the	top	of	the	encased	column	is	Δσv,c = 400 kPa.

For global stability purposes, the column geometry needs to be transformed from 3D to 
2D condition, which can be done using Tan et al.’s (2008) proposal, described in Chapter 2. 
Applying this to the geometrical conditions of the present example results in the equivalent 
column width (2bc) equal to 0.28 m as follows:

rc = 0.40 m;
de = 2.03 m; R = de/2 = 1.015 m
R = 1.13B; B = 1.015/1.13 = 0.90 m
bc = 0.90 (0.40²/1.015²) = 0.14 m (see Equation (2.29))

The spacing between the axis of the equivalent walls is 2B, that is exactly equal to the center-
to-center spacing between the columns s = 1.80 m. The clear distance between two adjacent 
equivalent	walls	(2B−2bc) is 1.52 m. Figure 3.8 illustrates the transformed 3D layout into 
the 2D equivalent walls aiming to perform the stability analysis through 2D plane strain 
condition.

Figure 3.8  Hypothetical model used for the stability analysis with GECs transformed from cylinders 
to walls
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The equivalent column friction angle ( ′φsub ), considering the contribution of encase-
ment, is obtained by means of Equation (2.36) with parameters determined from Equations 
(2.6) and (2.3).

∆σh geo
geo

F

r, =  (see Equation (2.6))

∆ ∆ ∆σ σ σh c v c a c v c a cK K, , , , , ,. .= + 0  (see Equation (2.3))

For the given encasement tensile force equal to F = 50 kN m–1 and the column radius rc = 
rgeo	=	0.40	m,	the	encasement	confining	stress	Δσh,geo is 125 kPa.

Prior	to	calculating	the	column	inner	horizontal	stress	σh,c, it is necessary to deter-
mine	the	following	variables,	Δσv,c, Ka,c,	and	σv,0,c.	The	value	of	Δσv,c was already found 
to be 400 kPa (see chart 12C). The value of Ka,c	 (column	 active	 thrust	 coefficient)	 is	
computed	using	the	friction	angle	of	column	fill	(sand)	equal	to ′φc  = 30°, thus resulting 
in Ka,c equal	to	0.33.	The	value	of	σv,0,c (initial vertical stress in the middle of column, 
depth	z	=	7.5	m),	determined	by	the	unit	weight	of	column	fill	material	in	a	submerged	
condition, is as follows:

σv c kPa, , . ( ) .0 7 5 19 10 67 5= × − =

Using values calculated above and replacing into Equation (2.3) results to a column hori-
zontal	stress	σh,c of:

σ σ σh c v c a c v c a cK K kP, , , , , ,. . ( . ) ( . . ) .= + = × + × =∆ 0 400 0 33 67 5 0 33 155 7 aa

Using	Equation	(2.35)	and	considering	the	values	of	Δσh,geo	and	σh,c and the friction angle of 
the	column	fill	material	 ′φc 	=	30°,	the	modified	angle	of	friction	 ′φsub  is calculated as follows:
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The stability analysis was performed based on the 2D transformed geometry (see Fig. 3.9) 
and increased angle of friction ′φsub , considering the contribution of the encasement on the 
shear strength of column material.

A basal geogrid with maximum mobilized tensile force T = 60 kN m–1 was placed on 
top	of	the	encased	columns.	The	encased	columns	were	driven	1.0	m	inside	the	firm	stratum	
(resistant soil). As a practical tip, a 0.5 m thick sand working platform was also considered 
crossing the encased columns.

Two types of slope stability analyses should be performed. One should consider the 
short-term	(ϕ	=	0)	condition	using	the	undrained	shear	strength	profile	for	the	soft	soil	(Su =  
14 + 1.0z). The other should consider the long-term condition, thus taking into account the 
soft	soil	drained	strength	parameters	(c′	=	2	kPa	and	ϕ′	=	25°).	Table	3.3	summarizes	the	
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material parameters used in the stability analysis of the embankment. The friction angle of 
the GEC (“equivalent wall”) was replaced by ′φsub  determined earlier. The results are pre-
sented in Table 3.4 and Figures 3.10 and 3.11.

It can be observed that the column parameter ′φsub  was found, considering that the sys-
tem has already reached the equilibrium. Actually, the parameter changes with time until end 
of consolidation.

Embankment

Soft soil
GECs

Firm stratum

Basal reinforcement

Figure 3.9 Model utilized for slope stability analysis

Table 3.3 Parameters utilized in stability analysis

Material γn (kN m–³) Su (kPa) c′ (kPa) φ′ (°)

Embankment 19 – 2 35
Sand (working platform) 20 – 0 35
Soft soil 14 14 + 1.0z (*) 2 (**) 25 (**)
Firm soil stratum 19 – 10 35
Fill material of GEC 19 – 0 61

(*) short-term undrained conditions
(**) long-term drained conditions

Table 3.4 Results for the slope stability analysis of the embankment

Method of analysis FS

Short-term condition

Soft clay: Su = 14 + 1.0 z

FS

Long-term condition

Soft clay: c′ = 2 kPa and φ′ = 25°

Global failure Global failure Localized failure

Janbu Simplified 1.40 2.45 1.80
Bishop Simplified, Spencer, 
Morgenstern-Price

1.50 2.68–2.69 1.89

FS = Factor of safety.



Figure 3.10  Short-term slope stability analysis with basal reinforcement – Method: Morgenstern-Price, 
FS = 1.50

Figure 3.11  Long-term slope stability analysis with basal reinforcement – Method: Morgenstern-Price, 
FS = 2.69
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Some comments on these results are presented below:

a. Factors of safety are greater for long-term conditions, which is typically observed.
b.	 Factors	of	safety	obtained	by	circular	failure	methods,	Bishop	Simplified,	Spencer,	and	

Morgenstern-Price are quite close, also typically observed.
c. The lower factor of safety for long-term conditions may be related to a localized failure 

circle going through the embankment (see Fig. 3.11 and Table 3.4).
d. The same stiffness and tensile reinforcement values were also used for short- and long-

term	conditions.	However,	considering	creep	effects,	this	consideration	is	a	simplifica-
tion of real behavior, in theory these values changes, but it has not affected the present 
case analysis as the short-term condition prevailed.

3.5.3  Example 3: time-dependent settlement

This example is given in order to estimate the settlement development (S) and the percentage 
of consolidation (U) versus time for the same problem presented in example 2. Following 
complementary data is assumed to facilitate the calculation process:

• kc = 1.0 m d–1	(permeability	coefficient	of	column	filling	material);
• kr = 2.15 × 10−5	m d–1	(horizontal	or	radial	permeability	coefficient	of	soft	soil);
• kr/ks = 2 (Ks is	horizontal	permeability	coefficient	of	soft	soil	in	smear	zone);
• ds/dc = 2 (ds is the diameter of smeared zone and dc is the column diameter);
• ch = cr = 3.0 × 10−8	m² s–1	(soft	soil	horizontal	or	radial	coefficient	of	consolidation).

Solution

The analytical method proposed by Han and Ye (2002), described in Chapter 2, is used to solve 
the present problem. Equation (2.24) is used to calculate the dimensionless value of ′Fm . For 
this purpose, the following variables should be initially introduced: N, Smr, kr, ks, kc, Hd, and dc.

Where:
N  = de/dc = 2.03/0.80 = 2.54;
Smr  = ds/dc = 2;
kr  = 2.15 × 10−5	m d–1 ;
ks  = 1.75 × 10−5	m d–1 ;
kc  = 1 m d–1 ;
Hd  = 7.5 m (= 15/2, half of the thickness of soft soil);
dc  = 0.80 m.

Substituting the above parameters into Equation (2.24), the value of ′Fm is equal to 0.769. 
The next step is to calculate the value of Trm by Equation (2.22) as a function of the time t. In 
order to compute the value of Trm,	the	modified	radial	consolidation	coefficient	(crm) should 
be initially computed using Equation (2.23) considering the following values:

kr  = 2.15 × 10−5	m d–1;
ch = cr = 3 × 10−8	m² s–1;
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N = 2.54;
ns	=	Δσv,c/Δσv,s = 400/20 = 20

Replacing the values above into Equation (2.23) results in a crm value equal to 1.4 × 10−7 m2 
s–1. Therefore, the value of Trm can be determined as a function of time t. Finally, the percent-
age	of	consolidation	(U%)	at	a	specific	time	t	is	determined	by	Equation	(2.21).	Based	on	the	
calculated U, the settlement-time curve is plotted using Equation (2.20) as follows:

S t S U tc( ) . ( )=

Where Sc is the settlement value computed according to Raithel and Kempfert’s (2000) 
method. Since the settlement computed in example 2 is Sc = Ss = 0.39 m, this value will 
be	used	 to	find	 the	settlement	S(t)	at	any	desired	 time	during	consolidation.	For	 the	case	
studied, the settlement-time curve is illustrated in Figure 3.12. It is observed that approxi-
mately 3.3 months (100 days) are required to reach 95% of consolidation with the maximum 
embankment settlement of about 0.4 m.

3.5.4  Example 4: lateral thrust on piles

Background

The	increase	in	soil	vertical	stress	(Δσv,s) due to embankment loading generates an increase 
in	horizontal	stresses	(Δσh,s), which are subsequently transferred into the adjacent structures 
(Tschebotarioff, 1962, 1970, 1973). These horizontal stresses may impose excessive lateral 

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

0,40

0,45

0 1 2 3 4 5 6 7

Se
ttl

em
en

t (
m

)

Time (months)

Figure 3.12 Example 3: Settlement curve versus time
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deformation on these structures, consequently causing structural damages or local failure. 
GECs installed in the soft soil below, e.g., an embankment reduce these horizontal stresses, 
as the columns absorb most of embankment stresses. As shown in Figure 3.13, an additional 
lateral thrust arises when the load on the soft soil is asymmetric in relation to a buried ele-
ment.	Since	a	GEC	foundation	system	generally	reduces	the	vertical	stress	on	soil	Δσv,s, as 
shown above, it consequently reduces the lateral thrust mentioned.

In these cases, it is necessary to calculate that portion of the embankment applied load 
supported	by	the	encased	column	(Δσv,c)	and	the	part	acting	on	the	soil	(Δσv,s). As discussed 

Figure 3.13 Examples where horizontal thrust should be considered (Riccio et al., 2012, 2016)
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in	section	2.3,	the	value	of	Δsv,s can be calculated based on Raithel and Kempfert’s (2000) 
analytical method.

Almeida et al. (2014) measured the stress concentration factor (ns	=	Δσv,c/Δσv,s) for a test 
embankment over group of GECs. It was observed that the values of ns measured below the 
embankment centerline varied between 2.2 and 2.4, but values of ns equal to 5 or higher have 
been reported (e.g., Raithel et al., 2012).

Several studies (e.g., Murugesan and Rajagopal, 2006; Riccio et al., 2012; Hosseinpour, 
2015)	have	 shown	 that	 the	use	of	GECs	 reduces	 significantly	 the	vertical	 and	horizontal	
stresses in the soft soil layer, since they support most of the applied vertical stresses. The 
reduction	of	Δσh,s (horizontal stress in the soil) is proportionally related to the reduction in 
the	value	of	Δσv,s (soil vertical stress).

Tschebotarioff	 (1962)	 empirically	quantifies	 the	 increase	 in	horizontal	 stress	Δσh,s by 
Equation (3.1):

∆ ∆σ σh s v sK, ,.=  (3.1)

where:
Δσv,s: increase in vertical stress on soft soil;
K:	coefficient	of	thrust,	usually	assumed	as	K	=	0.40,	according	to	Tschebotarioff	
(1970, 1973).

Tschebotarioff	(1970,	1973)	used	field	measurements	and	defined	the	maximum	value	of	the	
lateral force acting per meter along the pile, which is equal to:

P Bh L h s= ∆σ ,  (3.2)

Where BL is the width of the adjacent pile.
The distribution of Ph along the pile is assumed to be triangular as shown in Figure 3.14. 

The top rigid soil in Figure 3.14 represents a sand layer or a working platform layer placed 
above the soft soil.

Figure 3.14 Distribution of the lateral force along the pile in soft soil (Tschebotarioff, 1970, 1973)
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Another formulation to evaluate the horizontal force acting on the pile, Ph, is provided 
by De Beer and Wallays (1972). This approach is recommended only when the global factor 
of safety, neglecting the piles in the stability analysis, is higher than 1.6. According to this 
approach,	the	value	of	σh,p (horizontal stress) acting on the pile is given by Equation (3.3), 
considering a constant load distribution along depth, as follows:

σh,p = q (3.3)

Where q is the applied vertical load. The horizontal stress on the pile, considering the use of 
GECs columns, is given by Equation (3.4).

σh,p	=	Δσv,s (3.4)

Where	Δσv,s is the increase in the vertical stress on soil considering the presence of GECs 
columns,	i.e.,	Δσv,s is lower than the applied load q.

The horizontal force per meter on the pile can be then estimated considering the use of 
GEC, by means of Equation (3.5).

Ph = BL	Δσh,p (3.5)

Where	Δσh,p is the horizontal stress on soil due to the load.
Recently, GECs have been successfully used in some practical applications with the 

purpose of reduction of the lateral thrust on piles (Alexiew et al., 2016; Schnaid et al., 2017). 
Following, an example is given aiming to determine the lateral thrust on piles supporting 
bridge abutment when GECs is utilized.

Practical example

A 7 m high bridge abutment is considered over a 10-m thick soft clayey foundation with 
the average constrained modulus (Eoed,ref) equal to 500 kPa and shear strength parameters 
c′	=	2	kPa	and	ϕ′	=	25°.	The	water	table	is	coincident	with	the	top	of	the	soft	soil	layer.	
The bridge abutment consists of a reinforced concrete wall over piles. The unit weight 
of	the	compacted	wall	fill	is	19	kN	m–³. The bridge foundation piles near the abutment 
base are under impact of the horizontal forces induced by the horizontal thrust in the soft 
soil.	This	horizontal	thrust	is	caused	by	the	increase	of	the	vertical	stress	on	soil	(Δσv,s) 
due	to	the	load	applied	by	the	embankment	(Δσ0). The circular bridge piles are 0.60 m in 
diameter. The abutment is founded on 0.80 m diameter GECs, as schematically shown in 
Figure 3.15. The columns are installed in a square arrangement with an average center-
to-center spacing of s = 2 m while encased by the geosynthetic with tensile stiffness of 
J = 3500 kN m–1.

Solution

Initially, the total stress imposed by the bridge abutment is computed as:

∆σ0
37 19 133= × =m kN m kPa/
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The area replacement ratio aE (Ac/AE), based on the GECs pattern, is also calculated as 
follows:

de = 1.13s = 2.26 m
AE = 4.01 m²
dc = 0.80 m
Ac = 0.50 m²
aE = Ac/AE = 0.125 (aE = 12.5%).

Since the pre-design charts are not calibrated for intermediate aE values (e.g., aE = 12.5%), 
the curve corresponding to aE = 10% is conservatively used to obtain the vertical stress on 
soil. The horizontal force on piles can be then calculated using Equations (3.1) and (3.2), 
according to Tschebotarioff’s (1962) method, as mentioned earlier.

According	to	this	approach,	the	empirical	coefficient	K	is	assumed	to	be	0.40.	The	chart	
7A	(Annex	I)	is	then	utilized	to	compute	the	value	of	Δσv,s considering the soil parameters 
given. Based on Figure 3.16, the value of the increase in vertical stress on soft soil due to the 
load imposed by the bridge abutment is about 15 kPa.

Following	Tschebotarioff’s	 (1962)	method,	 the	 horizontal	 stress	 in	 soil	 (Δσh,s) is 
given by:

∆ ∆σ σh s v sK kPa, ,. .= = × =0 4 15 6

Figure 3.15 Hypothetical example of bridge abutment over GECs improved foundation
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Thus, the force per meter acting on the pile is calculated considering B equal to the pile 
diameter:

 Ph = BL⋅Δσh,s = 0.6 × 6 =3.6 kN m–1

It is important to mention that, as expected, the horizontal force on piles Ph is much lower 
than the force that would act on the piles would be if there were no GECs. This is because the 
GECs	reduce	the	increase	of	vertical	stress	on	soil	(Δσv,s) caused by the embankment loading 
(Δσ0). In the absence of GECs, the force acting on piles would be:

Ph = BL⋅K⋅Δσ0 = 0.6 × 0.4 × 133 = 31.9 kN m–1

If the force per meter is supposed to be calculated by De Beer and Wallays’s (1972) solution, 
the value of Ph is given by Ph = BL ⋅Δσv,s (= BL ⋅Δσh,p).	It	is	noted	that,	q	=	Δσ0 (= 133 kPa) 
in	the	absence	of	GEC	columns	and	q	=	Δσv,s	=	Δσh,p (= 15 kPa) with the presence of GEC 
columns in the mentioned arrangement. So, the force per meter on the pile using De Beer and 
Wallays’s (1972) solution is Ph = BL ⋅Δσv,s = 0,6 × 9 = 9 kN m–1. Therefore, the value of Ph 
considering the presence of GEC columns and using De Beer and Wallays’s (1972) method 
is 9 kN m–1, therefore about 150% higher than Tschebotarioff’s (1962) method.
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Figure 3.16 Chart 7A (Annex I) – determination of Δσv,s
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Table 3.5 Impact on the piles considering the absence of GEC columns and presence in GEC columns

Horizontal stress/
horizontal force

Without GEC columns 
(using K = 0.4)

With GEC columns 
(Tschebotarioff)

With GEC columns  
(De Beer and Wallays)

Δσh,s (kPa) 53.2 6 15
Ph (kN m–1) 31.9 3.6 9

Table	3.5	summarizes	the	values	of	Δsh,s (increase in horizontal stress on soil) and Ph 
(force per meter in the piles) considering the following conditions: (a) without GEC col-
umns; (b) with GEC columns and considering Tschebotarioff’s (1962) method, and (c) with 
GEC columns and considering De Beer and Wallays’s (1972) method.



4.1  Introduction

The geotextile encased column (GEC) foundation system for embankments and dikes on 
soft soil deposits were introduced more than 25 years ago in Germany and since then sev-
eral projects have been successfully executed worldwide. A number of calculation meth-
ods are available (see Chapter 2) and a design procedure is recommended by EBGEO 
(2011), and two methods of GEC installation (see Chapter 1) have been extensively tested 
in practice.

However,	for	better	understanding	of	the	behavior	of	the	GEC	system,	the	field	response	
of a trial embankment constructed on GECs-stabilized soft foundation is described with 
details in this chapter. Afterwards, some other important case studies and practical projects 
on	which	GECs	were	utilized	are	briefly	mentioned.

4.2  Test embankment at TKCSA, Itaguaí, Brazil, 2012

In 2012, a 5.3 m high test embankment was built at a test area in the stockyard of Thys-
senKrupp Company, located in Itaguaí, state of Rio de Janeiro, Brazil. The stockyard was 
an operating area (covering almost 0.5 km²) for the storage of the raw coal, ore, and addi-
tives	used	in	the	production	of	steel.	The	soil	profile	at	the	stockyard	consisted	of	a	very	
soft clay layer that extended from near the ground surface to a depth ranging from 9 to 10 m 
(see Fig. 4.1).

Thirty-six geotextile encased granular columns, installed in a 6 × 6 grid, strengthened 
the test area. The columns were 80 cm in diameter and 11 m in length, encased by seam-
less woven geotextile (named Ringtrac 100/250), and implemented on 2 m center-to-center 
spacing on a square pattern. According to the site investigation performed, the soft clay 
was	classified	as	CH	with	an	average	undrained	strength	(Su) of about15 kPa. The soft clay 
properties	obtained	from	site	investigation	are	presented	in	Table	4.1.	The	column	filling	
material was poorly graded crushed stone with minimum and maximum particle sizes of 
10 mm and 35 mm, respectively. It is noted that the encased columns were installed in 
2008,	but	the	field	test	was	performed	in	2012.	This	four-year	period	was	more	than	enough	
to dissipate the effect (pore pressures) of column installation on the behavior of the test 
embankment.

Chapter 4

Instrumented embankments 
on GEC
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Figure 4.1 Soft clay properties: (a) submerged unit weight; (b) compressibility ratio by oedometer tests

Table 4.1 Geotechnical properties of TKCSA soft clay

Depth (m) γ′ 

(kN m–3)

Cc

(–)

Cs

(–)

e0

(–)

kv×10−10

(m s–1)

kh×10−10

(m s–1)

cv×10−8

(m2 s–1)

ch×10−8

(m2 s–1)

φ′

(o)

c′ 

(kPa)

2.85–3.35 4.2 1.25 0.92 2.85 1.03 1.72 3.09 5.14 27.6 5.0
5.75–6.25 4.3 0.38 0.05 1.23 0.567 0.785 2.05 2.84 25.4 0.0
8.15–8.65 7.2 0.13 0.04 0.87 0.565 0.878 3.17 0.437 28.6 3.0
1.60–2.10 5.0 1.03 0.07 2.60 1.91 3.93 1.85 3.80 27.3 0.0
4.75–5.25 4.2 1.27 0.13 3.16 1.44 4.86 4.36 0.147 22.8 1.0

4.2.1  Instrumentation and embankment construction

Figure 4.2 shows the sectional view of the embankment and the position of the instrumenta-
tion. A biaxial geogrid was placed prior to the embankment construction to follow EBGEO’s 
(2011) overall recommendations to use basal reinforcement under circumstances of high 
embankment loads. As shown in Figure 4.2, the soft soil and encased columns were instru-
mented to register vertical displacement (surface settlement plate, S), horizontal deformation 
(inclinometer, IN), pore water pressure (vibrating wire piezometer, PZ), vertical stresses 
(total stress cell, CP), and geotextile hoop strain (radial extensometer, EX). Details of the 
instrumentation are presented in Table 4.2.



Figure 4.2  TKCSA embankment sectional view and instrumentation position (Hosseinpour, 2015; Hos-
seinpour et al., 2017)

Table 4.2  Summary of the instrumentation used in TKCSA test embankment (Hosseinpour, 
2015)

Type of instruments Quantity Location of instruments Purpose

Total stress cell (CP) 4 On the top of the encased 
columns and between them

Measure the vertical stresses on 
top of the encased column and 
surrounding soft soil.

Piezometer (PZ) 3 Installed 3 m, 6 m, and 8 
m below ground surface in 
soft clay layer

Measure pore pressure dissipation 
and consolidation process.

Settlement sensor (S) 3 On the top of the encased 
columns and between them

Measure the settlements below the 
embankment. Allows for evaluation 
of differential settlements.

Diameter 
extensometer (EX)

3 Attached to the geotextile 
encasement at 1 m below 
column top

Measure column bulging. Allows 
evaluation of average ring strains 
and tensile force.

Inclinometer (IN) 2 Installed at embankment 
toes

Measure the horizontal deformation 
beneath the embankment toes.

Data logger 1 16 channels Data storage and collection.
LAB-III multi-stage 
surge protection

13 – Protection against electrical 
discharge for each instrument.
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The material used for the test embankment was sinter feed obtained during the ore 
enrichment	process.	The	sinter	feed,	classified	as	SW,	had	a	friction	angle	of	35°	measured	
by direct shear test. The embankment construction was performed in four layers including 
the	consolidation	 interval	between	 them.	The	average	unit	weight	of	 the	fill	material	and	
the natural water content were 27.8 kN m–³	and	6.6%,	respectively.	The	final	height	of	the	
embankment was 5.35 m, producing almost150 kPa of total vertical stress. The embank-
ment	was	left	in	place	for	180	days	after	the	final	layer	was	placed,	at	which	time	most	of	
the excess pore pressure had already dissipated. In Figure 4.3, some typical moments of test 
embankment construction are illustrated.

4.2.2  Vertical and horizontal deformations

The settlement measured on the top of the encased columns and between them are plotted in 
Figure 4.4. The settlements increased in the construction stages when embankment height 
increased and also in the post-construction period, when excess pore pressure dissipated. 
The maximum settlement occurred at the midpoint between the encased columns.

The results of TKCSA test embankment were also compared (Hosseinpour et al., 2016) 
with an embankment (Magnani, 2006; Magnani et al., 2009) built over unstrengthened soft 
soil. Both the test embankment and the soft soil below were quite similar in terms of geo-
metrical and geotechnical parameters. It is seen that the GEC system reduces the settlements 
significantly.	In	addition,	the	GECs	increased	the	load-carrying	capacity	of	the	soft	founda-
tion.	This	fact	provides	an	example	of	ground	improvement	benefits	regarding	the	bearing	
performance of the soft foundation.

Figure	4.5	shows	the	profile	of	the	soil	horizontal	deformations	measured	underneath	
the embankment toes during construction. The maximum horizontal displacement increased 
when embankment height increased, as expected. It is also seen that the maximum soil hori-
zontal	displacement	occurred	at	 the	middle	of	soft	clay,	confirmed	by	both	 inclinometers	
on which depth where the collected samples had shown the lowest constrained stiffness 
modulus of soft soil.

The horizontal deformation of TKSCA test embankment is compared with conven-
tional embankment (Magnani, 2006) in Figure 4.6, and it is seen that the GECs reduced 

Figure 4.3 Typical moments of TKCSA test embankment construction (Hosseinpour, 2015)



Instrumented embankments on GEC 53

significantly	the	maximum	horizontal	displacement	of	the	soft	foundation.	In	other	words,	
the use of GECs notably enhanced the embankment stability against the failure occurring 
due	to	large	horizontal	displacement	of	the	soft	foundation.	This	confirms	the	similar	find-
ing	regarding	a	significant	increase	of	embankment	global	stability	in	Raithel	et al. (2012).

Figure 4.5  Profile of the soil horizontal deformation measured during embankment construction 
(Almeida et al., 2014; Hosseinpour, 2015)

Figure 4.4  (a) Settlement development vs. time in TKCSA project (Almeida et al., 2014; Hosseinpour, 
2015); (b) effect of GECs on embankment settlement (Hosseinpour et al., 2016)

(a) (b)
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Maximum horizontal displacement of the foundation soil is correlated with the maxi-
mum embankment settlement, measured by sensor S1, as shown in Figure 4.7. It is common 
(e.g., Tavenas et al., 1979) to analyze the ratio between these two measurements through:

DR h

v

=
δ

δ
,max

,max

 (4.1)

From Figure 4.7, it can be seen that the horizontal displacement increases about linearly 
with settlement resulting in a slope (DR) varying from 0.16 to 0.20. From the analy-
ses	of	fifteen	embankments	built	on	soft	deposits	without	ground	improvement,	Tavenas	
et al. (1979) reported average DR ratios equal to 0.91 at yield conditions during con-
struction and equal to 0.16 during consolidation. It can be concluded that GECs resulted 
in roughly uniform DR values during the construction and consolidation stages, unlike 
conventional embankments on nonimproved foundations. Comparison with similar con-
ventional embankment (Magnani, 2006) indicates that the GECs caused the maximum 
horizontal deformation increased with quite slower DR of about 4 times less than the 
ordinary embankment.

4.2.3  Vertical stresses below the embankment

The development of the total vertical stresses measured on the top of the encased columns 
and between them are plotted in Figure 4.8. The plausibility of the measured vertical stress 
can be assessed by checking the vertical load equilibrium between embankment applied 
stress	(Δσv) versus	total	vertical	stresses	carried	by	the	encased	column	(Δσv,c) and the sur-
rounding	soft	soil	(Δσv,s) (Aboshi et al., 1979), as follows:

∆ ∆ ∆σ σ σv E v c c v s E cA A A A× = × + × −, , ( )  (4.2)

Figure 4.6 Effect of GECs on soil horizontal deformation (Hosseinpour et al., 2016)
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Where Ac and AE represent respectively the cross-section area of the column and the unit 
cell	determined	by	the	column	pattern.	Based	on	Figure	4.8,	the	final	total	vertical	stresses	
supported by column and surrounding soft soil are 280 and 135 kPa, respectively. Using 
Equation (4.2) results in a total vertical load equal to 612.5 kN transmitted to the top of 
the	unit	cell,	which	is	sufficiently	close	(error	2%)	to	the	total	vertical	load	applied	by	the	

Figure 4.7  Relation between maximum embankment settlement and maximum horizontal deforma-
tion (Hosseinpour et al., 2016)

Figure 4.8  Development of total vertical stress below the TKCSA test embankment (Almeida et al., 
2014; Hosseinpour, 2015)
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embankment	(≈	150	kPa).	The	greater	stiffness	of	the	encased	column,	the	higher	vertical	
stress is transferred to the GEC resulting in a stress concentration factor of about 2.4 at the 
end of monitoring time. This value, however, is lower than usually reported in other similar 
cases (e.g., Raithel et al., 2012). A possible explanation could be due to additional stress 
redistribution induced by the relatively thick working platform up to the level of the pres-
sure cells.

4.2.4  Excess pore water pressure

Excess pore water pressures measured by piezometers at depths of z = 3 m, 6 m, and 8 m are 
shown in Figure 4.9a. The excess pore pressures tend to increase sharply just after each layer 
of the embankment was placed because of quick loading conditions induced to the soft clay, 
followed by a gradual dissipation during post-construction.

In Figure 4.9b, the excess pore pressure measured in middle of soft clay layer is com-
pared with similar conventional test embankment (Magnani, 2006). It is seen that the GEC 
system	caused	the	maximum	excess	pore	pressure	to	reduce	significantly,	while	its	total	verti-
cal load was 2.5 times greater. The reason is found to be due to stress concentration on the top 
of the GEC resulting in less total vertical load transferred to the soft clay foundation. Consid-
ering the dissipation time, the radial drainage offered by the granular columns working also 
as	drains	with	very	high	drainage	capacity	led	the	consolidation	time	to	speed	up	significantly.

4.2.5  Geotextile expansion (column bulging)

Development of the geotextile hoop strain measured by different extensometers attached 
to the geotextile at the depth 1.0 m below the column top is shown in Figure 4.10a. It can 
be seen that the hoop (ring) strains increased during loading stages as embankment height 
increased as well as during consolidation when the excess pore pressure is dissipated. The 
delayed expansions of the geotextile encasements following loading stage 4 is in accor-
dance with the overall stress-strain behavior of the columns observed by the continuous 
column settlement and vertical stresses. The further geotextile expansion during consolida-
tion caused the column to sustain greater total vertical stress and thus stress concentration 

Figure 4.9  (a) Excess pore pressure development vs. time for TKCSA embankment; (b) effect of GECs 
on variations of excess pore pressure (Hosseinpour et al., 2016)
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developed at a slow rate. The mobilized ring force of the geotextile Tmob can then be calcu-
lated by hoop strain measurements as follows:

T
d

d
Jmob

c

c

=
∆

.  (4.3)

Where dc and J are the column original diameter and geotextile stiffness modulus respec-
tively equal to dc = 80 cm and J = 1750 kN m–1.

According to Figure 4.10b, the mobilized ring tensile force increased by load applica-
tions followed by a continuous increase during post-construction. It is also seen that the 
mobilized ring tensile force at the end of monitoring time is equal to 33.6 kN m–1, which 
is around 35% of the maximum ring tensile force (available after application of reduction 
factors) of the geotextile encasement (i.e., 95 kN m–1). It should be noted, however, that the 
lateral constraint of the GECs in the sand working platform, where the bulging was mea-
sured (Fig. 4.2), is higher than in the soft soil below, thus strains and tensile force in the zone 
below the platform can be higher.

4.3  Other case studies

The	following	items	present	briefly	the	results	of	applying	GECs	in	practice.	Many	of	the	
cited projects were performed with Dr. M. Raithel from Kempfert + Raithel Geotechnik, 
Germany, as design engineer. More detailed information can be found in Alexiew and 
Raithel (2015).

4.3.1  Railroad embankment at Waltershof, 1995

Near Waltershof, a heavy loaded railroad to the harbor of Hamburg – positioned on a 5 m 
high	embankment	–	had	to	be	widened	due	to	increasing	traffic.	The	subsoil	consists	of	about	
5 to 6 m of soft saturated clays and peat. The existing 5 m embankment had settled over the 
years by 1.2 to 1.5 m. There were two lots in the project. Due to logistic reasons, Lot 1 had to 
be executed in a month and had a maximum time allowed for consolidation of four months. 
So, it was decided to build the new embankment in Lot 1 on GECs.

Figure 4.10  Geotextile radial deformation: (a) development of hoop strain; (b) average mobilized ring 
tensile force in geotextile encasement (Almeida et al., 2014; Hosseinpour, 2015)
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As shown in Figure 4.11, the GECs had a diameter of 1.54 m; the area ratio was in the 
range of 20–30%. The encasement was produced from a geocomposite Comtrac 200/50 B 30 
with an ultimate tensile strength (UTS) in the ring direction of 200 kN m–1 and an average 
ring tensile modulus of J = 1800 kN m–1. The typical average soil parameters are given in 
Table 4.3.

A measurement program was implemented comprising horizontal and vertical incli-
nometers and earth pressure cells (both over and between the GECs) and also piezometers 

Figure 4.11  Typical scheme of the railroad embankment on GEC at Waltershof (Alexiew and 
Raithel, 2015)

Table 4.3 Average soil parameters of the subsoil layers at Waltershof (Alexiew and Raithel, 2015)

Soil layer Position

(m)

γ/γsat

(kN m–³)

k

(m s–1)

Eoed

(MN m–²)

φ′
(°)

c′

(kPa)

Upper clay +0.5 to 0.5 19/19   1×10−9 2.6 29.0 8.0
Clay, organic −0.5 to 2.5 13/13 1.5×10−8 0.8 25.5 16.0
Peat −2.5 to 4.2 11/11 1.4×10−7 0.6 20.5 8.5
Sand −4.2 19/20   3×10−5 27.0 35.0 1.0

γ/γsat: unit weight; natural/saturated; k: coefficient of permeability; Eoed: constrained compression modulus; ϕ′: drained 
angle of internal friction; c′: drained cohesion.
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in	the	soft	soils.	In	Figure	4.12a,	typical	horizontal	displacements	of	a	first	GEC	at	the	toe	of	
the new embankment are depicted, for example, in a zone of generally intensive “spreading” 
of	embankments	on	soft	soils	(see	Fig.	4.11,	V2);	the	final	horizontal	displacements	of	the	
toe amount to 9 cm, which is practically negligible, under the given conditions. Figure 4.12b 
shows the settlements over a row of GECs across the embankment (see Fig. 4.11, H1); note 
the missing support by GEC at 8 m from the toe (left edge) under full height embankment 
resulting	in	significantly	larger	local	settlement.

Figure 4.13a provides time-dependent data on load development and corresponding 
settlements on top of the GECs and on top of the soft soil. The settlements between the 

Figure 4.12  (a) Horizontal displacements of vertical inclinometer V1; (b) settlements of horizontal 
inclinometer H1 (Alexiew and Raithel, 2015)

Figure 4.13  (a) Typical settlements in Lot 1 (on GECs); (b) comparison of settlements between Lot 1 
and Lot 2 (Alexiew and Raithel, 2015)
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GECs are a bit larger. This is controversial, however, due to the formal assumption of equal 
settlements in Raithel (1999); Raithel and Kempfert (2000); and EBGEO (2011). Figure 
4.13b shows an interesting comparison of settlements across the new embankment between 
Lot 1 on GECs and the unsupported Lot 2 with strip drains only. Note that geometry, subsoil, 
loads, and other variables for both are practically identical; the only difference is that the 
construction period for Lot 2 lasted some months longer due to consolidation intervals. It is 
clearly seen that the embankment over GECs underwent quite lower settlement compared 
with the embankment over strip drains only.

The vertical stress on top of GECs and between them provided by the earth pressure 
cells	 resulted	 in	a	column	efficiency	E	 (i.e.,	 load	supported	by	GECs/total	 load	applied),	
varying from 0.4 to 0.6 over the time of construction.

The development of excess pore pressure is plotted in Figure 4.14. Three facts seem 
to be of interest: the maximum value in the upper clay is less than half of the applied load; 
although the organic clay is in a disadvantageous position regarding draining, it consolidates 
quickly; and the pore pressures in all soil layers start to decrease even under a still increas-
ing load before the end of construction. The most plausible explanation is the huge draining 
capacity of the encased sand columns.

4.3.2  Extension of Airbus site at “Mühlenberger Loch”,  
Hamburg, 2000–2002

The plant site of the Airbus Company in Hamburg-Finkenwerder at the river Elbe was 
enlarged by about 140 ha for new branches of production, in particular for the production of 
the new Airbus A380. The extension was carried out by enclosing an area of extremely (8 to 
14 m) thick soft soils with undrained shear strength Su of only 0.4 to 10.0 kPa. The charac-
teristic drained consolidated soil parameters are summarized in Table 4.4.

The dyke was founded on about 60,000 geotextile encased sand columns of correspond-
ing length with a diameter of 80 cm and a total installed length of about 650 km. This is the 
biggest single GEC job executed so far. A typical cross-section with the GECs can be seen 
in Figure 4.15.

Figure 4.14 Typical development of pore water overpressure over time (Alexiew and Raithel, 2015)
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A geocomposite with an ultimate tensile strength of 500–1000 kN m–1 was installed 
on	top	of	GECs	combining	high-strength	and	filter	stability	to	accelerate	dyke	construction	
and to guarantee global dyke stability, especially in the initial stage of construction. In Fig-
ure 4.16, typical moments of construction are depicted.

Table 4.4  Average soil parameters of the subsoil layers at Airbus site Hamburg “Mühlenberger Loch” 
(Alexiew and Raithel, 2015)

Soil layer γ/γsat

(kN m–³)

k

(m s–1)

Eeod

(MN m–²)

φ′

(°)

c′

(kPa)

Clay 6/16 2×10−10 0.60 20 0
Sludge 4/14 2×10−10 0.45 20 0
Peat 1/11 1×10−8 0.55 20 0

γ/γsat: unit weight; natural/saturated; k: coefficient of permeability; Eoed: constrained compression modulus; ϕ′: drained 
angle of internal friction; c′: drained cohesion.

Figure 4.15  Typical dyke cross-section at Airbus site Hamburg “Mühlenberger Loch” (Alexiew and 
Raithel, 2015)

Figure 4.16  Typical moments of construction at Airbus site Hamburg, overview (Alexiew and Raithel, 
2015)



62 Geosynthetic Encased Columns for Soft Soil Improvement

The	stability	and	deformation	predictions	were	verified	by	on-site	measurements	dur-
ing construction. Figure 4.17 shows an example of development of settlements versus dyke 
height and time. It can be seen again that the tendency of the settlement ratio decreases with 
time despite the increasing height of dyke. But the most interesting point occurs at about day 
300: although the dyke height increases after that by two meters, the settlement ratio drops 
down to almost zero. A possible explanation is the high degree of mobilization of GECs: 
higher, then predicted by design assumptions.

4.3.3  Railroad embankment Botnia line, Sweden, 2001–2002

The Botnia Line (Botniabanan) was a 190 km long, high-speed railway line in northern Swe-
den. At Bridge 4, the Botnia line crosses a valley with very soft soils with a depth of up to 7.5 
m with an average undrained strength of Su = 20 kPa. The embankments on both sides of the 
bridge had a height of 9–10 m. Due to the settlement requirements, a GEC foundation with a 
diameter of 80 cm using the displacement method was carried out in 2001. The GECs were 
arranged in a triangular pattern with 15% area replacement ratio as shown in Figure 4.18.

The design resulted in the choice of geotextile encasement with an ultimate tensile 
strength of 400 kN m–1	in	the	ring	direction.	Crushed	fill	was	used	to	form	the	GEC.	A	sig-
nificantly	higher	damage	of	geotextile	encasement	during	installation	and	compaction	had	to	
be expected in comparison to the experience with sands. For determination of the reduction 
factor for installation damage, the installation process was simulated and an average reduc-
tion factor of 1.36 was evaluated (compared to 1.05 to 1.15 typical for sands) and applied for 
estimation of the “ring” design strength.

Figure 4.17 Example of measured settlement ratio vs. dyke height (Alexiew and Raithel, 2015)
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The design resulted in calculated settlements of about 60 cm. On the safe side, an angle 
of	internal	friction	for	the	column	fill	ϕ′	=	37.5°	was	assumed.	After	construction,	the	settle-
ments of the embankment were measured for a period of about 250 days (Fig. 4.19), showing 
significantly	smaller	settlements.	A	post-measurement	design	simulation	demonstrates	that	a	
ϕ′	=	45°	for	the	crushed	fill	is	more	realistic.

Figure 4.18  Cross-section of the embankment with the GEC-column pattern (Alexiew and Raithel, 
2015)

Figure 4.19 Botnia line: calculated and measured settlements (Alexiew and Raithel, 2015)
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4.3.4  High-speed rail link Paris-Amsterdam,  
Westrik, Netherlands, 2002

Near Breda, the new high-speed railroad from Paris to Amsterdam had to cross the former 
waste disposal at Westrik. The waste thickness was in the range of 4–6 m, followed by sands 
with some thin clay interlayers (Fig. 4.20) which were improved with GECs preferred for 
ecological,	financial,	and	logistic	reasons.	The	GECs	had	a	diameter	of	0.8	m	with	an	average	
replacement ratio of 15% and a “ring” ultimate tensile strength of 300 and 400 kN m–1.

A	total	of	2200	GECs	were	installed	in	June	and	July	2002	using	sand	as	fill.	The	dis-
placement method was applied successfully despite the problematic character of waste. A 
measurement	program	was	applied	using	flexible	horizontal	inclinometers	at	the	top	of	GECs	
to record settlement development and to decide when to start installing track on top of the 
embankment. Results for the left part of a typical cross-section are shown in Figure 4.21. The 

Figure 4.20 HSL Paris-Amsterdam at Westrik: typical cross-section (Alexiew and Raithel, 2015)

Figure 4.21  (a) Development of settlements; (b) increase of settlements from embankment construc-
tion until last measurement (Alexiew and Raithel, 2015)
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GEC-supported and -unsupported zones are also shown for a better understanding. According 
to the measured data, the following results were obtained.

The settlements of the unsupported shoulder were – despite the lower average load – 
about 3 times higher than the GEC-supported full-height part of embankment.

The consolidation process was quick, especially in the GEC-supported zone: after only 
two months of embankment construction, practically no further increase was found.

The total settlement in the GEC zone showed a maximum of around 10 cm, which is a 
very modest value.

4.3.5  Bastions Vijfwal Houten, Netherlands, 2005

The area of Houten-Zuid was one of the locations, which the Dutch government had tar-
geted as a growing area for housing development in the Netherlands. In two of these areas 
in Houten-Zuid, landscape embankments (so-called Bastions West and East) were planned 
as a connection between the residential area and the surrounding natural landscape. Due to 
the soft subsoil, settlements of 1.6–1.9 m for Bastion West and 0.5–0.8 m for Bastion East 
were expected to occur. The problems faced were not only the settlements as such, but also 
the long consolidation time and the possible lateral pressure in depth on the rigid pile foun-
dations of the already constructed adjacent buildings. After checking different options, the 
foundation of the “Bastions” on GECs was chosen as the optimal one. In Figure 4.22, the 
plan view and a typical cross-section of Bastion West are shown, as are the main parameters 
of the project listed in Table 4.5.

To ensure the appropriate compaction of the column fill material and the estimated 
load-bearing capacity of the columns, penetration tests inside the columns and simple 
short-term load tests were carried out as shown in Figure 4.23a. Figure 4.23b shows 
typical results of the settlement measured on the top of the GECs and between them 
with a final settlement of about 0.35 m completed in 180 days. It is observed that the 
calculated settlement met very well the measurement, particularly with that between 
the GECs.

Figure 4.22  (a) Plan view of Bastion West; (b) a typical cross-section with GECs (Alexiew and Raithel, 
2015)
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Table 4.5 Main data of the project Bastions at Houten (Alexiew and Raithel, 2015)

Figure 4.23  (a) Short-term load test on a single GEC; (b) long-term settlements on top and between 
GECs (Alexiew and Raithel, 2015)

4.3.6  Steel plant TKCSA, Itaguaí, Brazil, 2006–2010

The steel plant had to be built on extremely soft soil lowlands on the seashore inclusive of 
a large, heavy loaded stock yard for coal, coke, ore, and additives (Alexiew et al., 2010). 
Figure	 4.24	 shows	 a	 typical	 soil	 profile	 down	 to	 18	m	 below	 terrain	with	 an	 undrained	
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strength varying from 5 to 10 kPa. A wide range of factors had to be taken into consideration 
regarding the foundation of the very large railroads (Alexiew et al.,	2010).	The	final	decision	
was to found them on GECs in the coal/coke area. A total of about 250 km of GECs were 
installed with a diameter of 78 cm at a center-to-center spacing of 2 m, square mesh pattern, 
average length of 10 m, and varying strength.

In an early stage of stockyard construction, an instrumented load test was performed to study 
the behavior of a full stock bed and an adjacent GEC-supported runway, both on high-strength, 
low-strain horizontal geosynthetic reinforcement with ultimate tensile force up to 1600 kN m–1. 
Figure 4.25 shows some test results. Note that there are no GECs installed to the left.

Figure 4.24 Steel plant TKCSA: typical geotechnical profile (Alexiew and Raithel, 2015)

Figure 4.25  Different horizontal displacement behavior without (left) and with (right) adjacent GECs 
(Alexiew and Raithel, 2015)
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The following are some of the most important results:

• The consolidated settlements due to runway platform of 2–3 m thickness, ballast bed, 
sleepers, etc., amounted to 20 cm after two months;

•	 A	750-ton	stacker/reclaimer	kept	in	a	fixed	position	for	a	week	provoked	4	cm	of	addi-
tional settlement; and

• A similar test with rotated boom (for example, under maximal load eccentricity) resulted 
in a cross-tilting of runway of < 0.25%.

This data met the requirements concerning the short- and long-term deformations; thus, 
these	tests	gave	the	final	“green	light”	for	the	concept	of	a	“runway	on	GEC.”

4.4  Final remarks

The engineering applications of GEC described in this chapter have included stockyards, 
railroads, airports, dykes, and housing developments more familiar to the authors. However, 
GEC has been used in many more projects around the world, e.g., in Spain, Malaysia, etc., 
but the authors know no publications related to those projects. However, it is worth mention-
ing	that	the	application	in	Malaysia	(unpublished)	was	quite	specific:	a	row	of	GECs	filled	
with a mixture of sand and bentonite was installed with zero space between them as a curtain 
to reduce (to 90%, but not stop completely) ground water stream – it worked. Note that even 
the case studies overview in Alexiew and Raithel (2015) does not include all the projects 
completed.



5.1  Introduction

By	 the	 beginning	 of	 the	 2000s,	 numerical	 analyses	 using	 either	 finite	 element	 or	 finite	
difference methods have been frequently employed to evaluate the behavior of the geo-
synthetic encased column (GEC) system. They can simulate the interaction mechanisms 
between soil and geosynthetic material by adopting the stress-strain coupled formulation 
with	reasonable	accuracy.	Numerical	analyses,	especially	using	the	finite	element	method,	
provide a more fundamental understanding of GEC behavior through parametric studies to 
investigate	the	influence	of	the	input	parameters,	which	were	mostly	verified	with	experi-
mental	 investigations.	 Several	 two-	 and	 three-dimensional	 finite	 element	 analyses	were	
performed	 to	 study	 the	 influence	 of	 critical	 parameters,	 such	 as	 area	 replacement	 ratio,	
stiffness modulus of the encasement material, thickness of clay layer, embankment stress, 
and reinforcing modes. Some of the most important numerical analyses of the GEC system 
are listed in Table 5.1.

This chapter presents the results of the numerical analysis of the TKCSA test embank-
ment described in Chapter 4. Axisymmetric and plane strain simulations are performed using 
Plaxis	 2D	 and	 3D	finite	 element	 codes	 (Brinkgreve	 and	Vermeer,	 2012),	 and	 the	 results	
are	 compared	with	 field	measurements.	The	 2D	 axisymmetric	 analysis	 is	 carried	 out	 by	
modeling a singular encased granular column localized below the embankment centerline 
accompanied by its surrounding soft soil (i.e., unit cell concept). 2D plane strain analysis is 
conducted by simulating a section crossing the centerline of the embankment using Raithel 
and Henne’s (2000) method to convert the encased column into an equivalent wall. In addi-
tion,	a	full	strip	3D	analysis	is	modeled	to	study	the	influence	of	the	basal	geogrid	reinforce-
ment.	The	model	configuration,	calculation	steps,	and	results	of	the	numerical	analyses	are	
presented with details in this chapter, thus the applicability and limitations of each model 
are discussed.

5.2  2D axisymmetric analysis

The unit cell concept is applied to perform the axisymmetric analysis to determine the settle-
ments and the stresses separately acting on the encased column and the surrounding soft 
soil, as well as the pore pressures and geotextile hoop strains. The columns localized in the 
central area of the test embankment are arranged with an average center-to-center spacing (s) 
of 2.0 m along a square grid, resulting in a 2.26 m diameter unit cell (de = 1.13s). The model 
configuration,	boundary	conditions,	and	finite	element	mesh	are	shown	in	Figure	5.1.	The	

Chapter 5

Application of numerical analyses
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finite	element	mesh	adopted	was	based	on	the	mesh	sensitivity	analysis.	A	fine	grain	mesh	
was	assigned	for	the	whole	model	with	a	local	mesh	refinement	close	to	the	encased	stone	
column.

The vertical and horizontal displacements are restrained at the bottom boundaries, but 
the model is free for the vertical displacements at the lateral borders.

The geotextile casing and the basal geogrid are simulated using a geogrid element, 
a slender structure that only sustains an axial tensile force along its length, with stiffness 
values equal to 1750 and 2200 kN m–1, respectively. As far as the constitutive models are 

Table 5.1 Some important numerical analyses of GEC system

Reference Analysis type Case considered Parameters analyzed

Murugesan and Rajagopal (2006) 2D unit cell Hypothetical model dc, J, Hem

Yoo and Kim (2009) 2D unit cell and 3D 
analyses

Actual model Comparison of 2D 
and 3D analyses

Khabbazian et al. (2010) 3D unit cell Hypothetical model dc, J, φc, Lenc, Lcol

Yoo (2010) 2D unit cell and 3D 
analyses

Actual model J, aE, Lenc, Hem

Tandel et al. (2012) 3D analysis Hypothetical model J, Es, dc, Ec

Keykhosropur et al. (2012) 3D analysis Actual model φc, Ec, dc, J
Almeida et al. (2013) 2D unit cell Hypothetical model J, Hem, Hs

Mohapatra et al. (2017) 3D unit cell Prototype scale σ3, dc, mesh pattern
Khabbazian et al. (2015) 3D unit cell, 2D unit 

cell and 3D strip
Hypothetical model σv, δh, δv

Figure 5.1  Axisymmetric analysis of TKCSA test embankment: (a) geometrical data of the test embank-
ment and encased columns; (b) unit cell concept; (c) model adopted and finite element mesh 
(Hosseinpour et al., 2015)
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concerned, the elastic perfectly plastic model with Mohr-Coulomb (MC) failure criteria was 
adopted for both the encased column and the embankment material. Soft clay behavior was 
simulated using Soft Soil (SS) elasto-plastic model and the parameters were obtained from 
the site investigation (Hosseinpour et al., 2017) as shown in Table 5.2.

5.2.1  Settlement estimation

Measured	and	calculated	settlements	(through	finite	element	analyses)	on	the	top	of	the	GEC	
and the surrounding soft soil are shown in Figure 5.2. It is observed that the 2D axisymmetric 
analysis predicted the measured settlements reasonably well, in particular during construc-
tion and to some extent for the stage consolidation intervals. Both measured and simulated 

Table 5.2  Material parameters used in finite element analysis of the test embankment (Hosseinpour 
et al., 2015)

Material and constitutive 
model

γsat  
(kN m–3)

kh  
(m d–1)

kv  
(m d–1)

φ′ 
(o)

C′  
(kPa)

E′  
(kPa)

Cc 
(–)

Cs 
(–)

Ck 
(–)

Embankment fill (MC) 28 1 1 38 0 50000 – – –
Granular column (MC) 20 10 10 40 0 80000 – – –
Soft clay I (SS) 14.4 9.7×10−6 6.2×10−6 25 2 – 0.98 0.084 1.03
Soft clay II (SS) 17.2 8.8×10−6 5.6×10−6 28 3 – 0.13 0.040 1.03
Working platform (MC) 19.5 0.6 0.6 33 0 15000 – – –
Dense sand (MC) 20 1 1 38 0 30000 – – –
Sand lens (MC) 18.5 0.5 0.5 30 0 22000 – – –
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Figure 5.3  Vertical stresses acting on GEC and surrounding soil: measured and predicted results (Hos-
seinpour et al., 2015)

results showed that the settlement increased notably just after each layer was placed and also 
during consolidation when excess pore pressure was dissipated.

Unlike the analytical calculations (Raithel and Kempfert, 2000; Castro and Sagaseta, 
2011), a difference was seen between settlements at the top of the GEC and at the surround-
ing soil. Similar to the total settlement, this difference increased with time as a differential 
settlement of around 80 mm occurred at the end of monitoring time for both measured and 
computed values. This differential settlement is caused by the different stiffness values of 
the GEC and the soft clay (Almeida et al., 2013).

5.2.2  Total vertical stresses

The total vertical stresses measured (with total pressure cells) on the top of the GEC 
and the surrounding soil (i.e., midpoint between the columns) are compared with the 
values	obtained	from	finite	element	analysis	(FEA)	in	Figure	5.3.	It	is	observed	that	the	
measured stress distribution is simulated reasonably well by the axisymmetric analysis. 
The results also show that the total vertical stresses acting on the GEC tend to increase 
continuously during post-construction. Inversely, the total vertical stress acting on sur-
rounding soil (midpoints between the columns) decreased at a slow rate. This behavior 
can be attributed to the decrease in the apparent stiffness of surrounding soil from quasi-
undrained	 stiffness	 to	drained	 stiffness	during	consolidation.	Comparison	of	field	data	
and	 the	 results	 of	 finite	 element	 analysis	 show	 that	 2D	 axisymmetric	 analysis	 gave	 a	
satisfactory estimation of the total vertical stresses, particularly at midpoints between the 
columns.

Measured and predicted stress concentration ratios (n	=	Δσv,c/Δσv,s) are shown in Figure 
5.4. It is seen that both the measured and the computed stress concentration increased dur-
ing construction after each layer was placed, as well as during the post-consolidation period 
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due to change in apparent undrained stiffness of the soft clay. The increase in stress concen-
tration during post-construction can also be attributed to the development of soil arching 
resulting from further stretching of the geotextile encasement, which caused the column to 
support more total vertical stress. Since greater total vertical stress was transmitted to the 
encased column, stress concentration increased almost continuously.

5.2.3  Excess pore pressures

The variations of the excess pore pressure with elapsed time for the piezometers located 
at 3 m (PZ1), 6 m (PZ2), and 8 m (PZ3) below the ground surface and on the embank-
ment centerline are shown in Figure 5.5. A sharper increase can be observed just after the 
placing of each layer, and subsequently the excess pore pressure dissipates partially dur-
ing consolidation intervals. It can be seen that 2D axisymmetric analysis simulated both 
excess pore pressure buildup and dissipation for the stage construction of the embankment 
reasonably well, but there is almost 20% difference in the maximum excess pore pressure 
in loading stage four, which could be related to the actual thickness of the layer placed 
in this loading stage. The faster dissipation of excess pore pressure obtained from FEA 
can be explained by the actual columns layout in the test area. The GEC were installed in  
an irregular square pattern with center-to-center spacing ranging between 1.75 and 2.25 m. 
The analysis, however, was performed using a unit cell generated considering 2.0 m 
center-to-center spacing between the columns, which is the average value obtained in 
the central area of the test embankment, relevant for the axisymmetric analysis. Thus the 
localized larger spacing between the columns, where piezometers are installed, could be 
the reason for slower dissipation of pore pressure obtained by measurement compared 
with the FEA.
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5.2.4  Geotextile expansion (column bulging)

Variations	of	the	measured	and	simulated	geotextile	expansion	([Δdc]) are shown in Fig-
ure 5.6a. The geotextile expansion (i.e., column radial deformation) increased notably 
just after each layer was placed and increased continuously during post-construction. 
Continuous encasement expansion coincides with the variation of the settlement and the 
total	vertical	stress	measured	on	the	GEC.	The	results	of	the	2D	axisymmetric	finite	ele-
ment analysis are used to compare the geotextile expansion at 0.8 m below the soft clay 

0

5

10

15

20

25

30

35

40

45

50

0 40 80 120 160 200 240

E
xc

es
s 

po
re

 p
re

ss
ur

e 
(k

P
a)

Time (day)

Measured (PZ1)
Measured (PZ2)
Measured (PZ3)
Simulated (PZ1)
Simulated (PZ2)
Simulated (PZ3)

Figure 5.5 Measured and simulated excess pore pressures (Hosseinpour et al., 2015)

Figure 5.6  Variations of the horizontal deformation: (a) measured and computed geotextile expansion; 
(b) distribution of the horizontal deformation (Hosseinpour et al., 2015)
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(i.e.,	point	E	in	Fig.	5.6b),	equal	to	the	column	diameter,	with	the	field	data	measured	at	
point D. It is observed that the simulated column horizontal deformation at point E was 
about twice the value recorded by instrumentation (i.e., point D). The smaller horizontal 
deformation measured at point C (i.e., 0.8 m below the ground surface), compared with 
point E, can be attributed to the contribution of the sand working platform, which pro-
vides	higher	confining	support	acting	on	the	column	along	this	zone.

5.2.5  Influence of the column spacing

The	2D	axisymmetric	analysis	was	applied	to	study	the	influence	of	the	spacing	between	the	
columns, using s = 1.75 and 2.25 m as the minimum and the maximum spacing between the 
GEC in the test area respectively. Figure 5.7 compares the settlement measured at midpoint 
between	GEC	with	 those	 obtained	 from	 the	finite	 element	 analysis.	The	 larger	 the	 spac-
ing between the GEC, the greater settlement observed. For instance, the settlement com-
puted assuming s = 2.25 m was around 23% greater than the settlement computed assuming 
s = 1.75 m. It was also observed that the settlement computed assuming s = 2.0 m matches 
with	the	measured	data,	particularly	at	the	end	of	monitoring	time,	which	confirms	that	the	
columns spacing of s = 2.0 m used for the unit cell localized in the central area of the test 
embankment is a representative value.

In Figure 5.8, variations of the measured total vertical stress on the top of the GEC are 
compared with the simulated results, and it was observed that for a constant column diam-
eter, the larger spacing between the columns (a lower the area replacement ratio) caused the 
column to support higher total vertical stress. For instance, at the end of monitoring time, the 
total vertical stress on the top of GEC spaced 2.25 m was approximately 20% greater than 
that for s = 1.75 m.

In Figure 5.9, variations of the measured total vertical stress acting on the top of the 
surrounding soft soil are compared with the numerical results. Unlike vertical stress acting 
on the GEC, the total vertical stress acting on surrounding soil reduced as spacing between 
the columns increased (i.e., the area replacement ratio was lower). As clearly seen, the best 

Figure 5.7  Influence of the spacing between the columns on settlements on the top of the 
surrounding soil
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Figure 5.8  Influence of the spacing between the columns on variation of the total vertical stress acting 
on encased column
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Figure 5.9  Influence of the spacing between the columns on variations of the total vertical stress on 
the top of the surrounding soil
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prediction	of	the	measurements	was	achieved	when	finite	element	analysis	was	performed	
assuming s = 2.0 m, which is the average value at the central area of the test embankment. 
Comparison of Figures 5.8 and 5.9 indicates that the GEC spaced larger improved the stress 
concentration ratio, as also reported by experimental investigations (Murugesan and Rajago-
pal, 2007) and some numerical studies (Khabbazian et al., 2010; Hosseinpour et al., 2014). 
For example, the stress concentration ratio (n) at the end of monitoring time is equal to 3.1 by 
assuming s = 2.25 m; however, the stress concentration ratio reduces to 1.86 when s = 1.75 m.
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5.3  2D plane strain analysis

The	typical	2D	axisymmetric	unit	cell	model	with	horizontally	fixed	side	boundary	conditions	
is not suitable to simulate horizontal displacements due to its boundary conditions. Although 
a 3D analysis is more appropriate for this type of geosynthetic application, a 2D plane strain 
model might be also used to predict the horizontal deformation of the foundation soil under-
neath	the	embankment.	A	simplified	methodology	for	a	2D	plane	strain	analysis	of	unencased	
granular columns was proposed by Tan et al. (2008), in which a unit cell of a granular column 
was modeled into a wall in order to obtain the equivalent plane strain column width. The 
significance	of	the	geotextile	stiffness	based	on	a	2D	plane	strain	model	is	ignored,	result-
ing in computed total deformations higher than the actual values. Therefore, the effect of the 
geotextile encasement is indirectly taken into account by an increased frictional angle for the 
column material introduced by Raithel and Henne (2000), as discussed in Chapter 2.

5.3.1  Model configuration

As shown in Figure 5.10, the axisymmetric to plane strain transformation was performed 
according to the method (see Chapter 2) proposed by Tan et al. (2008), which was also 
successfully used by Almeida et al. (2014). In this methodology, the granular column is 

Figure 5.10  Plane strain configuration of the test embankment: (a) layout of granular columns; (b) axi-
symmetric unit cell; (c) converted plane strain model; (d) numerical model adopted for 
finite element analysis (Hosseinpour et al., 2017)
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substituted by an equivalent plane strain wall, in which the half of column width bc is deter-
mined by Equation (2.29).

Given geometrical data of the granular columns yields to an equivalent plane strain 
column width (i.e., 2bc) equal to 0.25 m; however, the geotextile encasement effect is not 
yet	taken	into	account.	The	influence	of	the	geotextile	encasement	was	applied	by	a	change	
in the friction angle of the column proposed by Raithel and Henne (2000) using Equa-
tion (2.35). This formulation is derived using Mohr’s circle of stresses and by the stress 
difference	(Δσ3,geo)	between	the	whole	horizontal	supporting	stress	from	the	soft	soil	(σh,s,total) 
and	the	horizontal	inner	stress	from	the	granular	column	(σ3,c). It is noted that the values of 
stress difference, horizontal stresses of soft soil, and horizontal stresses inside the column 
are not constant along the column’s depth at any stage of embankment construction, deter-
mined by axisymmetric analysis.

Therefore, the equivalent friction angle was calculated based on the average values of 
those variables over the entire depth of column and the average values over all stages of 
loading. Using Equation (2.35) and the average values of the horizontal stresses, computed 
by the axisymmetric analysis, yields to an equivalent friction angle ( ′φsub) equal to 66° for 
granular column material to be used in the plane strain analysis. The material properties 
and constitutive models are the same as those used in axisymmetric analysis presented in 
Table 5.2.

5.3.2  Settlement estimation

According to Figure 5.11, the settlements computed using the equivalent friction angle 
approach (i.e., with encasement effect) predict the measured values fairly well, particularly 
for that measured on the top of the surrounding soil. However, the settlement computed 
using the column original friction angle (i.e., without encasement effect) was greater than the 
measured	value.	The	influence	of	the	geotextile	encasement	is	clearly	observed	in	the	plane	
strain results, as the settlement using the column original friction angle was about twice of 
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that computed using geosynthetic-equivalent friction angle approach. This is because the 
equivalent frictional angle would cause the column to have more shear strength, resulting in 
a smaller column radial deformation, subsequently in less settlement under the equal applied 
load. In general, the geosynthetic-equivalent friction angle used in the plane strain analysis 
appears to be a suitable approach for settlement estimation of the test embankment over 
GEC for the section crossing the embankment centerline.

5.3.3  Soil horizontal displacement

Horizontal displacements beneath the test embankment toes measured by inclinometers, 
with their position shown in Figure 4.2, are compared to those obtained by 2D plane strain 
analysis in Figure 5.12. It is observed that the horizontal deformations obtained using the 
equivalent fraction angle approach (i.e., with encasement effect) showed reasonable agree-
ment with measurements beneath the depth of 3.0 m, particularly with the magnitude of 
the maximum horizontal deformation. However, the maximum soil horizontal deformation 
computed using the column original friction angle (i.e., without encasement effect) was as 
much as 3–5 times greater than the values measured at the end of construction and end of 
monitoring time, respectively.

Figure 5.13 illustrates the distribution of the horizontal deformation in soil layer with 
and without the encasement effect. A larger horizontal deformation is observed while the 
geotextile	confining	support	is	ignored.	Concentration	of	the	large	horizontal	deformations	

Figure 5.12  Measured and predicted (FEA) soil horizontal deformation: (a) at the end of construction 
(i.e., 65 days); (b) at the end of monitoring period (i.e., 240 days) (Hosseinpour et al., 2017)

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

-50 50 150 250

D
ep

th
 (m

)

Horizontal displacement (mm)

Measured by IN1

Measured by IN2

FEA (with encasement)

FEA (without encasement)

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

-100 0 100 200 300 400 500 600 700

D
ep

th
 (m

)

Horizontal displacement (mm)

Measured by IN1

FEA (with encasement)

FEA (without encasement)

(a) (b)

Working platform

Soft clay I, II 

Working platform

Soft clay I, II 

Stiff silty clay Stiff silty clay



80 Geosynthetic Encased Columns for Soft Soil Improvement

beneath the embankment toes, shown in Figure 5.13b, provides clear evidence of embank-
ment lateral spreading taking place when geotextile encasement is not taken into account.

Generally, it can be said that the use of the geosynthetic-equivalent friction angle 
(i.e., contribution of the geotextile encasement) resulted in a much more proper computation 
of the soil horizontal deformation occurring beneath the embankment toes. However, the 
computed values were overpredicted in the upper 3.0 m. The simple Mohr-Coulomb model 
adopted for the granular column may be the reason behind the difference between measured 
and predicted horizontal deformation in this zone. In any case, it is relatively common to 
obtain overall good agreement between observations and numerical predictions in terms of 
vertical deformation and pore pressure, but not for the horizontal displacement (Almeida 
et al., 1986).

5.3.4  Excess pore pressures

Variations of the excess pore pressures measured by piezometers PZ1 and PZ2, both installed 
below	the	embankment	centerline	but	in	different	depths	(PZ1	at	−8	m	depth	and	PZ2	at	−6	m	
depth), are compared to the predicted values in Figure 5.14. It can be seen that the geosyn-
thetic-equivalent friction angle approach (i.e., with encasement effect) predicted reasonably 
well the pore pressure buildup and some extent of its dissipation. Using the column original 
friction angle (i.e., without encasement effect), however, resulted in a greater maximum 
excess pore pressure and a longer dissipation time compared to the measurement, which 
could be related to the higher total vertical stress transmitted to the surrounding soil when 
the	influence	of	the	encasement	is	ignored.

5.3.5  Total vertical stresses

The distribution of the total vertical stress below the embankment at the end of monitoring 
time is demonstrated in Figure 5.15. It is seen that the use of the geosynthetic-equivalent 
friction angle approach caused the total vertical stress in soft clay to decrease and, inversely, 
the total vertical load supported by the encased columns to increase. In other words, con-
tribution of the geotextile encasement enhanced the load transfer mechanism through the 
soil	 arching	over	 the	granular	 columns.	This	behavior	 clarifies	 that	 the	 simulation	of	 the	

Figure 5.13  Distribution of the incremental horizontal deformation at the end of monitoring time: 
(a) using equivalent friction angle; (b) using original friction angle (Hosseinpour et al., 2017)



Application of numerical analyses 81

geotextile encasement effect, using the equivalent friction angle approach, predicted the 
variations of the excess pore pressures reasonably well at the same depth that the piezom-
eters were installed.

5.3.6  Stability analysis of embankment

In order to verify the stable performance of the test embankment, c-phi reduction stability 
analysis (Brinkgreve and Vermeer, 2012) was performed to evaluate the factor of safety of 
the test embankment at two consecutive stages: just after load application, and just before 
next load increment. The stability analysis was conducted using the original column friction 
angle	and	the	equivalent	friction	angle	to	assess	the	encasement	influence	on	the	factor	of	
safety of the test embankment.

Figure 5.14  Variations of the measured and predicted (FEA) excess pore pressures with and without 
encasement: (a) measured by PZ1; (b) measured by PZ2 (Hosseinpour et al., 2017)
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Results of the stability analysis of the test embankment are summarized in Figure 5.16 
in plots of the factor of safety (FS) against the height of embankment. Regardless of the 
geotextile	influence,	it	is	seen	that	the	minimum	factor	of	safety	is	reached	just	after	the	load	
application when the excess pore pressure in clayey foundation is maximum (see Fig. 5.17a). 
Upward trends for the constant height of embankment denote an increase in the factor of 
safety during the consolidation interval following the loading stage. This increase is because 
of the increase in shear strength of the soft clay due to dissipation of excess pore pressure, 
as illustrated in Figure 5.17b. As expected, the largest improvement is seen for loading stage 
4 with about six months consolidation period, followed by loading stage 2, which had the 
longest consolidation interval (i.e., 35 days) compared to loading stages 1 and 3. Concerning 
the	geotextile	encasement	influence,	a	significant	improvement	in	factor	of	safety	is	reached	
as geosynthetic-equivalent friction angle was used. It is also seen that when the geotextile 
effect	was	ignored,	the	test	embankment	failed	in	loading	stage	3	due	to	insufficient	shear	

Figure 5.16  Predicted factor of safety of the test embankment during construction and consolidation 
stages (Hosseinpour et al., 2017)
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strength	of	the	soft	foundation.	As	failure	had	not	occurred	in	the	field,	the	use	of	original	
friction angle of column material (not considering the contribution of geotextile) is not rep-
resentative	of	the	field	condition.

5.4  3D strip analysis

Three-dimensional 3D numerical analysis was applied in order to verify the contribution of 
the working platform and the basal geogrid reinforcement on settlement and stress distribu-
tion below the embankment. Accordingly, a rectangular slice located below the embank-
ment centerline, where the instrumentation was concentrated, was selected to perform the 
numerical simulation. The zone of interest has two orthogonal planes of symmetry, thus only 
half of the test embankment over reinforced ground was modeled. The slice adopted is 1 m 
wide including three central encased granular columns, as illustrated in the plan and cross-
sectional views in Figure 5.18.

Figure 5.18  3D configuration of the embankment over GECs: (a) slice considered for numerical analy-
sis; (b) finite element model; (c) boundary conditions
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The basal geogrid reinforcement and the geotextile encasement were modeled as isotro-
pic nonlinear geogrid elements, available in PLAXIS 3D, which are composed of six node 
triangular surface elements with three translational degrees of freedom per node. Geogrid 
elements have only axial stiffness, no bending stiffness; therefore, they can only sustain 
tensile forces along their length. A perfect interface adherence (i.e., no interface element) 
was assigned between the geogrid element and the adjacent soil. Several studies showed 
that the assumption of the perfect interface adherence in working stress conditions results 
in reasonable predictions with respect to measured data (Hatami and Bathurst, 2005; Tandel 
et al., 2012).

The	lateral	extent	of	the	model	was	then	chosen	to	be	40	m	to	avoid	any	influence	of	
the	outer	boundary.	Considering	the	boundary	fixities,	the	model	was	restricted	to	deform	
horizontally	on	the	vertical	sides	(i.e.,	roller	boundaries)	while	fully	fixed	along	the	base,	as	
seen in Figure 5.18. The groundwater table level was set to the interface between the work-
ing platform and the top soft clay layer, as observed in situ.

The load application was simulated by the current stage of construction of the test 
embankment followed by a period of six months to allow for consolidation. The steps of the 
calculation consisted of activating the clusters corresponding to the various embankment 
layers in order to simulate embankment construction, followed by consolidation intervals 
between the stages to analyze the development and dissipation of the excess pore pressures 
in the saturated soft soil as a function of time.

5.4.1  Settlements

Figure	5.19	shows	the	influence	of	the	working	platform	thickness	on	the	settlement	at	the	
mid-point between encased columns (point A) calculated by 3D numerical modeling. Three 
different values of the working platform thickness were analyzed (Hwp = 0.0 m; 0.5 m; and 
1.5 m) while the encasement stiffness and basal geogrid stiffness were kept constant as Jen = 
1750 kN m–1 and Jbs = 2200 kN m–1, respectively. Although embankment construction on very 

Figure 5.19 Influence of working platform on settlement computed at point A
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soft clay layers without a working platform is practically impossible, analyses were also 
conducted	without	the	working	platform	to	assess	its	influence	on	the	results.	An	increase	of	
the working platform thickness causes the settlement below the embankment centerline to be 
reduced in either the construction stages or the post-construction period.

Figure	5.20	shows	the	vertical	strain	as	defined	by	the	maximum	settlements	at	point	
A normalized by the thickness of the working platform and soft clay for different basal 
geogrid stiffness. These values were taken at the end of the monitoring time (i.e., 240 days) 
when around 90% of consolidation was completed. It can be seen that an increase in basal 
geogrid	stiffness	reduces	the	vertical	strain;	nevertheless,	its	influence	is	associated	with	the	
working platform thickness. For example, without a working platform the vertical strain 
for upper and lower limits of geogrid stiffness (i.e., Jbs = 500 and 4000 kN m–1) differ by 
about 2.5%. However, when the working platform thickness is equal to 1.5 m, an increase 
in	geogrid	 stiffness	does	not	 significantly	affect	 the	vertical	 strain	values,	 as	 reported	by	
previous researchers (King et al., 1993; Han and Gabr, 2002; Zhang et al., 2015). Accord-
ing	to	the	results,	the	influence	of	the	basal	geogrid	stiffness	on	the	maximum	vertical	strain	
is closely associated with the thickness of the granular bed placed below the embankment.

5.4.2  Total vertical stresses

Figure	5.21	shows	the	influence	of	the	working	platform	(Hwp) on the stress concentration 
factor	(SCF),	defined	by	the	average	vertical	stress	on	the	encased	column	(point	B)	to	the	
average vertical stress on the surrounding soil (point A). In these analyses, the encasement 
stiffness was 1750 kN m–1 and the SCF was calculated just after each load application stage.

It is observed that the SCF is roughly constant for Hwp = 1.5 m, fairly close to the mea-
sured value of 2.3 during construction stages and post-construction (Almeida et al., 2014). 
As	seen,	the	influence	of	the	geogrid	stiffness	on	the	SCF	is	quite	significant	in	the	absence	
of a working platform as the stiffer geogrid reduces the SCF values. Nevertheless, the SCF is 
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almost constant for any basal geogrid stiffness when a 1.5-m thick working platform exists. 
In other words, there is an optimum thickness for a working platform (i.e., 1.5 m for the 
present case), since beyond that value an increase in geogrid stiffness would not enhance the 
soil arching below the embankment.

5.4.3  Soil horizontal displacement

The	 influence	of	 the	working	platform	on	 the	maximum	horizontal	displacements,	which	
typically occurred at the clay-working platform interface, are shown in Figure 5.22a. It can 
be seen that the working platform reduced the maximum soil horizontal displacement at all 
stages of embankment construction.

Figure 5.22b shows the maximum horizontal displacement as a function of the basal 
geogrid stiffness. For the case analyzed without and with a 0.5 m thick working platform, 
an increase in basal geogrid stiffness reduced the maximum soil horizontal displacement, 
thus also improving the global stability of the test embankment. However, similarly to the 
previous comparisons, when the working platform thickness was 1.5 m, a change in the 
geogrid stiffness did not affect the maximum horizontal displacement. In this case, the low 
contribution	of	the	basal	reinforcement	is	reflected	in	the	low	values	of	the	mobilized	tensile	
forces and in the slight variation of the maximum soil horizontal displacement with increas-
ing reinforcement stiffness.

5.4.4  Tensile force in geogrid reinforcement

The maximum tensile forces developed on the basal geogrid (Tmax) are plotted in Figure 5.23 
as a function of the embankment height. It can be observed that the maximum tensile force 
decreases as the thickness of the working platform increases, from Tmax = 164 kN m–1 for 
Hwp = 0.0 m to Tmax = 20 kN m–1 for Hwp = 1.5 m, both calculated at the end of construction. 
It is interesting to note that when the working platform does not exist (Hwp = 0.0 m), the 
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mobilized tensile force at the geogrid reinforcement crosses the allowable tensile force at 
the second stage of embankment construction. But when a 1.5 m thick working platform is 
used (Hwp = 1.5 m), the maximum mobilized tensile force is about 3 times lower than the 
allowable value.

Figure	5.24	compares	profiles	of	the	tensile	forces	mobilized	along	the	basal	geogrid	at	
the end of monitoring time as the encasement stiffness changes. These analyses were carried 
out with the basal reinforcement stiffness and working platform thickness equal to Jbs = 2200 
kN m–1 and Hwp = 1.5 m, respectively. It can be observed that an increase in encasement stiff-
ness reduces the tensile force along the basal reinforcement. As reported by previous studies 
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(Murugesan and Rajagopal, 2006; Gniel and Bouazza, 2010), the stiff geosynthetic encase-
ment enhances the part of the load transferred directly to the top of the encased columns 
and, subsequently, the basal reinforcement is less responsible for carrying the embankment 
applied stress.

It can also be observed that for two limit cases of encasement stiffness, i.e., Jen = 4000 
kN m–1 and Jen = 500 kN m–1, the maximum tensile force along the basal geogrid is about 28% 
and 55% of the allowable tensile force, respectively (Tref = 82 kN m–1). This ratio, however, 
increases up to 73%, as columns are not encased. This is indirect evidence of the effective-
ness of the encasement in controlling the soil horizontal deformations.

5.5  Final remarks

Each type of analysis has its advantages, disadvantages, and limitations. Table 5.3 com-
pares the capabilities of some numerical and analytical models most usually performed with 
respect to conditions and variables of main interest. The 2D unit cell is the most common 
numerical analysis performed, and it provides the main necessary information for a typi-
cal geotechnical design in general. The 3D unit cell analysis is more rigorous than the 2D 
unit cell analysis, but the differences obtained may be relatively small, thus it may not be 
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advisable to be performed considering it is more time consuming. The 3D strip analysis 
provides	all	necessary	information,	but	it	may	be	justified	just	in	special	projects	and	is	more	
commonly used in research studies. Any numerical analysis should be preceded by calcula-
tions using an analytical model, such as that proposed by Raithel and Kempfert (2000).

Table 5.3 Capabilities of numerical and analytical models

Conditions/Variables 2D unit cell 
(or 3D unit cell)

3D strip 2D Plane 
strain

Raithel and 
Kempfert’s (2000) 
Analytical model

Heterogeneous soil conditions *** *** ***
Central settlement at embankment 
base

*** *** **

Differential settlement at the top of 
the embankment

** *** ** –

Settlements along the embankment 
base

– *** ** –

Geosynthetic tensile force at the GEC *** *** – **
Vertical stresses on column and soil ** *** * **
Horizontal displacements at 
embankment base

– *** * –

Geosynthetic tensile force at the 
embankment base

– *** * –

Column radial displacements *** *** – **
Pore pressures in soft soil *** *** ** –

Time variations *** *** ** –

Factor of safety against overall failure – *** ** –

General comments Most common 
numerical 
analyses

More general and 
comprehensive 
results are 
provided; time 
consuming

Lacks 
additional 
validation 
studies

Straightforward 
analysis; to 
be performed 
before numerical 
analyses

*** Very applicable
** Applicable
* Less suitable
– Not suitable
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Group “A” charts

Soft clay strength properties: c′= 2 kPa and ϕ′ = 25°

Annex I
Pre-design charts of Geosynthetic 
Encased Granular Columns (GECs)  
“Eoed,ref = 500 kPa”
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Group “B” charts

Soft clay strength properties: c′= 5 kPa and ϕ′ = 28°
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Group “C” charts

Soft clay strength properties: c′ = 2 kPa and ϕ′ = 25°

Annex II
Pre-design charts of Geosynthetic 
Encased Granular Columns (GECs)  
“Eoed,ref = 1500 kPa”
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