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ABSTRACT

ABSTRACT

The granular column technique presents itself as a highly effective approach for reinforcing
soft soils, offering substantial benefits such as improved bearing capacity and minimized
settlement. However, when dealing with extremely soft soils, the bearing capacity diminishes
to an extent where ordinary stone columns or sand columns no longer provide sufficient
containment. To address this challenge, an apt solution is to integrate the columns with
geosynthetics, imparting them with vital lateral confinement required for optimal performance.
On the other hand, the use of recycled aggregate materials has become an effective modern

technology for better soil reinforcement.

Recycled aggregates have been increasingly considered at the recent years, owing to the
limited supply of natural aggregates coupled with the corresponding carbon footprint. The use
of recycled aggregates aims to reduce energy consumption and thus contributes to reducing
waste harmful to the environment. The objective of this thesis is to clarify the importance of
using recycled aggregate materials in soil reinforcement and to demonstrate their effectiveness
compared to natural aggregate. This study is based on a number of numerical tests using the
finite element method of the PLAXIS 3D software with the elastic-perfectly plastic behavior

model and the Mohr-Coulomb flow criterion for all materials.

In the present study, a unit cell model of soft soil treated by three types of granular columns:
Ordinary Stone Columns (OSC), Sand-Fiber Mix (SFM) and Recycled Aggregate Porous
concrete Pile (RAPP) was loaded to failure. Where an extensive study was conducted to
investigate the effects of the column type; angle of friction, modulus of elasticity, column length
and geosynthetic effective stiffness on the behavior of soft soils. Results of the numerical tests
indicated that the bearing capacity of the columns of recycled aggregates is three times greater
than that the columns of natural aggregates. The findings of this research are given in the form
of load-settlement graphs, which made it possible to release constructive recommendations for
the realization of the work on this technique.

Keywords: Soft Soil, Granular column, Recycled aggregates, Numerical analysis, Unit cell,
Bearing capacity, PLAXIS 3D.




ABSTRACT

RESUME

La technique des colonnes granulaires se présente comme une approche hautement efficace
pour renforcer les sols compressibles, offrant des avantages substantiels tels qu'une capacité
portante améliorée et une réduction de tassement. Cependant, lorsqu'il s'agit de sols
extrémement compressibles, la capacité portante diminue a un point ou les colonnes ballastées
ordinaires ou les colonnes de sable ne fournissent plus une confinement suffisante. Pour relever
ce défi, une solution appropriée consiste a intégrer les colonnes avec des géosynthétiques, leur
conférant une confinement latérale primordiale nécessaire pour une performance optimale.
Dautre part, l'utilisation des matériaux d'agrégats recyclés est devenue une technologie

moderne efficace pour un meilleur renforcement des sols.

Au cours des derniéres années, les agrégats recyclés ont été de plus en plus pris en
considération en raison de la rareté des agrégats naturels et de leur empreinte carbone
correspondante. L'utilisation d'agrégats recyclés vise a réduire la consommation d'énergie et
contribue ainsi a la réduction des déchets nocifs pour I'environnement. L'objectif de cette thése
est de clarifier I'importance de [I'utilisation des matériaux d'agrégats recyclés dans le
renforcement des sols et de démontrer leur efficacité par rapport aux agrégats naturels. Cette
étude repose sur un certain nombre de tests numériques utilisant la méthode des éléments finis
du logiciel PLAXIS 3D avec un modele de comportement élastique-parfaitement plastique avec

le critére d'écoulement de Mohr-Coulomb pour tous les matériaux utiliseés.

Dans la présente étude, un modele de cellule unitaire de sol compressible traité par trois types
de colonnes granulaires a été chargé jusqu'a la rupture : des colonnes ballastées ordinaires
(OSC), un mélange de sable et de fibres (SFM) et des pieux en béton poreux d'agrégats recyclés
(RAPP). Une étude approfondie a été menée pour examiner les effets du type de colonne, de
I'angle de frottement, du module d'élasticité, de la longueur de la colonne et de la rigidité
effective du géosynthétique sur le comportement des sols mous. Les résultats des tests
numériques ont indiqué que la capacité portante des colonnes d'agrégats recyclés est trois fois
supérieure a celle des colonnes d'agrégats naturels. Les résultats de cette recherche sont
présentés sous forme de graphiques de chargement et de tassement, ce qui a permis de formuler

des recommandations constructives pour la mise en ceuvre de cette technique.

Mots-clés : Sol compressible, Colonne granulaire, Agrégats recyclés, Analyse numérique,

Cellule unitaire, Capacité portante, PLAXIS 3D.
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General Introduction

Granular columns are commonly used in civil engineering to mitigate settlement and enhance
the bearing capacity of soft soil. This technique involves replacing a portion of weak soil
(typically 10-40%) with a compacted granular material contained within cylindrical columns
(Boumekik et al., 2021). Noteworthy applications of this technique encompass the stabilization
of isolated and strip foundation soils, support for embankments, reconstruction of weakly
cohesive soils, reduction of liquefaction potential, and acceleration of soil consolidation
(Adalier & Elgamal, 2004; Castro, 2014). Settlement caused by structures and buildings poses
a significant stability issue within the realm of soil mechanics, primarily due to the low stresses
and high compressibility exhibited by soft soils. Ordinary Stone Columns (OSC) are
specifically installed within soft soil to mitigate settlement while simultaneously enhancing
both the structural and load-bearing capabilities (GREENWOOD DA, 1970; Han & Ye, 2001).

Numerous researchers have endeavored to examine the behavior of Sand-Fiber Mix (SFM)
or geogrids using both numerical and experimental methods. For instance (Ambily & Gandhi,
2007; Hasanzadeh & Shooshpasha, 2017; Malarvizhi & llamparuthi, 2008; Murugesan &
Rajagopal, 2010) conducted comprehensive parametric studies utilizing random fibers. These
studies aimed to investigate the behavior of SFM and analyze the influence of fiber length, fiber
depth, and fiber quantity within the sand pile on its bearing capacity. In a different study,(Kim
et al., 2012) conducted both experimental and numerical analyses to explore the behavior of
Recycled Aggregate Porous Concrete Pile (RAPP) as a substitute for traditional granular
columns, such as compression columns, in weak soil. This innovative system entails
incorporating porous concrete and recycled aggregates within the soil. Hasan and Samadhiya,
(2016) and You et al (2016) provided the mechanical properties of the utilized recycled
aggregates that form the basis of their study on RAPP.

Numerous theoretical and experimental studies have been conducted and published, primarily
focusing on the case where the foundation is subjected to vertical loads at the center. These
studies, conducted by (Gupta et al., 2022; Hanna et al., 2013; Kang et al., 2023; W. E. T, 1995),
have elucidated that the ultimate bearing capacity of reinforced soils and the failure behavior
of vertically loaded stone columns are contingent upon the geometric and physical properties

of both the surrounding soils and stone columns. Furthermore, other investigations have
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classified potential failure modes of single columns, identifying three distinct patterns: shearing
failure, bulging failure, and general punching failure. Notable contributions in this regard have
been made by (Debbabi et al., 2020; Mohamed, 2022; Ng, 2018).

The unit cell model has been endorsed by several authors (e.g., Indraratna et al., 2013;
Miranda et al., 2015; Pulko & Majes, 2005)Its model consists of a single granular column with
an infinitely equivalent circular area and it’s used according to measures that simulate the

presence of a column within an infinitely large group of granular columns.

Comparing the results with previous works is an essential step in validating findings and
understanding their significance in the research. In the case of the present study, there are
several previous works that can be used as a basis for comparison. Eg, (Kim et al., 2012)
investigated the bearing capacity of recycled aggregate porous concrete piles (RAPP) compared
to traditional compression columns. They found that RAPP had a higher bearing capacity than
the traditional columns, which is consistent with the findings of the present study. Similarly,
(Miranda & Da Costa, 2016)conducted a study on the behavior of stone columns reinforced
with geotextiles. They found that the vertical bearing capacity of the columns increased with
increasing geotextile stiffness, which is consistent with the findings of the present study
regarding the impact of geotextiles on column stiffness. In terms of the impact of Young's
modulus on the bearing capacity of granular columns, previous works have mixed results. Eg,
(Ambily & Gandhi, 2007) found that the stiffness of geogrids used in stone columns had a
significant impact on their bearing capacity, while (Malarvizhi & llamparuthi, 2008) found that
the stiffness of geogrids had a more significant impact on the bearing capacity of soft clay
columns. These results are consistent with the current study, which found that the effect of
Young's modulus on the bearing capacity of granular columns varies with the column material.
Moreover, previous studies have also investigated the impact of geotextiles on the bearing
capacity of granular columns. Eg, (DILBAS, 2021)conducted a study on the behavior of
recycled aggregate concrete-filled steel tube columns reinforced with geotextiles. They found
that the use of geotextiles significantly improved the bearing capacity and stiffness of the

columns.

Several studies have emphasized the widespread use of natural aggregates in strengthening
soft soils by granular columns (Malarvizhi & Ilamparuthi, 2008; Sexton et al., 2014), while

recycled aggregates have been studied less sharply because this recyclable material is still being
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researched and developed(Alabi & Mahachi, 2020; Kim et al., 2012; Petkovic et al., 2004;

Zaharieva et al., 2003). For this purpose, we made this research contribution.

The study is organized as follows: firstly, the Finite Element Method (FEM) model used in
this study is introduced. The validity of the proposed model is established by comparing it with
experimental and numerical data from previous studies (Basu, 2009; Hasan & Samadhiya,
2016), demonstrating good agreement. The geometry and geotechnical characteristics used in
the comparison studies are identical to those employed in this research. Subsequently, a
comprehensive parametric study is conducted to assess the sensitivity of the desired outcomes
(i.e., load-settlement results) to variations in key parameters. The study investigates the
effectiveness of three different column types (OSC, SFM, and RAPP) in enhancing the
response, as well as the influence of reinforcement material, friction angle, encasement
stiffness, and column length. Notably, this research contribution focuses on the behavior of
recycled aggregate (RAPP) as an alternative to natural aggregates and stones (OSC, SFM) in
reinforced particle columns. It is worth mentioning that RAPP is a relatively new and emerging
material in this field.
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1.1.Introduction

Civil engineering encounters a prevalent and considerable challenge in dealing with soft soil
deposits, mainly due to their tendency to settle excessively and their low bearing capacity.
These problematic soils are found across the globe with great frequency, particularly in major
urban centers where land is at a premium. Building on weak soil deposits presents considerable
challenges that include excess settlement and low shear strength. Being aware of the geological
and geotechnical characteristics of compressible soils is an essential step towards finding
effective solutions to these issues. This chapter aims to provide an insightful overview of the
unique properties and challenges associated with these soils, which includes discussing the
physical properties of weak soils, the factors that contribute to their formation, and the

engineering techniques used to overcome their adverse effects.

Compressible soils are soils that undergo significant deformation under the influence of a
load. Within this category of compressible soils are included silts, peat, and soft clays

(Mahfoud, 1990). This class of soils generally exhibits the following properties:

e A predominantly clayey or organic nature,
e A high water content and low bulk density,
e Very low permeability,

e Low shear strength and high compressibility.

In these soils, the liquid phase plays a crucial role and is largely responsible for the delayed
nature of the deformations they undergo under the weight of typical structures. This non-

instantaneous response to external loads varies according to:

e The soil type,
e The degree of saturation,

e The rate at which the imposed load is applied.

According to the definition provided by (Ahmad et al., 2010), a soft soil is characterized as a
mineral mixture consisting of hydrous aluminum, silicates, quartz, feldspars, carbonates,
oxides, hydroxides, and organic materials. Additionally, soft soil is distinguished by having a
shear strength below 25 kPa.
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Terzaghi et al., (1996) proposed that the consistency of clay can be characterized by its shear
strength Cu. They classified clay as very soft if its undrained shear strength is below 25 kPa,
and as soft when the strength falls between 25 kPa and 50 kPa.

According to the Texas Department of Transportation (TxDOT) (cited by Vipulanandan,
2009), clay is considered soft when the number of blows from the Texas Cone Penetration Test
is less than or equal to 20 blows for 300 mm of penetration (NTCP < 20) (Table 1.1).

Table 1.1: Soil classification according to TXDOT(Vipulanandan et al., 2009)

) Consistency Number of
Density(Granular) (Cohesive) Blows/300mm Field Identification
Core (height twice
Very Loose Very Soft Oto8 diameter) sags under own
weight
Core can be pinched or
Loose Soft 81020 imprinted easily with
finger
Slightly Compact Stiff 20 to 40 Core can be imprinted with
considerable pressure
Compact Very Stiff 40 to 80 Core can only be imprinted
slightly with fingers
Core cannot be imprinted
Dense Hard 80 to 5/100 (125mm/100) \yith fingers but can be
penetrated with pencil
5/100 to 0/100
Very Dense Very Hard (125mm/100to O Core cannot be penetrated
mm/100) with pencil

1.2. Definition of compressible soils

Compressible soils exhibit several distinct characteristics, including a composition that is
primarily clayey with varying amounts of organic matter that may or may not be significant.
Typically, these soils exhibit high water content and low apparent specific weight, often

approaching saturation. They also have very low shear strength, and their high compressibility
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leads to significant settlement even under minimal loads. Although the rate of settlement

decreases over time, it may take several years for it to fully subside.

Compressible soils are typically of recent formation, dating back only a few thousand years.
These soils almost always contain organic matter, which may be present in varying amounts
Compressible soils are classified into several categories including: Soft clays, Silts, Peat, Vases,

Loons and Marls.

1.3. Type of compressible soils
1.3.1. CLAYS

Clays are fine-grained sedimentary rocks with a particle size smaller than 5 um, composed
largely of specific minerals, usually silicates of aluminium that are more or less hydrated. They
have a layered structure that explains their plasticity or a fibrous structure that accounts for their
absorption qualities. Clays absorb water and form an impermeable paste (permeability less than
0.2 mm/h), commonly called clay soil, coloured by iron oxides in ochre, red, or green. Some
clays, such as those in the Montmorillonite family, can swell when they absorb water and,
conversely, decrease in volume due to dryness, resulting in surface cracking and even deep
fissures up to 2 to 4 metres deep. In addition, under a load, such as that of a building, some of
the absorbed water trapped between the clay particles is displaced, leading to significant

settlement of the soil (Magnan et al., n.d.).

1.3.2. SILTS

Silts, composed of silt, loess, and limestone, have a siliceous skeleton with fine-grained
siliceous limestone. Their particle size is between that of sand and clay, and their clay content
varies. They are poorly permeable and constitute fertile agricultural land. However, their
bearing capacity is mediocre and should therefore be avoided for foundations (Schlosser et al.,
1984).

1.3.3. PEATS

Peats are natural organic deposits with high levels of organic matter, water, and saturation.
They are characterized by a content of decomposed plant fibres that form an anisotropic
structure, which has a significant influence on their mechanical strength. Unlike clay

consolidation, peat settlement does not typically follow the conventional laws.
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Assessing the preconsolidation pressure in peat soils presents a challenge, as they are
commonly assumed to be normally consolidated. The consolidation phase in peats is typically
short and challenging to define precisely. Moreover, secondary compression tends to be the
prevailing mechanism. Oedometer tests reveal extremely high compression indices for peats,

often greater than 1.

Permeability in peats generally displays a considerably higher horizontal component
compared to the vertical direction. During settlement, the permeability in peats experiences a
significant decrease (DEBBABI, 2021).

1.3.4. MARLS

Marls are both clayey and calcareous. Depending on their composition, there are three main

categories:

- clayey marls containing 5 to 35% of calcium carbonate;
- true marls and marlylime stones, with rates ranging respectively from 35 to 65% and 65
to 95%.

Like clays, clayey marls have the disadvantage of cracking at a certain depth in cases of
drought. Marls have often been exploited in open pit or underground quarries to produce lime
with clayey marls, hydraulic lime with true marls, and cement with limestone or marlylime
stones. They have also been used to amend agricultural land. In general, marls are a good-to-
moderate foundation soil in the absence of gypsum. However, they are mediocre or even
dangerous when very clayey at outcrop or when located above a mass of gypsum, with the risk
of sinkhole formation. Marls are relatively soft rocks that undergo very active surface
geodynamics, and their fragility makes them very vulnerable to natural and human hazards. A
combination of natural and anthropogenic factors has caused intense water erosion, resulting in

soil degradation and a significant decrease in productivity.

It can be concluded that the evolution of fine soils is due to the presence of clay minerals such
as marls, clays, etc., which exhibit great sensitivity to air (shrinkage, cracking, progressive
disintegration of soil layers) and a strong affinity for water (with the classic consequences of
humidification: swelling, deconsolidation, loss of mechanical characteristics) (Schlosser et al.,
1984).
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1.4. Study the one-dimensional compressibility of soils through
consolidation testing

In 1910, Frontar, a French researcher, pioneered the development of the first equipment
specifically designed for conducting one-dimensional compression testing. In 1919, the
Swedish Geotechnical Commission performed the unidimensional consolidation test using a
clayey soil sample placed between two layers of sand (refer to Figure 1.1). This testing method
was later adapted by (Terzaghi et al., 1996) to design the consolidometer, which is now

commonly referred to as the oedometer.

1.4.1.  Study hypothesis
The study of one-dimensional compressibility of soils is based on a fundamental hypothesis,
which assumes that there is no horizontal deformation, as the soil is effectively confined by the
surrounding soil mass. Since water and grains are considered incompressible, deformations can

only occur due to the movement of grains among themselves.

The principle of the oedometer test involves applying a constant vertical total stress on a soil
sample:

- oz =P/S (principal stress, where P is the applied load)
- Radial deformations are zero (ex = &y = 0, as the walls are considered rigid)
- A drainage system allows water to evacuate from the sample in symmetrical upward

and downward paths, while keeping the soil saturated.

The dissipation of pore water pressure resulting from drainage allows the soil to be subjected,
after a sufficient waiting period, to an effective stress ¢'; that is equal to the applied stress o..
Comparators are used to measure the corresponding settlement AH, and thus calculate the axial

deformation:
& = AH/H. (1.1)

In practical terms, the applied load P is typically doubled every 24 hours. Due to the small
thickness of the samples (to minimize lateral friction), the pore water pressures are generally

dissipated, resulting in ¢'; = G..

The study of soil compressibility through oedometer testing provides two types of curves that

can determine numerous parameters related to this phenomenon:

- A compressibility curve: e - log (c';) (see Figure 1.1).
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- Consolidation curves: e - log (t). A curve of this type can be plotted for each value of
the applied stress o'z, corresponding to each loading stage(Terzaghi et al., 1996) (see
Figure 1.2).
1.4.2.  Compressibility of compressible soils
The final settlement (typically measured 24 hours after applying the load) AH; is measured for

each value of 'z, starting from a known initial state eo and Ho.

Using the relationship AHi / Ho = Aei / (1 + €o), the value of Aei can be calculated for all values
of AHi (i.e., all values of ¢%).

log(e )

0 of

Figure 1.1: Compressibility curve

ea Vacuum index

LT

Figure 1.2: Typical consolidation curve

The compressibility curve (e - log ') is then plotted (see Figure 1.1). It consists of two
straight-line segments connected by an arc. After reaching the desired maximum load (point

D), a unloading-reloading cycle can be performed. The following observations can be made:

- Segments AB and ED are approximately parallel. In the AB zone (known as the

recompression zone), settlements are minimal due to water presence in the sample.

10
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- Zone BC: This is the transition zone. The stress at which transition occurs is known as
the preconsolidation stress and is denoted as o'p. Beyond this stress, the soil exhibits
high compressibility even for small variations in stress.

- Zone CD, known as the virgin compression zone, where the change in void ratio is

proportional to the change in logarithm of applied effective pressure.

This curve allows us to determine three characteristics of the compressible soil being studied:

the preconsolidation pressure o'p, the compression index Cc, and the swelling index Cg (Das,

2021).
1.4.2.1. Preconsolidation pressure

The preconsolidation pressure c'p is an important property of a compressible soil. It represents
the threshold beyond which irreversible displacements occur, indicating a transition from an

elastic behavior to a plastic behavior.

The compressibility curve allows for the graphical determination of the preconsolidation

pressure G'p:
v Determination of the preconsolidation stress:

The preconsolidation stress o'p is determined through a compressibility test using the

Casagrande graphical construction on the (e-log(c")) curve(Figure 1.3).

- Let A be the point where the curvature radius is minimal.

- Draw the horizontal line AH from point A.

- From point A, draw the tangent AT at the beginning of the virgin compression curve.

- Draw the bisector AB' of the angle HAT.

- Extend the linear portion of the virgin compression zone until it intersects the bisector
AB' at point B.

- Point B corresponds to the preconsolidation stress G'p.

11
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P

log &'\
-

Figure 1.3: Determination of the preconsolidation stress based on the Casagrande
construction.

There can be several cases depending on the relative values of ¢'p and the current effective

stress due to the weight of the soil, ¢'z.

- When 6'2<c6"p, the soil undergoes very little deformation because it has already been
consolidated, during its history, under a pressure that, at its maximum value, was equal
to o'p. In this case, the soil is considered to be overconsolidated. Normally consolidated
soft soils are known for their high compressibility.

- When o'z = 6'p, the preconsolidation stress is equal to the stress due to the weight of the
soil, indicating that the soil is normally consolidated.

- When o'2>c'p, the soil is much more deformable as it is subjected to stresses higher than
any it has experienced before. This case is generally rare and not permanent. It can
typically be found in soils recently deposited through geological processes or human
intervention. The soil in question has not yet reached equilibrium with the weight of the
soil, and the pore water pressure is higher than the hydrostatic pressure. The

corresponding portion of the curve is called the virgin compression curve.

The over consolidation ratio (OCR), denoted as OCR = 6"y /6'z, characterizes the initial over
consolidated state of the soil. Its value for different soft clays (compressible soils) ranges from
1.2 to0 3.0 (Das, 2021).

a - The compression index (Cc)

It’s the main parameter for characterizing compressible soils. It is defined as Cc = -Ae/Alog(c)
(During the compression phase, the slope of the curve is greater for ¢ '; than for ¢ 'p), and is a

dimensionless number.

12
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The values of Cc for different types of compressible soils (clays) are as follows (Table 1.2).

Table 1.2: Magnitude of compression index for different types of compressible soils (Costet
etal., 1969)

Types of compressible soils (clays) The values of Cc

- Kaolinites (stiff) 0,1<Cc<0,25
- lites 0,25<Cc< 0,8
-Montmorillonites (soft) 0,8<Cc<2,5

Alternatively, for sands, we can consider the following:

- Incompressible: Cc< 0.02
- Weakly compressible: 0.02 <Cc< 0.05
- Slightly compressible: 0.05<Cc<0.10
- Moderately compressible (Kaolinites): 0.10<Cc< 0.20

- Fairly compressible (Montmorillonites): 0.20 <Cc< 0.30
- Highly compressible (lllites): 0.30 <Cc< 0.50
- Extremely compressible (Montmorillonites): Cc>0.50
b - The swelling index (Cg):

It’s defined as the average slope (with the sign) of a loading-unloading cycle. It is denoted as
Co.

It can be calculated using the equation; Cs = Ae/Alog(s), with Cg < Cc.
¢ - Oedometer Modulus (Eoed):

The oedometer modulus is the parameter that relates deformations to stresses in a constitutive

law. In the case of oedometer loading (uniaxial deformation), it can be written as:

o '= -Eoed (AH/ H) where Eoed has the dimensions of stress. (1.2)

Eoed= -0'2/(AH/ H) = — Ao '(1+€)/ Ae =((1+€)/ Cc)( A log(1+Ac ) =limv.  (1.3)

13
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For unidimensional compression, the oedometer modulus is related to the elastic modulus E

by the following equation:

E = Eoed(1+V)(1-2v)/(1+V) (1.4)

where v is usually between 0.12 and 0.35. Therefore:
E / Eoed=0,623 & 0,967 (1.5)
1/mv=-Ae/Ac'(1+e) This is called the coefficient of volumetric compressibility. (1.6)

It is important to note that the oedometer modulus is not constant (unlike the Young's modulus
of a material with linear elastic behavior). It depends on both the initial stress state considered

o' and the range of stress Ac'.

It is evident that the oedometer modulus is not constant (unlike the Young's modulus of a
material with linear elastic behavior). It depends on both the initial stress state considered o'

and the stress range Ac' (BETEHI, 2010).

1.4.3.  Consolidation of compressible soils

Consolidation is a fundamental process in civil engineering that involves the gradual
compression and settlement of soils over time. This process is not instantaneous but can span
several years, especially when dealing with thick compressible layers and low permeability.
The study of consolidation aims to understand the variations in the height of soil samples as a
function of time. Consolidation can be divided into two distinct phases: primary and secondary

consolidation (Figure 1.4).

1.4.3.  Primary and secondary consolidation.

In all that has been said, the variable of time has not been considered. However, the settlement
phenomenon is far from being instantaneous; it can sometimes last for years if the compressible
layer is thick and has low permeability. The study of settlement rate therefore presents
considerable practical importance. It has already been observed, in relation to the oedometer
experiment, that the permeability of the material plays a major role in this matter, as settlement
is only possible in a saturated material if water can be expelled.

The evolution of settlement under constant load over time can be studied using the oedometer.
Two roughly linear branches can be discerned on the representative curve of this test
(settlement, logarithm of time), with their extensions intersecting at point A (Figure 1.4). The

left branch BC represents what is called primary consolidation; the resistance offered to the

14
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drainage of excess water is the sole cause of this phenomenon. This phenomenon is entirely
comparable to the creep of a solid with delayed elasticity, which is interpreted in rheology using
generalized Kelvin-Voigt models.

On the other hand, the right branch CD represents secondary consolidation, which is slower
and seems to be the result of a progressive arrangement of the soil structure, linked to the
deformations of the absorbed layers. It is a viscous flow, and settlement increases as long as the

overload is applied.

Therefore, clays behave as viscoelastic materials. The study of secondary consolidation is
quite challenging. In the absence of secondary consolidation, the left branch of Figure 1.4 would
have had a horizontal asymptote passing approximately through point A. By definition, point
A determines the primary settlement, which can be identified with the settlement calculated

earlier.
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Figure 1.4: Primary and Secondary Consolidation (Costet et al., 1969).

In the following paragraphs, the particular case of one-dimensional vertical consolidation will
be considered. The mechanism of primary consolidation is as follows. The application of the
load system creates an additional pressure oc. At the moment of loading, this pressure is fully
taken up by the interstitial water, which is thus subjected to an excess pressure u = oc. Under
the action of this excess pressure, a portion of the water escapes from the compressible layer,
allowing settlement. The excess pressure decreases in the water, and the difference oc - U is then
supported by the additional effective pressure ¢ in the grains, which corresponds to the observed
settlement. The phenomenon continues until the interstitial water comes to rest, that is, until u

= 0; the total pressure ¢' is then fully supported by the granular skeleton, ¢' = ¢, and the

15
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settlement becomes the final settlement. It should be noted that throughout this article, oc, o',

and u represent increases in stresses and not the actual stresses in the soil during consolidation.

Figure 1.5 shows a mechanical device with analogous behavior: the displacement of the
spring under the loads is limited by the water contained in the cylinder; however, this water can
only be evacuated through narrow holes drilled in the piston. The figure illustrates the evolution

of the phenomenon.
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Figure 1.5: Consolidations -Mechanical analogy- (Costet et al., 1969).

Hence, settlement gradually increases as time progresses until it reaches the final settlement,
which may take a prolonged duration (theoretically infinite). The degree of consolidation U is
the ratio of settlement at a specific time ts to the final settlement s, and it varies as a function of

time. The problem of consolidation involves determining this function.
1.4.4.  Shear strength

The shear behavior of fine soils can vary depending on whether sufficient time is allowed for
the dissipation of interstitial overpressures during shearing. Therefore, a distinction is made
between short-term (undrained) shear strength and long-term (drained) shear strength.
Additionally, the characteristics of shear strength to be considered differ depending on whether
it involves new shear movements (peak strength) or reactivations of old shear movements
(residual strength) (DURVILLE & SEVE, 1996). Typical values of cohesion and friction angle

are presented in Table 1.3.
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Table 1.3: Typical values of mechanical characteristics for selected soils (DURVILLE &

SEVE, 1996).
Soil Type (kN/rm3) (kPa)  (deg Eégs) (ISP;) (de(grges) (lSPua)
Organic Silt 13to15 O0tol0 25t032 0 25t030 14to18
Soft Clay 15t019 Otol0 28to34 Oto5 10to15 <25
Stiff, Non-Fissured Clay 18t020 10to40 15t025 Oto5 6tol5 80to200
Silt 17t019 Oto40 25t035 0 20t030 40to 50
Sand 16to 21 0 30 to 45 0 25t0 35
Sand and Gravel 16122 0 351048 0 30to 35

The shear strength behavior of soils can exhibit two basic typesdepending on various factors
such as soil type, stress levels, water content, and particle characteristics. The common types

of shear strength behavior in soils are:

e Short-term behavior: This occurs at the beginning of loading when water supports any
increase in total stresses. Deformation occurs at constant volume, and the behavior,
involving both grains and water, is described by total stresses. The limit equilibrium
state is reached when t = cu + o tan gu.

e Long-term behavior: This occurs after primary consolidation. Water is in a hydrostatic
regime, and the grains support the additional load. Deformation occurs with volume
variation, and the behavioris described by effective stresses. The limit equilibrium state

is reached whent =¢'+ o —utan ¢'.

Figure 1.6 provides a schematic representation of the different types of shear strength analysis

for soils.
Shear Strength
I
v !
‘ Short Term | ‘ Long Term ‘
Undrained Behavior Au Drained Behavior Au = 0
|
+ ¥ l
Total Stress Analysis Effective Stress Analysis Effective Stress Analysis
t=Cu e LEL B T=Cd+ o'tan od
knowledge of Au is not required knowledge of Au is required Cd=C'et od = ¢’
‘ Which type of analysis J
governs the short-term
behavior?

Figure 1.6: Types of geotechnical analysis (Kempfert & Gebreselassie, 2006).
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According to(Schlosser et al., 1984), three types of shear tests can be conducted to determine

different mechanical parameters of a soil:

1.4.4.1. Unconsolidated Undrained (UU) test:

The UU test represents the short-term behavior of the soil. It involves applying hydrostatic
pressure (a3) and performing shearing under closed drainage conditions. The shear strength of
the soil is generally constant (¢ = 0) and referred to as "Undrained cohesion™ (Cu). Cu reflects
the current strength of the soil and allows for the determination of immediate bearing capacity

of a foundation, stability analysis of a slope, retaining wall, etc.

1.4.4.2. Consolidated Undrained (CU) test:

In the CU test, each specimen is consolidated under open drainage conditions to a specified
hydrostatic pressure (a3), and then sheared at constant volume under closed drainage. This test
enables the study of the variation of undrained shear strength (Ccy and ¢cy) with consolidation
pressure. By measuring the pore pressure during shearing, the effective characteristics (C' and
¢") of saturated soils can be determined, without the need for the time-consuming consolidated-

drained (CD) test, especially for less permeable soils.

1.4.4.3. Consolidated Drained (CD) test:

In the CD test, the soil specimen is first consolidated under open drainage conditions to a
prescribed hydrostatic pressure (a3), and subsequently sheared under the same pressure while
maintaining open drainage. It is important to apply the deviator stress gradually to ensure the

pore pressure remains zero throughout the test.

The CD test provides valuable insights into the effective behavior of the soil. The parameters

Cd and ¢d obtained from this test are crucial for conducting long-term stability analyses.
1.5. An overview of the bearing capacity of a shallow foundation

The study of the bearing capacity of shallow foundations, especially when subjected to
specific loading cases, is not only a topic of proven interest but also one of the most important
subjects in geotechnical engineering.

Determining the bearing capacity of foundations is one of the most significant problems in

soil mechanics. The allowable pressure, also known as the maximum pressure or stress that can
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be applied by a structure on soil without excessive settlements and risk of soil failure, needs to

be determined. Two types of elements need to be analyzed for a shallow foundation:

- The bearing capacity of the foundation, i.e., verifying that the soils (and possibly the
foundation material) can effectively support the transmitted load.

- Settlement under operational loads. The determination of bearing capacity typically
relies on evaluating the mechanical properties of soils, which can be measured either in
a laboratory setting or in situ. Sometimes, the determination of the bearing capacity is

done through loading tests, although this is very rare for shallow foundations.

The foundation does not rest on the surface of the soil; typically, it is placed at a depth D
after excavation. The base of the footing is then chosen as the reference plane where

compression stresses equal to Qu/B act at the location of the footing, and gs= y D outside.

This new diagram summarizes the equivalent problem that replaces the actual case in order

to solve foundation problems (Figure 1.7).

Qu

| Q./B

crtzzzr gl

"l
-

Y

B

Figure 1.7: Equivalent Problem (Benmoussa, 2006).
1.5.1.  Definition of bearing capacity

In the field of civil engineering, the bearing capacity of a foundation refers to its ability to
support an increasing load without experiencing excessive deformations or structural failures.
Initially, when the applied load is small, the soil behavior is essentially linear, meaning that

vertical displacements increase proportionally with the load.

However, as the load increases and reaches a critical value known as the limit load (Qq), the
soil deformations become non-proportional to the load. Finally, when the load reaches a
maximum value called the ultimate load (QvL), the displacements become uncontrollable,

indicating that the soil is no longer capable of supporting any additional load (Figure 1.8).

It should be noted that the bearing capacity of a shallow foundation varies with the increase in
the applied load, as indicated by R. Frank in his research (Frank et al., 1999).
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Q4 QL Loads Q

Vertical displacements S

Figure 1.8: Load-Displacement Curve

1.5.2. Methods for calculating bearing capacity for vertical loading

To date, there is no rigorous mathematical solution that allows for the analysis of the soil
failure phenomenon. Numerous methods have been proposed, but all involve certain
simplifying approximations regarding soil properties and the displacements that occur,
approximations that do not fully correspond to observed phenomena.

Despite these limitations, comparisons between the ultimate bearing capacities of small-scale
models and large-scale foundations show that the margin of error is slightly larger than for
stability problems in other materials (Rima, 2012).

Stability studies at failure, often referred to as total shear, are based on the assumption that
the soil behaves as an ideal plastic material. This assumption was first put forward by Prandtl
regarding the deformation of metals and was later applied to the study of soils by Terzaghi,
Meyerhof, Buisman, Caquot & Kérisel, and De Beer &Vesic...

Their general approach to the problem is as follows: an infinitely long and B-width foundation
exerts an average pressure gu on a homogeneous soil with a specific weight of y. The load acting
on the foundation is vertical, constant, and exerted in the axis of the footing. Thus, we are

confronted with a two-dimensional problem.
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1.5.2.1. Rankine's Theory ( Rankine's Wedge) :

The principle of Rankine's method in 1856 is to calculate the thrust and bearing forces based
on an approximation of the stress state in the soil at the contact with a retaining wall. If F is the

stress exerted by the soil on the retaining wall, the thrust or bearing force per unit length of the
retaining wall can be expressed as:

F=] f.dz (17)

Figure (1.9) depicts a footing with a high length-to-width ratio (L/B) and an embedment depth
D, resting on a soil with cohesion C and an angle of friction ¢.

lf
°|
cy, o

B

Figure 1.9: Footing Resting on a Soil (c.o).

For Rankine, the problem is reduced to studying the equilibrium beneath the end of the
foundation, between an active wedge under the half sole and a passive wedge on the outside (a
and b in Figure 1.10) (BENMOUSSA., 2013).

Figure (1.10.b) represents the Rankine wedges used in this analysis.

« Wedge | is an active wedge.

« Wedge Il is a passive wedge.

The horizontal or lateral resistances acting on the interface of the two wedges are denoted by

"P" and are characterized by equal magnitudes but opposite directions.

However, the force P associated with wedge a represents the active pressure, while the force
P of wedge b represents the passive pressure.
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Figure 1.10:Rankine Equilibrium (Rankine, 1857).

- For the passive case (wedge a), we have:

1
P==7K,H2+2CH K, +q.K,.H
27 ! (1.8)
Therefore,
K, = tan2(45+9j
2 (1.9
- For the active case(wedge b), we have:
1
P=2yK,H?+2C.HK, +q,.K,.H
57K a TR (1.10)
Therefore,
K, :tan2£4 —Qj
2 (1.12)

Assuming that both resultant forces have the same magnitude, we can write:
P:%y.KP.Hz +2CHJK, +qK,.H=P :%y.Ka.Hz +2C.H K, +q,.K,.H (1.12)

The expression that gives the maximum load that the footing can support is:

a, :%y'H'(Kl J-(Ka‘kp)+2kj(\/ﬁ+\/*<_a)+q'*<5

a

(1.13)

However,
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a (1.14)

then according to Figure (1.10):

Y- B B
2tan(45—(pj 2K,
2 (1.15)
So, the expression for q, becomes:
1 . B .
a, =Z;/.B.Ké.(KP —Kp')+2C K (KE + K% )+a.K? (116)
Or alternatively:
l 5, 3
== yB(KZ-KZ)+2C.(KZ +K/)+q.K?
dy 47 ( P P)+ ( Pt P)+q P (117)
Which can be written in a condensed form as:
The bearing capacity:
g, =C.N. +qg.N +lyBN
¥ Ne +a.N; + 27BN, (1.18)
With;
_Yikn_wx 3
Ny—E(Kp Kp), Ne =2(KZ+KE) ’Nq=K§ (1.19)

Where:

The Rankine theory is just a very rough approximation of the actual behavior of soil. In reality,
experiments on scaled models show that beneath the foundation, a wedge is formed, limited by
inclined planar forces that penetrate with the footing and behave as a solid body. It exerts a

thrust on the adjacent soil, which reacts with friction between soil-to-soil contacts.

1.5.2.2. Prandtl Theory

According to Prandtl, the failure mechanism beneath the foundation assumes that the
foundation base is smooth, thus an active state of Rankineis developed in the AA'O corner
(Figure 1.11).
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The system is formed by three successive zones.

« Zone | in Rankine active earth pressure equilibrium.
« Zone Il in Prandtl equilibrium.

« Zone Il in Rankine passive earth pressure equilibrium.
In Zones I and I, the sliding line family consists of straight lines.

In Zone 11, one sliding line family is formed by curves. These are sliding lines belonging to
the same family that are homothetic to each other and form logarithmic spirals. The other sliding
line family consists of straight lines, making an angle of ¢ with the normal at the intersection
points with the spirals, and all having a change of direction point at the intersection of the two

surcharges.

It should be noted that the logarithmic spirals can be expressed in polar coordinates as:

(r=r ™)

Figure 1.11: Failure mechanism of a foundation with a smooth base (Prandtl, 1921).

The problem is reduced to studying the equilibrium of the block (AQe) by stating that the
moment at A of the sum of forces is zero. The two-dimensional problem of a weightless granular
soil with internal friction angle ¢ and loaded normally on its surface by two uniform
distributions, was first solved by (Prandtl, 1921).

Let g1 and g2 be the intensities of the critical stresses acting respectively on the polar radii AO
and Ae. The equilibrium of Rankine active and passive earth pressure in a weightless medium

IS given by:
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_ T @ _ T ¢
=q . .tan| ——=— =y.D.tan| —+=
0,=0, £4 Zjand 4=y (4 + 2] (1.20)

We can translate the equilibrium of the block AOe by stating that the moment at A of the sum

of applied forces is zero.

AO

T.Ao.ql.tan (p—%.Ae.qz.tantpzo and AOC _

getane (1.21)
Ae

Therefore, q: and gare related by the following equation in Prandtl's equilibrium:

2
CI_; — (%Oj — e72£.tan<p — effr.tan(p (122)
g e

Since the angle € formed by AO and Ae is equal to n/2.

We ultimately obtain the following equation:
=y.D.tan?| Z+2 | groe 1.23
9, =7 ( T (123)
That is to say,
N =tan?| 2+ 2 | grine 1.24
| (4 2 (1.24)

This formula is sometimes referred to as the Prandtl-Caquot formula, as both authors

independently published it around 1920.

1.5.2.3. Terzaghi's Theory
a. Terzaghi's Assumption

Based on the theory of ultimate bearing capacity for a shallow foundation (rigid, continuous,
and with a rough base) supported by a homogeneous soil of sufficient depth, (Terzaghi,

1943b)defines the geometric parameters of the shallow foundation as follows:
B < Dr(B: Width of the footing, Ds. Depth of embedment).

The failure surface in the soil caused by the ultimate load (qu); the failure surface of the soil
beneath the foundation can be divided into three main zones (Figure 1.12). These are:
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Zone 1 ‘abc': A rigid punch is formed under the base of the footing, which sinks into the soil
by displacing it on either side up to the surface. The inclination of faces ac and bc with the

horizontal is the angle o = ¢ (soil friction angle);

Zone 2 'bef': The soil in these parts is completely plasticized and is displaced towards the
surface. Significant displacements and shear: generalized failure (referred to as Prandtl's radial

shear zone);

Zone 3 'bfg': The external zone is only subjected to much lower stresses that do not cause
failure (this is the passive Zone 3 of Rankine). The inclined lines in this zone make an angle of
+ (45-¢/2) with the horizontal. It should be noted that the radial shear zone "2' and the passive

Rankine zone '3' also exist to the left of the elastic triangle zone abc, but they are not shown.

The line cf is a logarithmic spiral arc defined by the equation (r =r .e‘”a”‘”).

The lines bf and fg are straight lines. In principle, the line fg continues to the surface of the
soil, but Terzaghi assumed that the soil above the level of the footing base is replaced by a

surcharge equal to yDs.

=Y'Df“.”t
TER

A SR B R

45 - ¢/2 45 - ¢/2

Unit weight = y
Cohesion = ¢
Friction angle = ¢

Figure 1.12: Soil failure surface under ultimate load of a rigid strip footing according to
Terzaghi, (Das, 2021).

The shear stress that can be mobilized by the soil is given by:

r=c'tang+c (1.25)

26




Chapter 01: Bibliographical Study on Compressible Soils

Where o' represents the effective normal stress and ¢ denotes the cohesion. The ultimate
bearing capacity of the foundation, qu, can be assessed by analyzing the faces ac and bc of the
triangle abc and evaluating the passive forces acting on each face, leading to failure.

It is important to highlight that the passive force Py is influenced by various factors, including

the surcharge g = y.Ds, cohesion ¢, unit weight y, and internal friction angle ¢ of the soil.

In accordance with Figure 1.13, the passive force Py acting on the face bc per unit length of

the foundation can be expressed as:
P =P, +P_ +P, (1.26)

Where Ppq, Ppc, and Py, are the components of the passive force due to g, ¢, and y respectively.

* q=YD;
T
Yo 45 - /2 45 - /2 §
hE T

Figure 1.13: Passive forces acting on the face bc of the triangle abc (Das, 2017).

It is crucial to acknowledge that Ppq, Ppc, and Pp,act in the vertical direction, and as the face
bc is inclined at an angle ¢ to the horizontal, Ppq, Ppc, and Pp, will also have an angle ¢ with
the normal to bc. To determine the values of Ppq, Ppc, and Py, the method of superposition can
be employed; however, it should be noted that this method is not an exact solution.

Thus, it has been demonstrated that:

g, (Bx1)=2Ppq (1.27)

=q = gN, (1.28)
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Similarly, the expressions for qc and g, terms have been demonstrated:

2z ¢
2| ——= [tan
(4 2] ?

(. =C.cote —1{= cN_ =c.cotp(N,-1) (1.29)
2c0s’ (45+¢j
2
1|1 B? 1 1 tan 1
a, ZE{ZyBZKPy tanzq)—Ty/tan(p}:EyB(Epr tan® ¢ — 4¢j=5yBNy (1.30)

Where K,, is the coefficient of passive earth pressure.

The ultimate bearing capacity per unit area of the foundation (i.e., the ultimate bearing

capacity qu) can be expressed as follows for a soil with cohesion ¢ and unit weight y:
qu = qc + qq + q;/ (131)

Through the substitution of the previously derived equations for qq, qc, and g, the expression
for the bearing capacity can be obtained. The equation consists of three terms, each associated
with distinct factors. The first term corresponds to the soil cohesion, while the second term is
influenced by the footing depth and surcharge pressure. The third term is influenced by the
footing width and the length of the shear stress zone. The bearing capacity factors, Nc, Ng, and
N,, are solely influenced by the internal friction angle, ¢. This solution was derived by Terzaghi

utilizing the method of limit equilibrium.

The general expression for bearing capacity was written by (Terzaghi, 1943a)in the following

form:

« Strip footing:

g, =cN, +gN, + 05BN, (1.32)
* Square footing:

9, =13cN, + DN, + 04BN, (1.33)

* Circular footing:

q, = 1.3cN, + DN, + 03BN, (1.34)
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The following expressions are for the three bearing capacity factors:

N, = cotp(N, — 1)

c

3r
(e2{4§) tan (p)
Nq =
4
2c0s’ (45 +§)

tang

1
N :Eprtanz(p —

v

(1.35)

(1.36)

(1.37)

The values of the factors are presented in Table 2.1, with the values of N, obtained from (Das,

2021).
Table 1.4: Bearing capacity factors according to Terzaghi (Das, 2021).

) Nec Ng Ny () Nec Ng Ny

0 5.70 1.00 0.00 26 27.09 14.21 11.35
2 6.30 1.22 0.18 28 31.61 17.81 15.15
4 6.97 1.49 0.38 30 37.16 22.46 19.73
6 7.73 1.81 0.62 32 44.04 28.52 27.49
8 8.60 221 0.91 34 52.64 36.51 36.96
10 9.61 2.69 1.25 36 63.53 47.16 51.70
12 10.76 3.29 1.70 38 77.50 61.55 73.47
14 12.11 4.02 2.23 40 95.67 81.27 100.3 9
16 13.68 4.92 2.94 42 119.67 108.75 165.69
18 15.52 6.04 3.87 44 151.95 147.74 248.29
20 11.69 7.44 4.97 46 196.22 204.20 426.96
22 20.27 9.19 6.91 48 258.29 287.86 742.61
24 23.36 11.40 8.85 50 347.52 415.16 1153.15

b. General formula for the ultimate load:

Terzaghi hypothesized that the maximum load that could be applied to a foundation on the

surface of a soil could be approximately considered as the resultant of the maximum loads (the
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principle of superposition of an ultimate load of the foundation) (Guetari, 2019). See Figure

1.14 which consists of superimposing the following three states:

Q, Q| Q.
v, Z0 =0 y =
) 5T
C=0 v, D A c=0 C#0
o
7 W/ 4 /
(a) (b) (c)

Figure 1.14: Superposition principle.
c: cohesion of the soil.
v: unit weight.
D and B are respectively the depth and width of the foundation.
Nc, Ng, and N,: bearing capacity factors depend on the friction angle (o).

o The first term is called the cohesion term (proportional to c).
o The second term is called the depth term (proportional to D).

o The third term is called the surface term (proportional to B).

Many authors have solved the problem by making different assumptions on the roughness of
the footing and the shape of the zone at the ultimate limit state. Although the numerical values

may sometimes differ significantly, all these studies lead to Terzaghi's general formula.

Thus, the bearing capacity problem reduces to determine the factors affecting the bearing
capacity N¢, Nq, and N,. After proposing this approach, various studies have been conducted to

evaluate these factors.

1.5.2.4. Meyerhof's Theory

In 1951, Meyerhof proposed a supplementary theory for determining the bearing capacity of
rough, shallow, and deep foundations. Figure 1.15 illustrates the assumed rupture surface at the
ultimate load for a continuous shallow foundation, as described by (G. Meyerhof, 1963). The
figure depicts an elastic triangular zone labeled as abc, a zone of radial shear labeled as bcd,

with cd forming an arc of a logarithmic spiral, and a mixed shear zone labeled as bde, where
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the shear varies between radial and planar shear, depending on the depth and roughness of the
footing. The plane be is referred to as the equivalent free surface, with normal and shear stresses
denoted as P, and So, respectively. In addition, (G. G. Meyerhof, 1951) utilized the general
formula prescribed by (Terzaghi, 1943a) to calculate the bearing capacity. The expressions
established by Prandtl Reissner were employed to determine the N¢ and Nq factors. However,
an approximate formula proposed by Meyerhof himself was employed for calculating the N,
factor.

The superposition method was utilized to determine the ultimate bearing capacity q of a
continuous footing, which considered the contribution of cohesion c, Po, y, and ¢, and can be
expressed as follows:

e
= T 3
|t le—— T
s So
yZ
D/ s ./
AL e 3 d
.-' .:._ L lqu l .: :: 3 B
¥Ya e Y. SRS - |, T
°0—-¢ /b
Sol
o Y
C C
P

Figure 1.15 :The slip lines for a rough shallow foundation, according to (G. G.
Meyerhof, 1951).

d, =¢[ (N, ~D)cote |+q {e”“‘"‘”.tan2 [Z —fﬂ +yB [( N, —1)tan (0(1.4¢)}
4 2 (1.38)

N, =(N,-1)cote
N, =tan’(Z-2 1.39
. (%) (1.39)
N, =(N, —1)tan(1.4¢)
For circular and rectangular footings with sides B and L, partial factors have been proposed,

initiated by (Skempton, 1951) for clay soils, by interpolation between the case of strip footings

and circular footings:
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S, =1+022 tan? (ij
L \4

2
(1.40)
s _s,—15i -0 (1.41)
S, =5, =1+012@n?[ 24 2| :
,=S,=1+0. Etan IR ¢ >10 (1.42)

For rectangular foundations, an interpolation is also proposed to correct the value of the internal

friction angle, which is 10% higher in plane strain failures (¢p) than in triaxial tests (¢t):
B
=0, = (1.1—0.1Ij.(pt
(1.43)

If there is water in the soil or if the soil is not homogeneous, it is recommended to use average
values of the buoyant unit weight (underwater) and non-buoyant unit weight (in the absence of

water), cohesion c, and internal friction angle ¢t:

« Up to two times B below the base of strip footings,

« Up to one times B below the base of circular and square footings.

To take into account the soil resistance above the foundation base, other partial factors are used.

D T
d =1+02—tan?*| =+ L ,
¢ B (4 2} (144)
d =d,=1 si p=0 (1.45)
d, =d, si ¢>10 (1.46)

Meyerhof also indicates that, for eccentric loads, the practice is to calculate the bearing capacity

on a reduced width B' strip footing:
B'=B-2e (1.47)

For inclined loads, the works of (Gg. Meyerhof, 1953; Schultze & Schwick, 1952)have defined

reduction factors equal to:

32




Chapter 01: Bibliographical Study on Compressible Soils

2
I, = 1—éJ
4
. 5 Y
I =(1-— 14
2
I = 1—%)

In the general case, the formula for calculating the soil bearing capacity takes the form:
O = €S, AN, +@.S, .d i N, +%7/B.Sy.dy.iy.Ny (1.49)

Meyerhof draws the reader's attention to the link between resistance and displacement: under
inclined and eccentric loads, a shallow foundation can horizontally move from 5 to 20% of the
foundation width and rotate from 1 to 5 degrees, depending on the soil density or stiffness and

the foundation embedment depth.

These displacements are necessary to mobilize the soil resistance and can have a significant
influence on the structures it supports. To limit foundation displacements, they need to be

widened or embedded more deeply.

On the other hand, if the foundation's stiffness is low compared to that of the soil, a different

approach needs to be used, for example, with reaction coefficients.

1.5.2.5. Hansen's Method

(Hansen, 1970)summarizes his recommendations for calculating the bearing capacity of
shallow foundations following the general framework introduced by Terzaghi, except that the
width of the foundation is taken as B instead of 2B. The three factors adopted by (Hansen,

1970)are as follows:
N, = (N, - I)cotp

N, = ™" tan® (% + gj (1.50)

N, = 1.5(N, — Dtang

The results of the empirical formula for N, (equations 1.50, 1.51) are in good agreement with
the values calculated by (Lundgrenand Mortensen, 1953)using the failure mechanism presented

in Figure 1.16. The superposition of the three terms N,, Ng, and N leads to an underestimation
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of the foundation bearing capacity, which generally remains below 20% of Lundgren and

Mortensen's values. Furthermore, in 1961, Hansen proposed a different expression for Ny:

N, = 1.8(N, — Dtang (1.52)

Figure 1.16: Rupture mechanism for the calculation of N, according to (Lundgrenand
Mortensen, 1953).

1.5.2.6. Vesié's Method:

(Vesic, 1974) presents the development of the analysis of bearing capacity of shallow
foundations. He recalls that the history of early works on the subject began with Rankine in

1857 and was described in Terzaghi's first treatise on soil mechanics (1925).

Vesi¢ describes the calculation method by superposition of bearing capacity with the Prandtl
and Reissner factors N¢ and Ng. For Ny, he indicates that the tabulated solution of (Caquot &
Kérisel, 1948) can be represented with less than 10% error over the range 15 < ¢ < 45 degrees
(less than 5% error between 20 and 40 degrees) by the expression:

N, = 2(N,— Dtang

(1.52)

The superposition of the three bearing capacity terms gives a approximate estimation by default
(from 17 to 10% at most for ¢ = 30 to 40 degrees), but it is exact for ¢ = 0 degrees. The author
indicates that choosing a friction angle in plane strain is not necessarily the best solution to

improve the accuracy of the calculated bearing capacity. Considering the progressive failure of
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the soil under various stress levels seems to be a more promising approach. For the corrective

coefficients applied to each term of equation (2.8), Vesi¢ provides the following expressions:

« Shape coefficients:

N N
SC:1+E.—Q:1 —.—1 tang

L N, LN, —

B 153
Sq=1+ttan(p (1.53)
87:1+0.4E

L

* Depth coefficients (for D/B < 1, according to(Hansen, 1970):

2D )
d =1+=——.tan p(1-sin p)?
‘ B o ?) (1.54)
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The effect of soil compressibility and foundation size is then extensively discussed. The
decrease in soil strength as the size of the foundation increases appears to be caused by three

factors:

- the Mohr circles envelope is not a straight line;
- failure develops progressively along the failure surface;

- there are zones of lower strength in all natural soils.

This decrease is primarily due to the term. Equations are proposed to account for this.

1.6. Conclusion

In this chapter, we delve into a comprehensive bibliographical study on compressible soils,
a crucial topic in the field of civil engineering. Compressible soils refer to those that undergo
significant changes in volume and density under applied loads or changes in moisture content.
Understanding the behavior and characteristics of compressible soils is essential for designing

and constructing stable foundations and structures.

This study aims to provide a thorough analysis of the various aspects related to compressible
soils, such as their definition, types, one-dimensional compressibility, consolidation, shear

strength, and bearing capacity of shallow foundations. By examining the existing literature and
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research findings, we aim to enhance our understanding of the behavior and properties of
compressible soils, This enables us to make important decisions in determining how to reinforce
them. The main focus of the discussion was the significance of the bearing capacity of shallow
foundations as a critical criterion in geotechnical engineering. The study conducted in this thesis

is based on analyzing the variations in output obtained from bearing capacity curves.
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Chapter 02: Ground Improvement Technique for Soft Soils Using stone
Columns

2.1. Introduction

Soil reinforcement through stone columns is a common technique used for its simplicity in
construction and its effectiveness in improving the load-bearing capacity of soft soils while
reducing settlements. Additionally, this technique has drainage capabilities and can reduce the
risk of soil liquefaction. In cases where the soil is extremely soft, it may be necessary to confine

the columns within geogrids to ensure the required performance of the columns.

The stone column technique involves creating a cylindrical opening in soft soil and filling it
with granular material. The technique replaces a certain percentage of soft soil with granular

material that has better resistance and rigidity properties than natural soil.

The following is a literature review on the main technical and mechanical characteristics of
soil reinforcement through a group of stone columns supporting a surface foundation. The
review primarily covers common techniques for installing columns and the behavior of stone
columns (isolated or grouped) under vertical loading, including the different properties of

column granular material, soft soil, and confinement geosynthetics.

2.2. Application areas of soil improvement techniques:

Soil improvement techniques are an essential aspect of geotechnical engineering. These
techniques aim to modify the properties of soil to make it more suitable for different projects
and to enhance the performance of structures built on it. This section specifically focuses on
the application areas of soil improvement techniques, including methods for improving soft soil
and reinforcing compressible soil using geosynthetic materials and stone columns. Soft soil is
characterised by its low bearing capacity, which makes it a significant challenge for
geotechnical engineers. Therefore, different techniques have been developed to improve the
properties of soft soil, including soil nailing, prefabricated vertical drains, compaction grouting,
columns of lime-cement-treated soils, and dynamic compaction. Similarly, compressible soil
reinforcement is an essential technique for stabilising soil and enhancing the stability of built
structures. In this part, we discuss the practical applications of these techniques and their
benefits in terms of effectiveness, cost, and environmental impact. The following section will

discuss various Techniques for improving soft soil:
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2.2.1. Soil nailing:

Soil nailing is a soil reinforcement technique that involves the installation of steel
reinforcement bars or fibers, known as soil nails, into the soil at a specific spacing and depth.
The soil nails are usually installed at an angle between 10 and 30 degrees to the horizontal and
are grouted into the surrounding soil to create a solid shear-resistant bond between the soil and
the nail.

Soil nailing is typically used in sloped excavations, retaining walls, and tunnels to stabilize
and reinforce the soil. The technique can also be used to improve the load-bearing capacity of
the soil and reduce lateral movement. Soil nailing is often used in areas where space is limited

or where conventional stabilization techniques are not feasible.

The installation of soil nails involves several steps. First, a drilling machine is used to create
a hole in the soil at a specific angle and depth. Then, a steel bar or fiber is inserted into the hole
and grouted with a cementitious grout. Multiple soil nails are installed in a grid pattern to create

a reinforced soil mass that can withstand the applied loads (Figure 2.1).

(a) (b)

Figure 2.1:Various elements of soil nailing (Yeung, 2008), a. Soil nail reinforcement Bars, b.
Typical Centralizers, c. Steel plate and Steel nuts head, d. Steel plate and Steel nuts head.

Soil nailing provides several advantages over other soil stabilization techniques. The
technique is flexible and can be tailored to the specific soil conditions and project requirements.
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Soil nailing is also quick and relatively simple to install, requiring minimal excavation and
disturbance to the surrounding soil. The technique can also be used in combination with other
stabilization techniques to enhance its effectiveness. The effectiveness of soil nailing as a soil
reinforcement technique has been established through various studies. (Zhu et al., 2011)
conducted a field pullout testing and performance evaluation of Glass Fiber Reinforced Polymer
(GFRP) soil nails. The study examined the load transfer mechanism and the performance of
GFRP soil nails in reinforcing soil slopes. The study concluded that GFRP soil nails are a
promising alternative to traditional steel soil nails, offering advantages such as high tensile
strength, corrosion resistance, and ease of installation. The results of the study can inform the
design and implementation of GFRP soil nail systems in geotechnical engineering projects. On
the other hand, (Prashant & Mukherjee, 2010)investigated the use of soil nailing for the
stabilization of steep slopes near railway tracks. The study concluded that soil nailing was an
effective technique for slope stabilization, reducing the risk of slope failure and improving
safety near railway tracks. The study also highlighted the importance of proper design and
installation of soil nailing systems to ensure their effectiveness.

Soil nailing is not without limitations, however. The technique may not be suitable for some
soil types, such as loose or cohesive soils, which may not provide sufficient shear resistance to
the soil nail. In addition, the technique can be expensive, particularly if specialized equipment
is required for drilling and grouting. Overall, soil nailing is a proven and effective soil
reinforcement technique that can improve the stability, bearing capacity, and overall
performance of the soil. Proper design and installation, taking into account soil conditions and
project requirements, are important for the successful implementation of the technique.

2.2.2. Prefabricated vertical drains:

Prefabricated vertical drains, also known as wick drains, are a soil improvement technique
used to accelerate the consolidation process of soft soils. This technique involves the insertion
of plastic or composite drains, which have a cylindrical core wrapped in a geotextile filter fabric,
into the soil at a specific spacing. The prefabricated vertical drains act as a drainage path for
the soil water, which facilitates the transfer of water from the soil to the surface, reducing the
time required for consolidation. The installation process of prefabricated vertical drains
typically involves drilling a hole into the soil to the required depth and inserting the wick drain
into the soil. The wick drain is then surrounded by either a sand blanket or a secondary layer of
filter material to prevent the clogging of the drain. Multiple wick drains are installed in a

predetermined pattern and are connected to a drainage system that allows the soil water to be
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removed from the soil. (Indraratna et al., 2010)studied the performance and prediction of
prefabricated vertical drains (PVDs) in improving soft soils. The research evaluated the
effectiveness of PVDs in accelerating consolidation and reducing time-dependent settlement in
soft soils, as well as providing a method for predicting the long-term performance of PVD
installations. The study concluded that PVDs are a cost-effective and efficient technique for
improving soft soil properties, especially in combination with appropriate surcharge loading
regimes. The findings of the study can help inform the use of PVDs in similar geotechnical

engineering projects (Figure 2.2).

The use of prefabricated vertical drains offers several advantages over other soil improvement
techniques. The technique is relatively simple and requires minimal excavation, disturbance, or
settlement to the site. The wick drains can also be installed quickly, accelerating the
consolidation process of the soil and reducing the total project duration. However, the
effectiveness of prefabricated vertical drains depends on several factors, such as the soil type,
moisture content, and depth of the soil layer to be improved. The drains must be installed at the
correct spacing to ensure that the soil is adequately drained. The effectiveness of the technique
can also be affected by other factors, such as clogging of the filter fabric, inappropriate
installation, or insufficient drainage capacity, which can lead to prolonged consolidation times
or reduced effectiveness of the consolidation process.

¢
|

Inclinometer
[

Surface settlement plates

sand Blanket/platform

Benchmark and
Dummy prezometer Pi

Sub-surface settlement plate

Figure 2.2: Vertical drain system with preloading (Indraratna et al., 2010).
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2.2.3. Compaction Grouting

The process of compaction grouting involves injecting low workability cement paste into the
soil without entering the soil pores, resulting in a homogeneous cement mass that extends and
moves the soil before finally compacting it. This method is effective for improving liquefaction
and can be used in various circumstances, including treatment under existing structures, urban

areas with low levels of vibration and noise, and narrow spaces.

The compaction procedure utilizing the bottom-up injection technology comprises multiple
sequential stages. Initially, the foundation soil of existing or future foundations is drilled to
install injection pipes. Subsequently, the injection process is initiated, and a mixture is
introduced through the pipes, exerting pressure on the surrounding soil. The injection pipes are
then incrementally raised by a specific distance, typically ranging from 0.3-1.5 m, and the
process is repeated. This stepwise injection procedure is continued until the entire soil layer is
treated, with each injection incrementally increasing the density and pressure to stabilize the
soil layer. Ultimately, this technique aims to achieve controlled elevation of the soil surface or
mitigate the settlement of existing structures induced by local factors. This method has been
discussed in the works of(Morales & Morales, 2003; Sayehvand & Kalantari, 2012), as well as
(Welsh & Burke, 2000).

According to a report by (R. P. Orense et al., 2000),Compaction grouting encompasses the
injection of an inflexible grout, consisting of a blend of soil-cement-water mixture,
incorporating silt sizes to confer plasticity, as well as sand and gravel to induce internal friction.
The grout formulation is specifically engineered to prevent permeation into the native soil,
instead facilitating the controlled expansion of the grout bulb mass, displacing the surrounding
soil. The fundamental objective of employing compaction grouting is to improve the
compactness of soft, loose, or disturbed soil for various purposes including settlement
management, structural realignment, augmentation of soil bearing capacity, and mitigation of

liquefaction susceptibility.

A comprehensive analysis of the application of compaction grouting for remediation of
liquefaction was presented by (R. Orense, 2008). The study included two case histories, one
involving the implementation in an open unrestricted space, such as an airport runway, and
another conducted beneath an existing manufacturing plant. The findings from these cases
provided valuable insights into the effectiveness of the compaction grouting technique. Post-

treatment data indicated that compaction grouting successfully enhanced the SPT resistance,
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thereby mitigating the risk of liquefaction. The method of construction, whether "bottom-up,”
"top-down," or a combination of both, influenced the level of effectiveness and resulted in
ground heave. Significantly, the technique demonstrated the highest efficacy in sandy soils with
lower fines content. Moreover, compaction grouting also led to increased strength and lateral

earth pressure within the ground. Figure 2.3 illustrates the application of this method.

In the study conducted by (R. Orense, 2008), two case studies were examined to illustrate the
application of compaction grouting for liquefaction remediation. One case focused on the
implementation of compaction grouting in an open unrestricted space, such as airport runways,
while the second case involved its usage beneath an existing manufacturing plant. A thorough
evaluation of the technique's effectiveness yielded several key observations. Analysis of the
post-treatment data demonstrated that compaction grouting successfully improved the SPT
resistance, effectively mitigating the risk of liquefaction. The method of construction employed,
whether it followed a "bottom-up,” "top-down," or a combination approach, influenced the
efficacy of the technique and the resulting ground heave. Moreover, the compaction grouting
method exhibited its highest effectiveness in sandy soils with a lower fines content.
Additionally, compaction grouting contributed to increased ground strength and lateral earth

pressure. Figure 2.3 presents an illustration of the compaction grouting technique.

Dxilling Grout Injection Step-up Injection Finish

Figure 2.3: Compaction-grouting implementation (R. Orense, 2008).

(Wakeman et al., 2010) conducted a study that showcased the successful application of
compaction grouting in densifying a thick, loose sand layer reaching depths of up to 40 feet at
a large development site in an urban environment. The densification process resulted in a
significant increase in the factor of safety against liquefaction and effectively reduced potential
settlement induced by liquefaction to less than 0.5 inches. To ensure quality control and
assurance, automated data acquisition and processing techniques were employed, along with

three-dimensional visualization components. The ground improvement program was rigorously
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validated by comparing cone penetration test (CPT) results obtained before and after the
treatment. The densification of the loose sand layer led to a remarkable increase of over 100%
in cone tip resistance, elevating the factor of safety against liquefaction from approximately 1
to over 1.5. Additionally, the initially anticipated liquefaction-induced settlement, projected to

range from 2 to 5 inches, was effectively diminished to negligible amounts.

2.2.4. Columns of lime-cement treated soils

This is a technique for improving the geomechanical characteristics of poor fine-grained soils,
which has been widely used in France where full-scale experimental tests have been carried out
by specialized companies for the benefit of the SNCF. Initially, this technique was used to treat
stability issues affecting embankment slopes made of clay and impacting railway networks,
resulting in significant maintenance costs. The technique involves the use of a double hollow
auger with a diameter of 150 mm to create real in situ treated soil columns by injecting a cement,
lime, or lime-cement grout. The execution steps are summarized as follows (CARTIER et al.,
1986):

- Disaggregation of the soil without extraction by the auger to a pre-set depth;
- Injection and mixing of binders to homogenize the treatment;
- Compaction of the soil column through successive passes so that the short-term

compactness is only slightly different from that of the embankment prior to treatment.

Laboratory tests were carried out on samples using a highly plastic silt (WL = 59, Ip = 18)
treated with varying percentages of lime and cement (from 6% to 12%). These tests revealed
that treatments with 8% lime and 10% cement offer better resistance after 28 days of age
(CARTIER etal., 1986). Different tests have confirmed that the improvement provided by lime-
cement grouts is entirely satisfactory. In fact, it is the long-term action of lime that promotes
the formation of compounds resulting from pozzolanic reactions, which link the attacked
particles and create an overall texture. This technique falls under the category of reinforcement
processes primarily intended for compressible fine soil deposits. The diagram of the execution
operations is represented in Figure 2.4.
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Figure 2.4: Procedure for creating treated soil columns (CARTIER et al., 1986).

2.2.5. Dynamic compaction:

Dynamic compaction is a ground improvement technique that involves the use of heavy
equipment, such as a crane-mounted drop weight or a high-energy hydraulic hammer, to impact
the soil surface repeatedly over a large area. The repeated impact of the equipment causes the
soil particles to rearrange, creating a denser and stiffer soil layer. The technique is commonly
used on soft or loose soils that have poor bearing capacity, high compressibility, or that are

prone to liquefaction.

The heavy equipment used in dynamic compaction can deliver impacts with a high energy
density, resulting in a significant increase in soil density and stiffness. The depth of compaction
depends on several factors, including the energy of the impact, the number of impacts, the soil
type, and the water content. Typically, the technique is applied to fill soils or low-density natural
soils. In some cases, the technique can also be used on more cohesive soils to enhance their

stiffness and strength (Figure 2.5).

The technique is typically used to enhance the bearing capacity of the soil, reduce the potential
for settlement, and to increase the resistance of the soil to liquefaction during seismic events.
The depth of treatment depends on the thickness of the soft soil layer to be improved and the
required bearing capacity of the improved layer. Dynamic compaction is often used in
conjunction with other ground improvement techniques, such as stone columns or soil mixing,

to improve the overall performance of the soil.

The effectiveness of dynamic compaction as a soil reinforcement technique has been

established through various studies. (Feng et al., 2010)found that high energy dynamic
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compaction (HEDC) is effective in improving the geotechnical properties of soil in coastal
reclamation areas. In addition,(Liang et al., 2015) developed a new method using vacuum
preloading and preloading with surcharge to improve the mechanical properties of soft soil.

One of the advantages of dynamic compaction is that it is a cost-effective and efficient
technique for reinforcing large areas of soil quickly. The technique is relatively simple to
implement, requires minimal excavation, and produces minimal waste materials. However, the
technique has some limitations. For example, the technique may not be suitable for soils that
are too soft, too wet, or have a high organic content. Further, the technique can result in some

ground vibrations and noise, which could be a concern in urban areas.

Figure 2.5: Dynamic

2.2.6. Reinforcement of compressible soil by geosynthetics materials

2.2.6.1. Definitions and Types of Geosynthetics

Geosynthetics are synthetic sheets that come into contact with soil and have been used in civil
engineering for approximately two decades. Typically implemented as sheets, the primary
functions of geosynthetics include drainage, filtration, separation, and reinforcement.
Integrating geosynthetics into the structure enables several benefits, including reduction in the
quantity of required materials, utilization of low-quality materials, prevention of
interpenetration between layers, and reinforcement of a soft soil embankment to mitigate
significant deformation (Holtz, 2001).

Geotextiles are products made of polymers and are commonly utilised in geotechnical and
civil engineering due to their permeable nature. They can either be woven, nonwoven, or knitted

and serve multiple functions in soil, such as filtration, separation, and reinforcement.
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Geogrids are specifically engineered to provide soil reinforcement by offering an open and
regular network of elements that can withstand traction forces. Typically composed of planar
polymer structures, geogrids are manufactured through techniques such as extrusion, bonding,
or interlacing. Essentially, a geogrid's dimension dictates the size of the mesh and allows for

the penetration of large soil elements to create an interlocking effect for soil confinement.

Geomembranes are low-permeability geosynthetics that are commonly manufactured as
sheets composed of either synthetic, bituminous, or bentonite materials. They have various uses

in geotechnical, environmental, hydraulic, or transportation applications.

Geocomposites refer to the combination of two or more materials during the manufacturing
process of geosynthetics. They can consist of various combinations such as geotextile-geonets,
geotextile-geogrids, geotextile-geomembranes, geomembrane-geonets, geotextile-polymer
cores, and three-dimensional cell structures made from the same polymer. The possibilities for
geocomposites are nearly endless and can be highly useful in geotechnical engineering for
functions like separation and reinforcement, as well as for pavement layers and reinforcement

during reprocessing.

The primary components of geosynthetics consist of synthetic fibres, selected for their
economic viability and ability to withstand the harmful effects of both chemical and biological
factors present in soil. These fibres are produced through the process of spinning and stretching

macromolecules, which are also referred to as polymers (Berrabah, 2015).
The geosynthetic sheets frequently comprise the following polymers:

- Vinyls, including polyvinyl chloride (PVC), are commonly utilised as drainage systems due

to their exceptional resilience against water, chemical, and microbial damage.

- Acrylics, whether in resin or emulsion form, can be utilized for consolidating geosynthetics

in the field of geotechnical engineering.

- Polyamides, including Nylon (PA); are typically avoided due to their heightened sensitivity

to water, making them an uncommon choice.

- Polyesters (PET) are an appealing choice due to their impressive mechanical properties as
well as their ability to resist the harmful impact of acids and microorganisms. However, they

are prone to surface damage from bases.
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- Polyolefins, including polyethylene (PE) and polypropylene (PP), are extensively utilised
because of their cost-effectiveness, excellent mechanical properties, and high resistance to

chemical damage.
2.2.6.2. Functions of Geosynthetics

The mechanical and hydraulic characteristics of soil can be enhanced through the
implementation of geosynthetics. This can provide the following benefits, as illustrated in

Figure 2.6:

a-Separation: A geotextile can be used to prevent the blending of two materials that possess

distinct characteristics, serving as a means of preventing their intermingling.

b-Reinforcement: this involves leveraging the strength and resistance capabilities of

geotextiles or comparable materials to enhance the mechanical properties of soil.

c-Protection: through the use of a geotextile, which is commonly found in the form of a

geomembrane, it is possible to prevent localised harm or damage to a specific material.

d-Waterproofing: involves managing or controlling the movement of liquid or gas through a

particular material.

e-Filtration: involves the use of a geotextile to retain soil or other particles when subjected to

hydraulic forces, while still allowing fluids to flow through or into the geotextile.

f-Drainage: encompasses activities such as collecting and transporting rainwater, groundwater,

or other liquids within the plane of a geotextile or similar materials.
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Figure 2.6: Main roles of geosynthetic materials.
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Geosyntheticsare typically categorized based on their primary function, but they may also be
capable of fulfilling one or more secondary functions in certain applications. Therefore, when
calculating and determining the design characteristics of geosynthetics, it is crucial to factor in

both their primary and secondary functions.

Geomembranes are a versatile construction material with a wide range of applications. In
hydraulic systems, they are commonly used to create canals or basins for purposes such as
irrigation, drinking water supply, or wastewater lagooning. They are also used in water-related
applications such as water-resistant barriers for dikes, dams, and navigable canals. Additionally,
geomembranesare frequently employed for sealing municipal or industrial waste storage
facilities that contain waste from animal, plant, or chemical sources. With natural waterproof
sites being scarce and regulations becoming increasingly strict, the utilization of geomembranes

has become a popular solution for waterproofing needs.

The selection of geotextiles and related products is based on the specific requirements of the
structure in which they are used. Geotextiles possess a wide range of tensile strength and

rigidity, making them well-suited for soil reinforcement in structures like reinforced walls.

Geotextiles were initially adopted for road construction, where they continue to be utilized as
reinforcements, separators, drains, filters, and for slope erosion control. In the construction of
coastal structures, such as groynes and sea defences, geotextiles provide an advantageous
alternative to traditional techniques like filter mats or pile curtains.

Geotextiles are particularly useful in hydraulic works, as they allow the creation of
continuous, permeable, and filtering interfaces. They are therefore used either in addition to a
traditional structure to reinforce the safety of the structure, or more often, as a replacement for
expensive and calibrated natural materials. In this case, they allow for savings because they
replace materials that are generally expensive, and their implementation is much easier for the

realization of inclined or vertical interfaces.

2.2.7. Reinforcement by Granular Columns:

The initial soil, or unimproved state, is essentially identified by its particle size distribution
curve, which remains an essential factor in determining the appropriate soil improvement
technique. Given the two major classes of well-known soils, namely powdery or fine soils, it is
natural to understand that there is a difference between the appropriate improvement techniques
for each of these classes. Additionally, knowing that there is a good majority of soils belonging
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to the category of intermediate soils, other derivative techniques can be considered. Figure 2.7
illustrates the clear difference between the techniques executable in fine soils on the one hand,
and granular soils on the other hand. While for intermediate soils, the possibilities for
improvement have not diversified. The experience gained in the field of soil treatment has
allowed us to draw the following conclusions (Dhouib & Blondeau, 2005): It is possible to
carry out dynamic, static compaction (also known as horizontal static compaction: CHS), or
radial vibration compaction (vibroflotation or vibrocompaction), or to perform soil-cement
mortar columns (Jet-Grouting) in more or less fine sandy-gravelly materials. When dealing with
soils that primarily consist of fine to very fine particles and are at the limits of compaction
processes (as shown in Figure 2.7), the application of ballasted columns, rigid inclusions, and
lime-cement soil columns becomes necessary. The implementation of ballasted columns relies
on the presence of sufficient and permanent lateral restraint provided by the treated medium to
prevent lateral expansion of the cohesionless ballast material. However, when the soils to be
treated are soft, compressible, and contain organic materials, the ground may not offer
permanent resistance to the lateral expansion of the ballasted column. In such cases, soil
improvement through ballasted columns may be unfeasible due to the evolving behavior of
organic materials and their tendency to exhibit creep deformations. Consequently, the
incorporation of rigid inclusions becomes necessary. On the other hand, in situations where the
soil consists of organic materials with high natural water content, the dry incorporation of lime-
cement columns proves to be a viable solution. In contrast, for soils with low natural water

content, the wet method (Deep soil mixing) can be employed for the same technique.

Organic Clay Silt | Finesand | Coarsesand | Gravel

soil
Vibroflotation according to Dhouib (Z003)
Stones columns according to
Vibroflotation according
to OQueyroi et al. (1935)
Stones columns according
to Dhouib (2003)

Dhouib (2003}
0.001 0.002 0.02 0.2 2

10 20mm

501

Stones columns according to
Priebe (1991}

Figure 2.7: General diagram of the application of soil improvement techniques (Dhouib &
Blondeau, 2005)
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2.2.7.1. Definition of stone columns

Stone columns are a soil reinforcement method that involves incorporating compacted stone
columns into the soil. This technique is suitable for clayey or silty soils containing more than
10% to 15% silt and clay. Stone columns are not foundation elements; their purpose is to confer
new global and/or local characteristics to the soil under the structure to be built. This is to ensure
that the different infrastructure elements of the structure (isolated or continuous footings, slabs,
earthworks, etc.) have predictable and justifiable behaviour in accordance with the regulations
and tolerances applicable to the structure's construction and operation. Stone columns allow for
the control of the behaviour of the future structure's shallow foundations. The material used
for the stone column is a high-bearing powder material, and the column acts as a drain. This
not only increases the existing soil's load-bearing capacity but also increases the soil's

consolidation speed (Auvray, 2010).

2.2.7.2. Column types

When the firm soil layer is located at a depth far below the soft soil layer, the column is then
installed in the soft layer (Figure 2.8-a). The load carried by the column is supported by the
lateral friction developed along the column. In this case, the column is called

"floating"(Barksdale & Bachus, 1983).
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Figure 2.8: Types of stone columns, (a): floating, (b): bearing (Nour El Islam, 2021.).
However, if the firm layer is located at a depth close to the surface of the soil, the column can
be installed on the firm layer. In this case, the column is called "bearing columns at the tip".
The loads are then supported by the resistance at the tip of the column (Figure 2.8-b). Generally,
the choice between floating and bearing columns is made based on cost considerations and

technical limitations of the drilling machines used.
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2.2.7.3. Fundamental Design Parameters

Improving bearing capacity and minimizing settlement are influenced by crucial design
parameters such as column spacing, diameter, and arrangement (triangular, square, or

hexagonal pattern).

a) Spacing of Stone Columns (S)

The design of stone columns should be customised to the site, and it is not possible to provide

definitive guidelines for maximum and minimum column spacing.

b) Diameter of Stone Columns (D)

The diameter D of the column plays an important role in increasing the bearing capacity and
reducing the resulting settlement (Greenwood, 1991). The dimensions of ballasted columns
typically depend on the type of soil to be reinforced, the densification of materials, and the
construction technique used(Bell, 2004). The diameter D of the column generally varies
between 0.7 m and 1.1 m. The length L of the column depends on the soil encountered at the
site and usually ranges between 6 and 20 m (Raju & Sondermann, 2005). Additionally,(Balaam
& Booker, 1985; Hughes & Withers, 1974) have reported that the diameter D affects the transfer
of applied loads on the columns and have indicated that the effect of these loads is limited to a
zone not exceeding a distance of 2.5D in the surrounding soil of the column (Boumekik et al.,
2021).

In soft soils, the installation of stone columns is a self-compensating process, meaning that
the diameter of the column formed is larger as the soil becomes softer. The final diameter of a
hole is typically larger than the initial diameter of the probe or casing due to the lateral
displacement of stones caused by vibrations or ramming. The vibroflot installation method
(with a diameter of 300-500 mm) can produce column diameters ranging from 0.6 m in stiff

clays to 1.1 m in very soft cohesive soils (Ranjan, 1989).

c) Arrangement of stone columns (de)

The ideal layout for installing stone columns is in an equilateral triangular pattern due to its
high density packing. However, square and hexagonal patterns are also feasible options. (Figure
2.9) depicts a standard layout for equilateral triangular, square, and hexagonal patterns.

Each column has an influence domain that is characterised by the equivalent diameter (de).
According to (Balaam & Booker, 1981), the value of the diameter de can be determined based
on s and the type of pattern:
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» Triangular pattern (Figure 1.5-a):

de = L{/l—?S ~1.055
d (2.1)

* Square pattern (Figure 1.5-b):

dezi/l—T;’S ~1.138
4 (2.2)

 Hexagonal pattern (Figure 1.5-C):

de= z{/gs 1295
4 (2.3)

=

|
A
I

//‘

(¢). Maillage hexagonal

Figure 2.9: Arrangement and influence domain of ballasted columns (Balaam & Booker,
1981).

d) Coefficient of Substitution

The coefficient of substitution (o) or rate of incorporation is the ratio of the area of the stone

column (Ac) to the area of its influence domain (A):

a = Ac/A (2.4)
e) Stress concentration ratio

In the presence of a uniform load (Acvo) applied to a soil mass, the enhanced strength and

stiffness of stone columns compared to the surrounding soil lead to stress concentration on the
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columns (Acv,c) and a reduction in stress on the soil (Aov,s), as depicted in Figure 2.10. The
stress concentration ratio (n) is defined as the ratio of the vertical stress applied to the column
to the stress exerted on the surrounding soil:

n =Aov,c/Aov,s (2.5)

The value of (n) is influenced by the relative stiffness of the stone column compared to the

surrounding soil and typically falls within the range of 2 to 6 (Aboshi, 1979).

e
I:.II.r '.’,.r""_.lijﬂl"
Crrannlar T T *
i [ A
4 1NN
A : L, Ceramarlerr
—= " A colimn
i i Sirrounding soft
H ; .-""'r# ol Surrownding soff
:I - -~ .-"'"’H# sl
LR P

(a) (b) I:—q"'

Figure 2.10: a. Unit cell scheme;b. Stress distribution.

f) Settlement reduction factor

The estimation of settlement reduction is generally the dominant design criterion in soils
treated by ballasted columns (Figure 2.11). Most analytical design methods provide a direct
prediction of the settlement reduction factor (), which is defined as the ratio of soil settlement
before treatment (So) divided by the settlement of the composite medium obtained after

treatment (Sy), i.e.:
B =Sol St (2.6)

Depending on the mesh density and the encountered geotechnical conditions, this factor is
generally between 1.5 and 4 under distributed loads (CFMS, 2011).
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Avant traitement Apreés traitement

Figure 2.11: Principle of stress concentration and settlement reduction (Basu, 2009).

2.2.7.4. Failure Mechanism

Various publications (Ambily & Gandhi, 2007b; Brauns, 1978; Hughes et al., 1975; Hughes
& Withers, 1974; Mohanty & Samanta, 2015; Shivashankar et al., 2011) relating to the ultimate
bearing capacity of an isolated column revolve around three failure modes (Figure 2.12), which

correspond to geometric configurations, according to (Datye, 1982):

- Lateral expansion failure (often the controlling failure mode) (Figure 2.12-a);
- General shear failure (rare failure mode, for short columns) (Figure 2.12-b);

- Punching shear failure (floating columns) (Figure 2.12-c).

Oclim Ociim Gelim

a b C

Figure 2.12: Types of failure in a head-loaded isolated column executed in a homogeneous

compressible layer according to (Datye, 1982).

55



Chapter 02: Ground Improvement Technique for Soft Soils Using stone Columns

2.2.7.4.1. Lateral expansion failure

In 1974, Hughes and Withers conducted the first investigation with reduced models on the
failure mode of a sand column installed in a homogeneous clay layer, specifically the "Kaolin

clay".

The authors observed that vertical and lateral deformations are produced in the upper part of
the column (Figure 2.13). Additionally, only the clay at a radial distance of 2.5d is laterally
stretched, while the vertical displacement of the columns was not extended below 4d. To
confirm these results, (Hughes et al., 1975) conducted full-scale loading tests on an isolated
ballasted column. The loading was performed by a circular plate of 0.66 m diameter, slightly
smaller than the column’s diameter. After loading, the soil surrounding the column was
excavated to determine its shape. The authors found that the column'’s shape was similar to that
observed by (Hughes & Withers, 1974). Furthermore, the predicted expansion was limited to
the upper zone. Based on reduced model tests, (Ambily & Gandhi, 2007a) found that the

maximum expansion is concentrated at a depth of 0.5d from the top.

'
O clim

Zone de I'expansion latérale
O'hhfn (223 é 4 DL)
(Hughes et Withers, 1974)

Figure 2.13: Deformation of an isolated sand column (reduced model) under axial head load
(Hughes & Withers, 1974).

When the column is installed in a layered soil, (Shivashankar et al., 2011) observed that
expansion occurs only in the weakest soil layer, and the expansion increases with the thickness
of the layer due to less lateral confinement offered by this soil layer. Through laboratory testing
and numerical studies, (Mohanty & Samanta, 2015) found that lateral expansion of the column
is greater in layered soils than in homogeneous soils. According to the authors, the length of

lateral expansion increases with the thickness of the upper layer but is limited to a length of 2d.
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Additionally, the maximum depth of expansion is found at a depth of 0.5d to 0.8d and is
independent of the thickness of the upper layer when it exceeds 2d.

2.2.7.4.2. Generalized Shear Failure

Generalized shear failure typically occurs in columns beneath rigid foundations. Figure 2.14
illustrates the most well-known contribution on this subject (Brauns, 1978), which considered
the case of axisymmetric failure of a composite material volume, "Ballast-Soil,” limited by a
truncated conical surface centered on the axis of the column and developed to a depth denoted
by h (Soyez, 1985), expressed as follows:

T

@c (2.7
h=dtan(4+2)

With ¢c being the internal friction angle of the ballast material.

G'clun

Figure 2.14: Generalized Shear Failure of an Isolated Ballasted Column under Axial Head
Load, based on (Brauns, 1978).

The angle & can be quickly determined using the chart in Figure 2.15. In the special case where

os 1s equal to zero, the curve in Figure 1.26 directly provides 6 as a function of @c.
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Figure 2.15: Practical Determination of & (Brauns, 1978).

2.2.7.4.3. Punching Failure

For floating columns, punching failure occurs when the soil resistance under the column tip
is unable to balance the vertical stress (z) transmitted through the column (Figure 2.16). The
vertical stress within the column at depth z can be expressed, according to(Brauns, 1980), by

the following equation:

2.8
(z) = gvo + z(y - 2r¢/cu . ) (2.53) )

Where:

- ov,o: the vertical stress applied at the top of the column;
- yc: unit weight of the column;

- r¢ initial radius of the column.

To avoid punching failure, the vertical stress ov (Lmin) must not exceed the limit vertical stress
oV at the base of the column, which is typically taken as 9cu for piles. The treatment depth

should satisfy the following condition:

I‘min <L< Lmax
I—min :%rc [%_9] (29)
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Figure 2.16: Punching Failure of an Isolated Floating Ballasted Column under Axial Head
Load (Brauns, 1980).

2.2.7.5. Treatment Objective

The objective of improving soil through stone columns is to implement a "mesh™ of columns
made up of gravelly materials, which densifies the compressible layers and makes them capable
of bearing loads from foundations. The treatment of soil through stone columns involves the

following actions:

- Increasing the load-bearing capacity of the soil;

- Reducing total and differential settlements;

- Reducing consolidation time by creating draining elements;

- Reducing the risks induced by liquefaction phenomena during earthquakes;

- Increasing the equivalent characteristics of the treated soil mass (horizontal shear

resistance, internal friction angle, and deformation parameters).

By achieving these objectives, the technique of improving soil through stone columns can

significantly enhance the performance and safety of a structure.
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2.2.7.6. Application areas of stone columns

Stone columns have various application areas that have evolved over the years based on
technological advancements and desired improvements. The following list, although not
exhaustive, highlights the variability of applications (HOUDA, 2010):

- Road and railway embankments;

- Buildings such as single or multi-story residential units, industrial buildings like offices,
warehouses, production areas, silos, wastewater treatment plants (settling tanks,
ancillary facilities);

- Airport runways;

- Slope stabilisation.

2.2.7.7. Installation technique of stone columns

The aggregates constituting the columns are installed using two installation techniques: the
displacement method or the replacement method (Mokhtari & Kalantari, 2012).

2.2.7.7.1. Case of ordinary stone columns

The input materials must be of quality and controlled granulometry, as homogeneous as
possible (natural aggregates, rolled or crushed). The crossing of compact layers or obstacles
can be facilitated by prior drilling, with or without terrain extraction. Any excavated volume is

filled and compacted by input material.

Figures 1, 2, and 3 show the installation methods used for the installation of stone columns,
taken from (Taube & Herridge, 2002). The columns are constructed either by piling or by vibro-
flotation(Priebe, 1991). The latter method includes vibro-displacement (dry bottom feeding
method) and vibro-replacement (wet or dry top feeding method) (Nour EI Islam, 2021).

a) Columns executed by wet method

In this wet method, pressurized water is used to facilitate penetration and the creation of a
cylindrical opening. The aggregates (such as ballast or gravel) are placed in the cavity that has
already been drilled in several layers, and then they are compacted by air or water pressure
(Figure 2.17).

The execution of stone columns using the wet method, also referred to as vibro replacement,

involves the following steps:
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« Drilling: The process begins by utilizing self-drilling techniques and water launching
to reach the desired depth.

» Vibrator removal: Once the drilling is completed, the vibrator is removed from the
hole. In some cases, additional ramming may be conducted to ensure proper
compaction.

« Ballast placement: The ballast material is then introduced into the pre-drilled hole,
either by free fall or gravitational dropping.

« Compaction: The ballast is compacted by making successive passes, ensuring proper

compaction until the column is fully formed.
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Figure 2.17: Procedure for installing a wet method column (Raju & Sondermann, 2005)

b) Columns executed by the dry method:

The implementation of ballasted columns by the dry method (Figure 2.18), also known as

vibro-displacement, consists of:

- Self-driving the vibrator directly into the ground by displacement using air to the
designated depth;

- Gradually lifting the vibrator while allowing the ballast supplied by a loader in a bucket
sliding along the mast to descend by gravity and air pressure;

- Compacting the ballast by successive passes of about 0.5 inches until the column is
finished.
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There are several references that provide detailed presentations of these installation
techniques, including(Barksdale & Bachus, 1983; Mitchell & Huber, 1985; Raju &
Sondermann, 2005), and (Egan et al., 2008).
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Figure 2.18: Procedure for installing a dry method column (Raju et al., 2004).
c) Piled stone columns (*"Franki Gravel Piles™):

The implementation of piled ballasted columns (also known as "gravel piles") using the

"Franki" method requires the following steps:

- preparation of the "Franki" driving plug using gravel,

- driving the tube to the desired depth with an internal tamper;

- removal of the gravel plug;

- formation of the column by driving loads of gravel and extracting the tube;

- finishing of the column.

The technique of piled stone columns using the "Franki" method ensures the creation of a
densely compacted column with a diameter varying according to the quality of the gravel used
(Figure 2.19) (Zighmi, 2011).
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Figure 2.19: Wet top feeding method presented (Raju & Sondermann, 2005).
2.2.7.7.2. Case of stone columns confined to geosynthetics

There are two methods for installing ballasted columns confined by geosynthetics, which are

described by (Tandel et al., 2012): (a) the displacement method and (b) the replacement method.

a) Displacement method

This method is generally used in soft soils (Cu <15 kPa). The technique involves driving a
closed-ended steel tube into the loose soil, then placing the geosynthetic and filling it with
granular material. Due to the vibration of the granular material, the tube's end opens, and it
moves upward. Figure 2.20 shows the principle of the displacement method (Alexiew et al.,

2005).
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Figure 2.20: Displacement method (adapted from(Alexiew et al., 2005))
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b) Replacement method

This installation method is employed when the soil exhibits a favorable penetration resistance.
The procedure begins by installing a steel tube into the soil until it reaches a resistant layer.
Subsequently, the soil within the tube is excavated using an auger. Once the excavation is
complete, a geosynthetic material is positioned and then filled with granular material. Finally,
the steel tube is extracted from the ground. The fundamental concept of this technique is

depicted in Figure 2.21, which has been adapted from the work of (Gniel & Bouazza, 2010).

Figure 2.21: Replacement method (adapted from(Gniel & Bouazza, 2010)).
2.2.7.8. Effects of ballasted column installation

The installation of columns has an influence on the surrounding soil, particularly when the
columns are installed by vibro-replacement. In this case, the drilling and granular compaction
equipment create a radial displacement in the soil surrounding the column(Yu, 2000). In soft
clay, this installation effect creates increases in lateral stress and interstitial water pressure,
which can be predicted by approximate methods (Castro, 2017; J.-F. Chen et al., 2009; Egan et
al., 2008; Muir Wood et al., 2000).

This displacement immediately causes a dissipation of excessive interstitial pressures,
accompanied by an increase in effective stress in the column and soft clay. (Guetif et al., 2007;
Stuedlein & Holtz, 2013)conducted studies in the field on the effect of column installation
methods and concluded that vibro-compacted columns showed a 15% capacity increase
compared to columns installed by the replacement method. The installation effects observed in
tests on a group of columns were not observed in tests on isolated columns. This led these
authors to conclude that the role of soft soil in a group loading could be more important than

the effects of installation type and column composition.
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It should be noted that for columns installed by the replacement method, the installation effect

is negligible and may not be considered.
2.2.7.9. Technical requirements and influencing factors in the implementation

The deformable nature of ballasted columns makes them highly reliable for flexible structures
such as embankments on compressible soils, slabs, and flexible rafts. However, the premature
application of the method to heavy and sensitive structures can lead to disorders resulting from
excessive deformations, unlike conventional deep foundations (piles, beams, and micro-piles).
To guard against these sometimes serious consequences, it is imperative to adhere to the

following rules:

- In-depth geotechnical study of the soil to be reinforced, the depth of investigation, the
consistency of the study (types of tests...), and the different geomechanical parameters
to be measured depending on the geology of the site and the importance of the structure
to be built;

- Evaluation of the loads to be supported by the foundations.

- Sizing of the ballasted column project, taking into account the absolute and differential
settlements that the structure will experience after completion and commissioning;

- During the implementation phase, great attention should be given to the installation of
the columns following the mesh plan, checking the depth of refusal, monitoring the
consumption of ballast, and recording parameters (amperage, depth, number of
buckets, etc.);

- Quality of the vibro-foundation workshop (verticality, support force, equipment with
parameter recorders, etc.);

- Power of the vibrator, which plays a crucial role in the quality of the column
(verticality, continuity, compactness);

- Quality of the material (ballast) used: soft material can generate fines during the
compaction sequences, reducing the draining capacity of the column, depending on the
power of the vibrator.
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e The main factors for choosing the technique of stone columns:

Reinforcement using stone columns stands out as a preferred method for soil
stabilization and enhancement due to several compelling reasons:
- Time Efficiency: Stone column installation is known for its efficiency in terms of time.
For instance, in the construction of a highway embankment, where soil stabilization is
crucial, stone columns can be installed swiftly compared to methods like deep soil
mixing or soil nailing. This saves valuable construction time and accelerates project
schedules, minimizing disruptions and delays.
- Cost-Effectiveness: Consider a commercial development project requiring soil
reinforcement to support the foundation of a high-rise building. Stone columns present a
cost-effective solution compared to more elaborate methods like soil grouting or jet
grouting. The simplicity of stone column construction translates to lower labor and
material costs, contributing to overall project affordability without compromising on
quality.
- Availability of Technology: In a large-scale infrastructure project such as a bridge
construction over soft soil, the widespread availability of stone column installation
technology ensures practicality and accessibility. Contractors and engineers can readily
procure the necessary equipment and expertise for stone column implementation,
streamlining the construction process and ensuring timely project execution.
- Reliability: In a real-world scenario, consider the construction of a railway track on
expansive clay soil prone to settlement. Stone columns have a proven track record of
reliability in stabilizing such challenging soil conditions. Their ability to improve soil
bearing capacity and reduce settlement risk makes them a preferred choice for railway
infrastructure projects worldwide. Engineers and stakeholders can trust in the consistent
performance of stone columns, even in varying soil compositions and environmental
conditions.

In summary, the efficiency, cost-effectiveness, technological accessibility, and
reliability of stone columns make them a preferred choice for soil reinforcement across

diverse construction projects, ensuring both structural integrity and project success.

2.2.7.10. Constituent materials of granular columns
The filling material (ballast) must be of high quality (strength) and have controlled and as

homogenous as possible particle sizes. It generally consists of natural crushed or rolled gravel
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with high mechanical characteristics (Rc> 25 MPa) that is non-expandable and not subject to
attrition (Dhouib & Blondeau, 2005).

The main characteristic of ballast is its high drainage potential and its bearing capacity, which
is increased by the high percentage of stones. The percentage of fine particles is limited to
ensure that the column remains drainable and resistant to internal erosion. The particle size
distribution of the material (ballast) must satisfy the following three (3) conditions (Dhouib &
Blondeau, 2005):

- ds> 0,10 mm;
- dzo> 10 mm;
- d100> 100 mm.
The physico-mechanical characteristics used for ballast and commonly employed in
the construction of stone columns are summarized in Table 2.1.
Table 2.1:Characteristics of ballast for stone columns (Dhouib & Blondeau, 2005).

Characteristics Ordersofsizes Remarks
40/60 Wet method
Ballast Di i
allast Dimensions (mm) 12/40 Dry method
Crushing index (%) >80 -
LA (Los Angeles test) <25-35* (Standard NCEN 1097-2)
MD (Micro-Deval test) <20-30 * (Standard NCIN1097-1)
(LA+MD) <40-60* -
Fine content percentage <5% -

limiting values *

Regarding the parameters of the mechanical behavior of ballasted columns, especially the
deformation modulus (Ec), they are closely dependent on the type of process used (wet or dry
method), degree of compaction during implementation (vibrator performance), and the lateral
resistance of the surrounding soil (Dhouib & Blondeau, 2005). Therefore, it is difficult to
specify a value for the deformation modulus (Ec) without prior knowledge of all the

aforementioned influencing factors.

- The usual values of mechanical parameters accepted for correctly implemented
ballasted columns are as follows (Dhouib & Blondeau, 2005):

- Deformation modulus (average over the volume of column):Ec =60 To 100 MPa,
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- Intergranular friction angle: -(rolled material): fc'= 38 degrees
- (material crushed): fc'= 40 degrees

- As for a pulverulent material, the cohesion is zero ( C'c =0),

- Poisson's ratio: v=1/3,

- Saturated unit weight of the material in place: yc = 20 To 21 KN/ m®.

2.3. Review of previous researches on deferent granular columns

Granular column is a ground improvement technique used to enhance the load-
bearing capacity, reduce total and differential settlement, and provide stability to
weak soil or fill material. Granular columns involve the installation of cylindrical
columns made of locally available stone fill material into compressible soil layers.
Several studies have been conducted on the effectiveness of granular column as a

ground improvement technique.

2.3.1.Stone Column

The behavior of both single stone columns and groups of columns were examined by (Ambily
& Gandhi, 2007b)through experimental studies where they manipulated parameters such as the
spacing between the columns, shear strength of the soft clay, and loading conditions. The results
of their experiments suggested that no significant improvement was obtained by positioning the
columns beyond a spacing of three times the diameter of the column. Although the stiffness
improvement factor was found to be unrelated to the shear strength of the surrounding clay soil,
it was discovered that it depends on the spacing of the stone columns and the friction angle of

the stone aggregates. Figure 2.22 exhibits a typical experimental setup for a single column test.

Figure 2.22 displays the particle size distribution of crushed stones (referred to as aggregates)
ranging between sizes 10 and 2 mm, which were implemented to form the stone column. The
aggregates exhibit ymax and ymin Of 17.3 and 15 kKN/m3, respectively, and Table 2 presents
additional properties of the aggregate used for the stone column. To determine the angle of
internal friction, a direct shear box measuring 300 mm x 300 mm x 100 mm was utilized where
the stones were compacted to a density of 16.62 kN/m3, which was the same density achieved
during the construction of the stone columns for experimentation. Shearing the stones at a
steady rate of 1.25 mm/min was also carried out under ordinary pressures of 75, 100, and 125
kPa, following which the dilation angle was calculated per the suggested method by (Coop &
Atkinson, 1993) .The constrained modulus used in the study was obtained by loading the stones
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in a cylindrical mold of 150 mm diameter and 180 mm height and at an initial density of 16.62

kN/m3. The Poisson's ratio used was based on typical values proposed by (Bowles, 1988).

Load Settlement L02d
Settlement ‘ ~_ dial gauge ‘
dial gauge [ Proving ring — Sand pad
- 12mm thick 30mm thick

steel loading
plate

Soft clay
Stone

column

100mm ¢

4 Cylindrical

wall (12mm

thick)

—"1e— 210 t0

420mm ¢  12mm thick P—420 mm_,l
(a) (b)

Figure 2.22: Single column test arrangement: a.column area loading; b. entire area loading

(Ambily & Gandhi, 2007b).

Figure 2.23 displays a triangular arrangement of seven columns, for which experimentation
was conducted to compare behavior with a single column and investigate stress distribution
between the stone column and clay. The area of clay equivalent to the space occupied by seven
unit cells is represented by the tank area. To prevent substantial structural deformation, a mild
steel plate measuring 16 mm in thickness with stiffeners was utilized to apply the load. The
locations of pressure cells affixed along the bottom surface of the loading plate are presented
in Figure 2.23.

5 Nos. Clay bed Settlement - 9% 50mm thick  Stiffener plate

12 mm d'al
Pressure cell Stiffeners ial gauge

Tank wall
7 Nos
Stone N
columns Stone column 100mm¢  16mm thick

loading plate

L

> } 835mm —i "
835 mm Details at A

(a) (b) (c)
Figure 2.23: Group test arrangement: a. plan view; b. section of test tank; c. details of

pressure cell (Ambily & Gandhi, 2007b)
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- Materials Properties

This study utilized three fundamental materials: clay, stones, and sand, each characterized by

distinct properties.

Clay: The clay, classified as CH, was extracted from the IIT Madras campus. Surface clay,
cleared of vegetation, underwent air-drying and pulverization. A 4.75 mm sieve removed
coarser particles, and Figure 2.24 displays the particle size distribution. Additional properties
include specific gravity (2.6), liquid limit (52%), plastic limit (21%), maximum dry density
(16.63 kN/m?3), and optimum moisture content (19.26%). Table 2 presents other clay properties
at varying moisture levels. The modulus of elasticity was derived from the inverse of the
coefficient of volume compressibility, obtained through consolidation tests at pressures ranging
from 100 to 200 kPa. For columns' behavior analysis, the constrained modulus from a
consolidation test is justified due to the surrounding columns' confinement. Poisson's ratio was

determined through a drained triaxial test at the corresponding moisture content.
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Figure 2.24: Grain size distribution for clay and stones (Ambily & Gandhi, 2007b)

Stones: Stone columns were formed using crushed stone aggregates (particle sizes 10 to 2 mm)
with a distribution shown in Figure 2.24. Aggregate properties, detailed in Table 2.2, include
max and min densities of 17.3 and 15 kN/m3. Compacted at 16.62 kN/m?, the stones underwent
shearing at 1.25 mm/min under normal pressures (75, 100, 125 kPa). The dilation angle was
determined following Atkinson's method (1993). The modulus of elasticity was obtained
through constrained modulus testing in a cylindrical mold (150 mm diameter, 180 mm height)
at an initial density of 16.62 kN/m3. Poisson's ratio adhered to typical values proposed by
Bowles (1988).

Sand: The clean river sand used had a size less than 4.75 mm. Table 2.2 reports the angle of
internal friction and dilation angle, determined through a direct shear test. Poisson's ratio

followed typical values suggested by Bowles (1988).
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Table 2.2: Properties of materials used material (Ambily & Gandhi, 2007b)

Material w Cv E K Cu (0} o' Ydry Ybulk
(%) (mm?min) o) (kPa) (deg) (deg) (KN/m?) (KN/m?)
Clay 25 063 5500 042 30 — — 1556 1945
30 099 3100 045 14 — — 1460 1898
35 134 2150 047 7 — — 1360 1838
Stones 55000 030 — 100 430 1662  —
sand 20000 030 — 40 300 1550  —

2.3.2. Sand Column

In 2004 (McKelvey et al) his colleagues performed triaxial tests on sand columns modelled
in clay as a means of examining the behavior of sand columns under diverse conditions like
shifting densities and confining pressures. The findings revealed that the mechanical
characteristics of the sand column were impacted by the magnitude of the applied confining
pressure. Moreover, the presence of clay was found to have an important impact on said sand

column performance, especially with respect to shear strength.

Fine crystal sand that is uniformly graded (Dso = 0.25 mm, D1o = 0.2 mm, and Dgo = 0.27
mm) was utilized in the experiment, with a water content of 18% to produce damp but not
completely saturated conditions. This sand was meticulously placed into the hole of the
specimen in small increments and then compacted by dropping a 175-gram, 25 mm-thick rod
from a fixed height of 200 mm. The sand underwent dyeing to differentiate the column of sand
from the surrounding clay, and columns ranging from 80 mm to 200 mm in length were
produced. While a 200 mm sand column penetrated the complete distance of the clay, smaller
columns floated or were only partially penetrating. The mass of the wet sand entering the hole
and the depth of the compacted sand layer were monitored consistently, as demonstrated in
Figure 2.25-a. This data was used to compute the bulk density of sand, assuming that the column
diameter was consistent with the drilled hole's diameter of 32 mm for all experiments. The open
circles seen in Figure 2.25-b demonstrate bulk density values that vary from 2300 to 2450

kg/m3, implying that there is significant variation in bulk density which is unacceptable. This
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inconsistency can be attributed to the assumption that the column diameters were equivalent to

the diameter of the predrilled hole even after adequate compaction.

In accordance with previous clarification, sand columns were inserted into 200 mm high
samples of kaolin while still within the consolidation chamber. Both installation methods were
employed to place single columns of 80, 120, 160, and 200 mm in length, corresponding to
values of Hc/Hs = 0.4, 0.6, 0.8, and 1.0, where Hc denotes the column length and Hs represents
the sample length. Additionally, tests were conducted on samples without sand columns
(Hc/Hs = 0). Upon installation of the column, the clay-sand composite sample was removed
from the consolidation chamber and transferred to a triaxial cell for loading. Samples were
consolidated to 100 kPa of effective confining pressure, and a “back™ pore-water pressure of
300 kPa was applied to ensure saturation. Drainage was permitted from the bottom of the
sample, and pore-water pressures were measured at the top. Undrained loading was then
conducted in two ways: (i) The top of the sample was loaded in a similar fashion to a standard
consolidated isotropically undrained test (Figure 2.25-a); and (ii) only the area of the top of the
sample above the column was loaded, simulating foundation-type loading (Figure 2.25-b). The
foundation's diameter was 40 mm. These two loading methods are referred to as uniform and

foundation loading, respectively, throughout the subsequent discussion.

(a)
- Top cap E— s O-ring

Column

- Sample —_—
Pore water pressure (hod ik $ To volume change unit : {{) Pore water pressure
transducer | l transducer

Figure 2.25: Loading pattern in triaxial cell: a. uniform loading; b. foundation loading
(McKelvey et al., 2004).

= (Sand Fibre Mix) Granular Pile

The sand-fiber mix is a commonly used combination of sand and fibers in
geotechnical engineering applications. The inclusion of fibers in the sand mixture
can significantly enhance its mechanical properties, including strength, stiffness, and
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deformability. The selection of fiber type and properties relies on the specific
performance requirements of the mixture. Several earlier investigations, including
(Al-Refeai, 1992; Basu, 2009; Ranjan et al., 1999) have examined the efficacy of

Sand Fibre Mix column as a method for ground improvement.

In the (Basu, 2009) study, it was determined that a granular sand pile (GP) with a
relative density of 65% should be constructed, corresponding to a dry unit weight of
18.23 kN/m3. However, pilot tests indicated that achieving such a dry unit weight
was complicated when utilizing GP with random fibers due to the low specific
gravity of the fibers, causing an increase in the mixture volume. As a result, more
compaction energy was required to maintain a consistent dry unit weight, leading to
GP bulging and GP diameter enlargement. Numerous tests were performed to
address this issue, and it was found that adopting a dry unit weight of 18.0 kN/m3
(equivalent to a relative density of 60%) eliminated the problem of bulging. Thus,a
dry unit weight of 18.0 kN/m3 for the sand-fiber mixed granular pile was selected

for all model tests (Figure 2.26).

a. b.
Figure 2.26:.a- Top view of sand fiber mix pile after construction (upper view). b-
Longitudinal section of pile after conducting the experiment “Problem of bulging” (side

view)(Basu, 2009).

The present experimental work utilized three tanks, two of which were steel tanks for single
GP model testing, and one concrete tank was designated for group testing. The thickness of the

steel plate for tanks was uniform at 6 mm, and 3 stiffeners were welded onto each steel tank
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sheet to prevent buckling. The plan dimensions of the steel tanks were fixed at 525 mm x 525
mm, with depths of 500 mm for d = 50 mm and 650 mm for d = 75 mm. The dimensions of the
concrete tank were larger, with a plan size of 1250 mm x 1250 mm and a depth of 500 mm. The
concrete tank wall thickness was 250 mm. For the group GP test, the reaction frame was made
monolithic with the concrete tank. For single GP tests, the reaction frame was embedded into
the ground, and the steel tanks were placed underneath the reaction frame before it was filled
(Figure 2.27).

Single GP load tests were conducted on diameters of 50 mm and 75 mm. In the case of GP
with an area replacement ratio of as = 1.0 (diameter of 75 mm), a 75 mm diameter footing was
utilized, whilst for the 50 mm diameter GP, footings with diameters of 50 mm (as = -1.0) and
100 mm (as = 0.25) were employed. The footings were comprised of mild steel plates with a 15
mm thickness. To measure the footing settlement, 3 L-shaped rods were affixed to the footing

at angular intervals of 120° by way of screws.

For load tests on a group of granular piles with an as = 0.125, a 250 mm mild steel square plate
was utilized, with an 18 mm thickness. Both square and circular plates feature a spherical hole
at the center, sufficient to accommodate a steel hull during testing. Four L-shaped rods were
fixed to the footing at each corner to determine the footing's settlement. Additionally, two
handles were welded to the square footing to facilitate careful placement and lifting. The bases

of all footings were rendered rough.
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Figure 2.27:Experimental Setup (single GP) (Basu, 2009).
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Properties of sand:

The decision was made to utilise coarse sand as the GP material. Sand samples were gathered
from different locations, and laboratory tests were conducted to determine its minimum and
maximum dry unit weight [IS: 2720 (Part 14) - 1983]. Subsequently, direct shear tests were
performed at 60% relative density to derive shear strength parameters.

For the model test, sand with a higher angle of friction and cohesion was selected. Sand from
Badshahibag, located 100 km from the campus, was chosen for the model test. Various
laboratory tests were carried out on the sand sample to ascertain its fundamental properties. The
grain size distribution curve for the sand is illustrated in Figure 2.28, and the sand's properties
are detailed in Table 2.3.
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Figure 2.28: Grain size distribution of Badshahibag sand (Basu, 2009).

Percent finer

Table 2.3: Properties of sand (Basu, 2009).

Property Value
Specific Gravity 2.805
D60 0.68
D30 0.29
D10 0.16
Uniformity Coefficient, Cu 4.25
Coefficient of Curvature, C 0.80
Classification SP
Yd, max 19.90 kN/m3
Yd, Min 15.75 KN/m3
Cohesion at 60% relative density 3.45 kPa

Angle of Internal Friction at 60% relative density 40.01°
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The sand, collected from the Badshahibag site (8 tonnes), was sun-dried and sieved through a
4.75 mm IS sieve. Particles larger than 4.75 mm were removed, and the portion passing through
the sieve was stored in drums for the model test.

Fiber:

Nylon fibers were employed as reinforcement in GP for this study (Figure 2.29). Fiber rolls
were procured from the market and cut into various lengths as required. A simple setup was
arranged in the laboratory to cut nylon fibers according to the specifications. Tensile strength
tests were conducted on the fibers, and the load-elongation curve is presented in Figure 2.30.
The properties of the fiber are outlined in Table 2.4.

Figure 2.29: Fiber after cutting (Basu, 209).
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Figure 2.30: Load - elongation curve for fiber (Basu, 2009).

Table 2.4: Properties of fiber (Basu, 2009).

Characteristic Value
Diameter 0.2 mm

Specific Gravity 0.833

Tensile Strength 0.01 kN
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2.3.3. Recycled Aggregate Column

Recycled aggregates encompass materials acquired from dismantled constructions via
physical or chemical processing methods, including crushing, sorting, and particle gradation
control. These processes serve to transform waste concrete into usable aggregates suitable for
use in new construction projects. Recycled aggregates' physical characteristics may differ
owing to their diverse origins, resulting in hurdles to their application in new concrete
structures. Nonetheless, crushing concrete waste to regulate recycled aggregates' gradation can
surmount such complications. Recent research has yielded promising results for using recycled
aggregate concrete to construct various structural elements, including beams, columns, beam-
column joints, and slabs. Furthermore, recycled aggregates' environmental impact has received
attention, with studies being conducted to evaluate their potential pollution and environmental

impact via leaching tests and simulations.

Prior studies have contributed significantly to expanding the comprehension and
implementation of recycled aggregates in construction. (Marinkovi¢ et al., 2010) conducted an
environmental comparison of natural aggregate cement and recycled aggregate cement,
providing valuable insights into the sustainability of the latter. (Petkovic et al., 2004)evaluated
the environmental impact of utilizing recycled materials in roadway construction, identifying
the potential benefits and obstacles of incorporating recycled materials into such initiatives.
(You, 2003) reported on different piling systems' performance, demonstrating the potential of
the newly developed recycled aggregate porous concrete pile (RAPP) technique in overcoming
traditional system constraints. Moreover, leaching tests and simulations, as illustrated in studies
such as those by (Féallman, 1997; Hohberg et al., 2000), have advanced understanding about the
environmental hazards associated with recycling aggregates, as well as appropriate tactics for

using them sustainably and safely.

On the other hand, (Kim et al., 2012) studied the recycled aggregate porous concrete pile
(RAPP), which refers to a concrete pile constructed using recycled aggregates. It was developed
to tackle technical problems associated with conventional compaction piling systems and
enhance the performance of soft ground. RAPP exhibits a porous structure that transmits load
from the soil formation to the pile, improving consolidation through radial drainage. A

schematic representation of the RAPP system is depicted in Figure 2.31.
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Figure 2.31: Schematic description of the recycled aggregate porous concrete pile system
(Kim et al., 2012).

The study utilized a cylindrical mold with two-way drainage and a chrome-plated inside
surface to reduce friction. An automatic motor system with a sensor detected unexpected
surcharge pressures. Measuring instruments, including pressure transducers and pore pressure
transducers, were symmetrically arranged around the RAPP inside the mold, with calibration
conducted from preliminary tests. The kaolinite clay was slowly inserted into the mold to

preserve the measuring instruments (Figure 2.32).
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Figure 2.32: Overview of chamber test equipment and measuring instruments: a. overview of

chamber test equipment; b. layout of measuring instruments (Kim et al., 2012).

In this study, the physical properties of the EPK kaolinite clay used to simulate a soft soil
formation in the laboratory chamber test are presented in Table 2.5. These properties, including
the Atterberg limits (liquid limit, plastic limit, and plastic index) and compression index in
consolidation, are important in determining the engineering behavior of clayey soils. The EPK
kaolinite clay is classified as having high plasticity and compressibility by soil classification
systems such as AASHTO and USCS.

Table 2.5: Physical properties of kaolinite clay (Kim et al., 2012).

Specific Liquid Plastic Plastic Compression
Gravity (GS) Limit (WL) Limit (WP) Index (IP) Index (CC)
2.62 82.6% 28.6% 54.0% 0.54
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Additionally, Tables 2.6 and 2.7 describe the physical properties of the sand used to fabricate
the SCP and the recycled aggregate used for the RAPP, respectively. Figure 2.33 compares the
particle size distribution curve of the sand and the recycled aggregate obtained by sieve
analysis. The sand was classified as well-graded soil, while the recycled aggregate was

classified as poorly graded gravels with little or no non-plastic fines.

Table 2.6: Physical properties of sand (Kim et al., 2012).

Specific gravity, Maximum void Minimum void Coefficient of
Gs ratio, emax ratio, emin uniformity, Cu
2.64 0.87 0.58 3.71

Table 2.7: Physical properties of recycled aggregate (Kim et al., 2012).

Absolute  Particle shape Absorption Attrition  Stability Organic

dry density decision result  rate (%) weight (%) material
(g/cm3) ratio (%) loss (%) contents (%)
2.28 56.8 3.6 35.4 6.7 0.08
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Figure 2.33: Particle size distribution curve of the sand and the recycled aggregate( Kim et
al., 2012).

- Recycled aggregate in granular columns

Recycled aggregate in stone columns is a ground improvement technique that involves using
recycled materials, typically crushed concrete or reclaimed construction aggregates, in the
construction of stone columns. These columns are installed vertically in the ground and serve
to reinforce weak soils, improving their load-bearing capacity and overall stability. The use of

recycled aggregates aligns with sustainable practices by repurposing materials that would
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otherwise be discarded, contributing to environmental conservation. This technique is
employed in geotechnical engineering projects to address issues such as settlement,
consolidation, and enhancing the performance of foundations. Certainly, here's a Table 2.8
outlining the advantages of using recycled aggregate in stone columns compared to natural

aggregate:

Table 2.8: The advantages of using recycled aggregate in stone columns compared to natural

aggregate

Feature

Recycled Aggregate in Stone
Columns

Natural Aggregate in Stone
Columns

Sustainability

Utilizes recycled material,

promoting sustainability.

Relies on natural resources, may
have environmental impact.

Cost- Often more cost-effective due to | Natural aggregate may be subject
Effectiveness | recycling benefits. to market fluctuations.
Resource Reduces dependence on virgin | Requires extraction of natural

Conservation | aggregates, conserving natural | aggregates, impacting landscapes.
resources.
Quality May have variations, but can be | Natural aggregates may vary,
Control controlled through processing. impacting consistency.
Environmental | Low environmental impact due to | Quarrying natural aggregates can
Impact recycling. have ecological consequences.
Availability | Widely available, promotes use of | Availability may vary based on
recycled materials. local natural deposits.
Engineering | Engineering properties can be | Natural aggregates POSSess
Properties tailored through processing. inherent properties.
Particle Shape | Shape and size can be controlled = Natural aggregates come with
and Size during recycling. inherent particle characteristics.
Regulatory | May align with environmental | Compliance with regulations may
Compliance | regulations promoting recycling. | involve sustainable quarrying.

2.4. Conclusion

The literature review on the general characteristics of soft soil reinforcement using stone
columns has highlighted the effectiveness of this technique and the advantages it presents

compared to other reinforcement methods.

In this chapter, various methods of improving the soft soil are discussed. It defines

compressible soils and highlights their different types, including clays, silts, peats, and marls.
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The chapter then explores the different applications of soil improvement techniques and focuses
on three methods of soil reinforcement: stone columns, geosynthetics, and other reinforcement
techniques such as soil nailing, prefabricated vertical drains, compaction grouting, columns of
lime-cement-treated soils, and dynamic compaction. The chapter delves into the installation
process, technical requirements, and influencing factors that affect stone column
implementation, such as diameter, spacing, and arrangement; the coefficient of substitution; the
stress concentration ratio; and the settlement reduction factor. It concludes with an examination
of the constituent materials for stone columns and the functions and types of geosynthetics,

which are used for soil improvement purposes.

Furthermore, the use of geosynthetics to confine the columns has been recognised by several
researchers as an effective technique that significantly improves bearing capacity and increases
column stiffness, resulting in a substantial reduction of settlements. Geotextiles, with their good
resistance characteristics, have been considered more effective than geotextiles for column
reinforcement. For these reasons, the geotextile has been used as a confinement element in the
parametric study in this work. The different parameters and concepts presented in this chapter

will be analysed in further detail in subsequent sections of this work.
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Chapter 3: Numerical Modelling and Behavioural Laws
3.1. Introduction

The evolution of technology has led engineers to undertake increasingly complex and costly
projects that are subject to stringent safety constraints. To carry out these projects, engineers
have turned to methods that allow them to simulate the behaviour of complex physical systems,
given the complexity of analytical methods for material strength. Conditioned by the progress
made in the field of computer science and the advances in mathematics in energy theory,
projection methods, and approximation methods, finite element methods have become the most
effective numerical methods due to their broad applicability in various industries such as

aerospace, nuclear, civil engineering, shipbuilding, mechanics, offshore technology, and more.

Numerical methods, such as the finite element methods, are increasingly used in soil stability
analysis. The main advantage of these methods compared to limit equilibrium methods is that
they do not require assumptions about the shape and location of the failure surface, as well as
the directions and magnitudes of forces. Today, the majority of numerical codes are designed
for two-dimensional (plane deformation or axisymmetry) and three-dimensional analyses.
Three-dimensional calculations are more computationally intensive than two-dimensional
calculations, and the engineer's skill lies in their ability to choose models that are as simple as

possible.

In this chapter, we will first provide an overview of the PLAXIS code used in conducting
finite element analysis. We will also discuss the type of model and mesh elements used, and

provide definitions of the behavioural models employed in this programme.
3.2. Presentation of PLAXIS

The PLAXIS software was originally developed in 1987 by the Ministry of Public Works and
Hydrology of the Netherlands with the aim of creating a user-friendly 2D finite element code
for analyzing the impact of river dike implementation on the soft clays of the Netherlands. Over
time, PLAXIS has expanded its capabilities to cover various aspects of geotechnics. In 1998,
the software was developed for Windows, and a 3D version was also created. By 2001, the 3D
PLAXIS Tunnel program was released with the primary objective of providing geotechnical
engineers with a practical analysis tool, even if they are not experts in numerical methods.
Consequently, PLAXIS has gained significant popularity among geotechnical engineers

worldwide.
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The strengths of PLAXIS are:

. User-friendly interface for data input and result interpretation.

. Automatic mesh generator.

. Comprehensive set of soil behavior laws and the ability to define custom behavior
laws.

. Coupling with flow and consolidation calculations.

. Consideration of structural elements and soil-structure interaction.

. Calculation of safety factors.

3.2.1. The finite element code PLAXIS 3D

The PLAXIS finite element code, developed by numerical geotechnical engineers, is
considered a cutting-edge tool for both scientific and practical analysis in 2D or 3D pseudo-
static analysis. It offers advanced capabilities for non-linear analysis in non-standard
elastoplasticity, with the incorporation of interstitial pressures and linear consolidation.
Equipped with robust and validated solution methods and algorithms, the software also includes
automatic selection procedures to simplify decision-making for users with less experience. In
terms of numerical reliability, the code employs high-precision elements, specifically 15-node

triangles, and utilizes modern resolution control processes like the arc length method.

From a practical perspective, the hierarchical menu system on the screen enhances usability
and convenience, as the operator is not burdened excessively. As the use of manuals is
becoming rare, they are now compact and easy to consult. The default options (boundary
conditions) make data input easy and fast. Finally, the simplified options for stress initialization
and interstitial pressures allow for a direct focus on predicting the behavior of a structure, even
if a more refined analysis can be performed later on with the same code and data.

3.2.2 Default options and approximate solutions

The system of default options and specific approximate solutions, which is one of the key
features of the geotechnical design tool, is intended to save the operator time, avoid having to
make troublesome choices, and ultimately improve the user-friendliness of the software. This
system is inseparable from the use of a hierarchical menu. Each branch of the menu is fixed, as
it performs a specific, well-defined task, but the diversity of the branches makes it an extremely

flexible tool overall.
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The default options start with the mesh: The operator can of course specify a very detailed
mesh, but if only a general overview is needed, the detailed elements, arranged optimally from
a numerical perspective, will be fully generated by the software from a small number of key
nodes, with constant control on the screen. In fact, the meshing capability is currently being

redesigned to increase its efficiency.

The same applies to boundary conditions in terms of displacements: If they are complex, the
engineer will have to specify the subtleties in a precise manner, block by block. On the other
hand, if they have a standard nature (zero displacement vector at the base of the domain under
study and zero horizontal displacement vector on its lateral faces),the application can be
automatically performed (by default) from the menu with immediate control of the result on the

screen.

The application of initial stresses due to the weight of the soil can be accurately performed
by activating the loading multiplier relative to self-weight. However, in geotechnical
engineering, if we know or can estimate a given Ko state, it can be directly specified. In this
case, the soil mass is often slightly unbalanced (incompatibility between Ko and other
mechanical characteristics). The menu allows for a zero fictitious change to rebalance the mass,
and then reset the displacements to zero in order to redefine the new origin as the state of the
material after gravity application. The Ko option is particularly interesting (and realistic) in the
case of a heterogeneous model of nearly horizontal free surface (e.g., diaphragm wall in soft

soil).

Interstitial pressures have been carefully considered in PLAXIS. For those who wish to
accurately calculate the field of interstitial pressures in steady-state or transient regimes, it is
possible thanks to the porous flow module. However, this operation naturally requires time
(operator and machine). If the water table is not too far from horizontal in its initial and final
states, we know that the pressure differs little from hydrostatic pressure. Adopting this
approximate pressure field makes calculations very simple, as it only involves handling

variations in buoyant force; PLAXIS offers this possibility, which is often highly appreciated.

The execution of nonlinear calculations is another example of the flexibility provided by this
software. The operator can obviously make their own choices regarding step size, number of
steps, interface stiffness, solution method, etc. If they do not wish to make these choices, the
software can make them on their behalf, taking into account the experience of the numerical

analysts. For consolidation calculations carried out using explicit finite differences over time,
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the user can also decide on the time step, or it can be calculated using default options based on

known numerical criteria.

The safety factor is a somewhat magical notation in geotechnical engineering, as it
summarizes a considerable amount of data in a single piece of information. The classical
approach typically evaluates this number based on the theory of limit equilibrium, assuming a
proportionate reduction in the mechanical strength of the materials involved, which is clearly
not a realistic failure scenario. The same approach, adapted to elastic-plastic finite elements, is
used to evaluate the safety factor in PLAXIS. The failure criterion is qualitative and left to the
judgment of the observer. In any case, it is based on the displacement level of a control point
related to the studied structure. The obtained displacement field is obviously entirely
hypothetical.

A finite element calculation provides a massive amount of results: results directly useful to
the designer, such as displacements, stresses, interstitial pressures at a given stage of loading,
and more mathematical results concerning the progression of the calculation process. All of
these results are accessible, depending on whether one is interested in one aspect or another. It

is also a tree-like menu system that allows for the selection of desired information.
3.3. Behavioural laws and models used

The choice of behavioural law depends not only on the material being modelled but also on
the phenomena being considered. In this study on the bearing capacity of shallow foundations,
the behaviour of the soil can vary significantly. It can exhibit different types of behaviour,

sometimes acting as an elastic body, sometimes as an elastoplastic or perfectly plastic material.

In general, behavioural laws establish a relationship between the stresses ¢ and strains €
experienced by the material. They take into account the nature of the material. It is often
observed that the stress-strain curve (o, €) for many materials consists of two distinct parts:
alinear region corresponding to the reversible behaviour of the material (elasticity) and a

nonlinear region corresponding to irreversible behaviour beyond the yield point (Figure 3.1).

87



Chapter 03: Numerical Modelling and Behavioural Laws

pic

/ palier

grandes déformations

petites déformations

Figure 3.1. Stress-Strain Curve.

The relationships between stresses and strains are often linear and isotropic for deformation
calculations. To characterize a material as isotropic, it is defined by two characteristic
parameters: the Young's modulus E and the Poisson's ratio v, or the shear modulus G and the
bulk modulus K.

A behavioral law is meaningful if it can represent the various aspects of soil response to
applied loads as accurately as possible. Different formulations of behavioral models have been
developed to characterize the behavior of soils. In practice, a good behavioral model should be
in a sufficiently simple form for practical usability and implementation in a numerical
deformation analysis code. It should have a limited number of mechanical parameters that can

be easily identified based on common experimental data.

There are numerous rheological laws for soils. In this study, we have chosen representatives
from certain classes of behavioral laws that have been used to model shallow foundations with

linear elastic behavior in three-dimensional analysis.
3.3.1 Elastoplastic Behavior

The theory of elastoplasticity aims to describe the nonlinear and irreversible behavior of
materials. The presence of a yield plateau in the stress-strain curve and the occurrence of
irreversible deformations suggest the application of elastoplasticity framework to soils.
Furthermore, the elastoplastic model remains relatively simple and is well-suited for

implementation in analysis software.

- Strain partitioning: It decomposes the tensor of total strains (gjj) into the sum of the

tensor of elastic strains and the tensor of plastic strains.
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- Yield surface: It defines the stress threshold beyond which the material behavior
becomes irreversible.

- Plastic flow rule: It describes the evolution of plastic strains.

- Hardening: It allows for the evolution of the yield surface in the stress space, and thus

the elasticity domain.

Elastoplastic behaviour can be effectively represented using a one-dimensional model,
consisting of a spring with stiffness K to represent the elasticity of the material and a yield pad
with threshold So (Figure 3.1).
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Figure 3.2: One-dimensional model of elastoplastic behavior.

The stress-strain or force-displacement curve obtained is shown in Figure 3.2.
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Figure 3.3: Representation of perfectly plastic elastic behavior.

During unloading, the behavior is elastic and reversible. The magnitude of plastic deformation

is initially undetermined.

The type of behavior represented by Figures 3.2 and 3.3 is an elastoplastic behavior without

hardening. Figure 3.4 represents an elastoplastic behavior with hardening.
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Figure 3.4: Representation of elastoplastic behavior with hardening.

3.3.2. Linear Elastic Model (LEM):

This model corresponds to the application of Hook's Law, which describes linear and isotropic
elasticity. It relies on two key parameters: the Young's modulus E, and the Poisson's ratio v,
stipulating the elastic stiffness of the material. However, its capabilities are limited when it
comes to accurately simulating soil behavior. This model is primarily suitable for analyzing the
response of rigid and massive structures that interact with the soil, and it may also have some

applicability in specific scenarios within rock mechanics.

The linear elastic model used in PLAXIS is a classical one. The input data tables require the
shear modulus, G, and the Poisson's ratio, v. The advantage of using G is its independence from
the drainage conditions of the material (Gy = G'), which is not the case with the Young's
modulus - the undrained Young's modulus is higher than the drained Young's modulus. It might
have seemed logical, if Gis used as an elastic parameter, to use K as the second parameter.
However, Ky is infinite (corresponding to vu = 0.5) and it is less commonly used. G is actually

the modulus measured in pressuremeter tests.

The relationship between the Young's modulus, E, and the other moduli is givenby the

equations:
__E
2(1+v) (3.1)
__E
31+v) (3.2)
__(@-vE
“C1-2v)(1+v) (33)
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The linear elastic model in PLAXIS can be used primarily to model structural elements made
of concrete or metal interacting with the soil. It can also be useful for certain rock mechanics

problems.
The related parameters are linked by the equation:

E 1<

Z) Eincrement avec ref (3 ) 4)

actual Eref + (Zref -

Eincrement: Increase in stiffness [KN/m2/m]
Zrer: Depth unit [m]

The equation proposed by(Dias, 1999) to relate these various parameters is represented in
Table 3.1.

Table 3.1: Relationships between parameters of linear isotropic elasticity (Dias, 1999).

Expression of parameters

Couple of
parameters -
used Shear modulus  Young's modulus Volume Poisson
G E modulus K coefficient V
G.E E -2G
GE G E 9G - 3E 2G
9GK 3K -2G
GK ¢ 3K +G K 2(3K+G)
G G 2G(1+v) e+ v) -,
V —_—
v 3(1-2v)
3KE 3K-E
EK 9K —E E K 6K
E E
Ev 20+v) © 3(1-2v) v
3K(1— 2v)
—_— 3K(I— 2v
Ko 2(1+v) ( ) K '
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3.3.3. Linear perfectly plastic elastic model (Mohr-Coulomb)

In this thesis, the proposed model is employed to simulate the behavior of granular backfill
with friction. This model incorporates isotropic linear elasticity based on Hooke's law (E, v), a
stress surface described by F(aij), and a plastic potential defined by G(aojj). It is a 5-parameter

model featuring 2 elastic parameters (E, v) and 3 failure parameters (c, ¢, and y).

The criterion utilized in this model adopts Coulomb's line as the envelope curve on the Mohr

plane. Coulomb's line is represented by a straight line equation, defined as follows:

r=Cc+o,tan(p) (35)

In the equation, on represents the normal stress and z represents the shear stress acting on a

specific plane.

The Mohr-Coulomb criterion can be visualized in the Mohr plane, as illustrated in Figure 3.5.
It should be noted that the intermediate stress does not influence its formulation. When dealing

with a material that is purely cohesive (¢ = 0), this criterion is referred to as the Tresca criterion.

\0'1 Gn’

Figure 3.5: Representation of the Mohr-Coulomb criterion in the Mohr plane.

In the principal stress space, the yield function for the Mohr-Coulomb criterion forms a
pyramid shape, with the trisectrix serving as its axis. This can be visualized in Figure 3.6. When
examining its section in the deviatoric plane, it takes the form of an irregular hexagon, similar
to the shape observed in the Tresca criterion. It is worth noting that the Tresca criterion is a
specific case of the Mohr-Coulomb criterion when the angle of internal friction ¢ is equal to

Zero.
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-03
4

— Mohr-Coulomb ¢ >0

Figure 3.6: Comparison of the Mohr-Coulomb and Tresca criteria in the principal stress
space.

The analytical expression for one of the planes of the pyramid in terms of principal stresses

can be given by the equation:

_1+sing - _2csing
1-sing ° 1-sing (3.6)

F(0y,0,03) =0,

with:

e o1 major principal stress.

e o3 minor principal stress.

An additional parameter that can be significant is ot, which represents the tensile rupture
stress. Its inclusion introduces a separate criterion, along with its own flow law, thereby altering

the original Mohr-Coulomb model that does not account for this parameter.

The equation describes the non-associated flow law and its relation to the plastic shear

potential:

1+siny

F(o,,0,0,)=0,- — 03
1-siny 3.7)
When the angle of friction ¢ is equal to the angle of dilation v, the flow rule is classified as
associated. Dilation refers to the volumetric change that occurs concurrently with the
deformation of a material under shear. It is quantified by the angle v, which represents the ratio

of the incremental volumetric plastic strain to the incremental shear plastic strain As™ / As™.

The angle of dilation can be determined from triaxial tests or shear box tests. It’s determined
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from the graphical representation of the variation of volumetric strain &y as a function of axial
strain g1 (Vermeer & De Borst, 1984).The modeling of dilation, based on the Mohr-Coulomb

criterion, is shown in figure 3.7.

In materials that exhibit internal friction and follow a Mohr-Coulomb plasticity criterion, an
associated flow rule often overestimates the swelling effect that occurs during shear
plasticization. The discrepancy between experimental results and calculations has led to the
introduction of non-associated flow rules. In these rules, the plastic strains are determined based
on a plastic potential that shares the same mathematical form as the yield function. However,
instead of using the angle of friction ¢, the angle of dilation y is employed, where v is typically
smaller than ¢ (y < @). This modification helps to improve the agreement between experimental
observations and computational predictions by accounting for the reduced degree of swelling

during shear-induced plasticity.

| 01 031

A
2¢.cos@ - (o7+03) sing
Y o

&1

Arctg(1-2) Arctg(2siny/(1-siny))

[ A~
~7 - &

Figure 3.7:Modeling of dilation based on triaxial testing (Vermeer & De Borst, 1984).

It is worth mentioning that research conducted by Vermeer & De Borst in 1984indicated that
dilation angles typically range between 0° and 20° for various materials, including soils, rocks,

and concrete.
3.3.4. Hardening Soil Model (HSM)

The Hardening Soil Model is a hyperbolic elastoplastic model that is developed based on
plasticity theory with shear hardening. This model takes into account both shear hardening and

compression hardening to accurately capture the irreversible compaction of soil during initial
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compression loading. It is a second-order model that enables the simulation of a wide range of
soil types, including sands, gravels, as well as softer soils including clays and silts. By
incorporating both shear and compression hardening, the Hardening Soil Model offers an
improved representation of the complex behavior exhibited by soils under various loading

conditions.

The HSM (Hardening Soil Model) has been developed with the aim of improving upon the
limitations of the Mohr-Coulomb model in several key aspects. These improvements include:

o Evolution of Deformation Modulus: Unlike the Mohr-Coulomb model, the HSM
considers the nonlinear evolution of the deformation modulus as stress levels increase.
This is important because oedometer stress-strain curves for soils do not follow straight
lines and exhibit varying stiffness at different stress levels.

o Nonlinear Evolution of Shear Modulus: The HSM acknowledges the nonlinear
evolution of the shear modulus. In contrast, the Mohr-Coulomb model often relies on
a fixed value, such as the Esp modulus. This fixed value is not realistic, as stress-strain
curves typically exhibit curvature before reaching plasticity.

o Loading and Unloading Phases: The HSM distinguishes between loading and
unloading phases, recognizing that soil behavior can differ during these phases. This
allows for a more accurate representation of the soil's response under varying stress
conditions.

o Dilation: The HSM accounts for dilation in a defined and realistic manner. Dilation
refers to the volumetric expansion that can occur when a soil undergoes shear

deformation. By considering this phenomenon

One could say that this model is derived from the hyperbolic model proposed by Duncan-

Chang, as it incorporates and improves upon the hyperbolic formulations of stress-strain curves.

Les parameétres spécifiques au modele HSM sont les suivants :

» Parametres of Mohr-Coulomb :

c : cohesion (effective) ; [KN/m2]
¢ :effective friction angle; [°]
v :dilation angle; [°]

» Stiffness parameters:
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E & :secant modulus in a triaxial test; [kN/m2]

E ref

oed

: tangent modulus in an oedometer test; [kN/m2]

m : Exponent (approximately 0.58 for sands)
- Janbu in 1963reports values of m around 0.5 for sands and Norwegian silts.
- Von Soos in 1990reports various different values in the range 0.5 <m < 1.0.

» Advanced parameters:

E : unloading modulus (default E =3t0 4E [ ) [KN/m2]
V,r - Poisson's ratio under loading and unloading (default V,, = 0.2)

pref : Reference stresses (default prer = 100) [KN/m2]
K. : Ko-consolidation (default; K} =1—sing )

Cincrement: Refer to the Mohr-Coulomb model (default Cincrement = 0) [KN/m3]
yref: Depth unit [m]

Rr. Coefficient at failure gr/ga (default Rf = 0.9)

otension: Tensile strength (default tension = 0) [kN/m2]

> Effort-deformation curves:

An essential principle underpinning the formulation of the Hyperbolic Stress Model (HSM)
is the establishment of a hyperbolic correlation between vertical stress €1, and deviatoric stress
g, within the primary triaxial loading conditions. Consequently, standard drained triaxial tests

demonstrate tendencies towards yield curves that can be aptly characterized by:

1 q

—&= . pour Q<qy,
2Eso 1_q/qa f (3.8)
With:
a, = (c.ootp—o,). 2% and; =0, /R, (3.9)
1-sin
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ga: asymptotic value of shear strength. The parameter Rt is analogous to the one introduced by
Duncan.

» The modules:

The secant modulus in a triaxial test is determined by the formula:

£ —E® (ij with: P =100kN /m’ (3.10)
pre

For unloading, it is given by:

E, =E (isfj (3.11)
pre

The tangent oedometer modulus is given by:

Epes = EoS) [%} (3.12)

Figure 3.8 provides a visual representation of the HSM (Hardening Soil Model) definitions
within the stress-strain coordinate system. This figure serves as a valuable tool to enhance our
understanding of the HSM and its implications. It allows us to clearly visualize the relationships
between stress and strain parameters and provides insights into the deformation behavior of
soils. By referring to Figure 3.8, researchers and practitioners can effectively analyze and
interpret stress-strain responses and gain valuable insights into the mechanical behavior of soils

under different loading conditions.

deviatoric stress

|o+-03]
q N asymptote
g [ s i s S s e s
G b e e e e S failure line
Eso
1

axial strain -&4
-, 3
/

Figure 3.8: Representation of the HSM in the stress-strain coordinate system.
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3.3.5. Soft Soil Model (SSM):

The Soft Soil model, based on the Cam-Clay approach, is specifically designed to replicate
the intricate behavior observed in soft soils like normally consolidated clays or peat. Developed
by (Roscoe et al., 1958), this model considers the phenomenon of hardening that occurs due to
the impact of average pressure on clays. The average pressure induces a reduction in water
content within the clay, consequently enhancing its strength. The model exhibits an elastoplastic
nature, featuring a yield surface. Material behavior remains elastic below the yield surface,
whilst crossing the yield surface leads to the manifestation of plastic deformations characterized

by non-reversible tendencies.
3.3.6. Soft Soil Creep Model (SSCM):

The Soft Soil Creep model, formulated as a second-order model, operates within the
framework of viscoplasticity. This model is specifically designed to capture the time-dependent
behavior exhibited by soft soils like normally consolidated clays or peat. Being based on the
concept of logarithmic compression, the model incorporates the logarithmic strain measure to

account for the deformations occurring over time.

The SSCM takes into account the strain hardening of soft clays but does not consider
secondary consolidation, which is manifested by the axial deformation evolution over time in

an oedometer test, after primary consolidation has completed.

This deformation evolves logarithmically over time (at least for observable time scales) and
is characterized by the parameter Cy. It gives rise to what is referred to as quasi-preconsolidation

in soils that have been deposited for a long time (Boulon et al., 2004).
3.3.7. The Jointed Rock Model (JRM):

The Jointed Rock model serves as a specialized anisotropic elastic-plastic model tailored to
accurately simulate the behavior of rock formations that comprise distinct layers, exhibiting
stratification and specific fault orientations. Plastic deformations are limited to a maximum of
three shear directions, also known as shear planes, each of which possesses its unique strength
parameters represented by ¢ and c. The model assumes intact rock to exhibit purely elastic
behavior with consistent stiffness properties denoted as E and v. For the stratification direction,
it is possible to define reduced elastic properties to account for the variations in behavior along

that particular axis.
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3.3.8. Modified Cam-Clay Model (MCC):

The renowned critical state model is widely applicable for simulating the behavior of
normally consolidated soft soils. This model incorporates a logarithmic correlation between
volumetric strain and average effective stress, facilitating a comprehensive representation of

the soil's response to various loading conditions.
3.3.9. The NGI-ADP Model:

The NGI-ADP model finds application in analysing the capacity, deformation, and soil-
structure interaction induced by undrained clay loading. This model allows for the definition of
distinct anisotropic stress forces based on different stress paths, enabling a more accurate

representation of the complex behavior exhibited by clay soils under various loading scenarios.
3.3.10. The Hoek-Brown Model (HBM):

The widely recognized Hoek-Brown model, a well-established perfectly plastic elastic model,
is frequently employed to simulate the isotropic behavior of rock. In this model, a constant
stiffness is assumed for the rock mass, providing a simplified representation of the mechanical
properties. Shear failure and tensile failure are characterized by nonlinear stress curves,
effectively capturing the nonlinear behavior exhibited by the rock mass under various loading

conditions.
3.3.11 User-defined Soil Models (UDSM):

With this option, it is possible to utilize constitutive models other than the standard PLAXIS
models. Researchers and practitioners have the flexibility to define and implement their own
customized soil models based on their specific requirements and research findings. This feature
allows for greater adaptability and accuracy in analyzing and simulating the behavior of soils

with unique characteristics or complex material properties.
3.4. Interfaces

Interfaces within the context of this study comprise interface elements that connect to soil
elements in a specific manner, as illustrated in Figure 3.9. For 15-node soil elements, the
associated interface elements are determined by five node pairs, while for 6-node soil elements,
the interface elements consist of three node pairs. Although Figure 3.9 portrays the interface
elements with a finite thickness, their representation in the finite element formulation assumes

zero thickness, with the coordinates of each node pair being identical.
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To define the material properties of the interfaces, a "virtual thickness" is assigned, which
serves as an imaginary dimension. This virtual thickness is determined by multiplying the
virtual thickness factor with the average element size. The average element size is derived from

the mesh accuracy employed in the two-dimensional analysis.
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X Stress points
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Figure 3.9: The distribution of nodes and stress points in the interface elements and their

=

connection with soil elements: a. 6-node element;b. 10-node element.

The stiffness matrix for the interface elements is determined using Newton-Cotes integration.
In this process, the Newton-Cotes stress points are coincident with the node pairs of the
interface elements. Consequently, a 10-node interface element utilizes five stress points, while

a 6-node interface element utilizes three stress points.

In the modeling of soil-structure interactions, an elastoplastic model is employed to
characterize the behavior of interfaces. The Coulomb criterion is utilized to distinguish between
elastic and plastic behavior at the interfaces. Under elastic behavior, small displacements can
occur, while plastic behavior allows for permanent sliding to take place. Through this modeling
approach, the response of the interfaces can be accurately captured by considering both the

elastic and plastic deformation mechanisms.
For interfaces with elastic behavior, the tangential stress t is given by:

7] < ¢ +o,.tang (3.13)

And for plastic behavior, the tangential stress T is given by:

I7|=c +o,.tang, (3.14)
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In the given expression, ci represents the interface friction angle, @i denotes the cohesion of
the interface, on Signifies the normal stress acting on the interface, and z represents the tangential
stress of the interface. The strength properties of the interface are interconnected with the
strength characteristics of the corresponding soil layer.

For each dataset, a reduction factor for interface strength (Rinter) is designated. The interface
characteristics are computed by considering the properties of the associated soil layer and
applying the reduction factor. The following rules outline how the interface characteristics are
determined in relation to the reduction factor:

G = RinterCsoI (3.15)

tang =R ..tang,, <tang,,

inter

Y, = 0 Where: Rimer <1l otherwise it s ; Vi =V

In addition to the Coulomb shear criterion, the previously described tensile suppression

criterion applies to interfaces (if not disabled), where o is the tensile strength of the soil.

0,<0; = Rinter'o-t,sol (3.16)

Where o is the tensile strength of the soil.
3.5. Geotextile

Geotextiles are slender elements that possess normal stiffness yet lack bending stiffness. They
can only resist tensile forces and are commonly employed in modelling soil reinforcements.
Geogrids, on the other hand, are characterised by their elastic axial stiffness, denoted as EA,
which is measured in force per linear meter. The axial stiffness EAIs typically provided by the
geogrid manufacturer and can be obtained from diagrams depicting the elongation of the
geogrid versus the applied force in the longitudinal direction. This axial stiffness is calculated
as the ratio of the axial force per unit length to the axial deformation (41/[), where A/ represents

the elongation and I refers to the length.

EA—

Al (3.17)

Geotextiles consist of linear elements with two degrees of freedom in translation at each node,

namely (ux; uy). When employing 15-node soil elements, a geogrid element is defined by five
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nodes. Conversely, 6-node soil elements are paired with 3-node geogrid elements. Axial forces
are evaluated at the stress points determined through Newton-Cotes integration. These stress
points coincide with the nodes of the geogrid element. Figure 3.10 illustrates the positioning of
nodes and stress points on the geogrid elements.

e | Nodes

X | Stress points

Figure 3.10: The position of nodes and stress points on geogrid elements: a. 3-node
element;b. 5-node element.

3.6. Conclusion

This brief overview of some models used in PLAXIS shows that they are simple enough for
their parameters to be determined through conventional geotechnical studies or correlations.
These models do not involve any calibration parameters or physically meaningless parameters
often found in more sophisticated models. Determining the parameters often requires
optimization techniques. The user must focus on two choices: one related to geotechnical

engineering in general, and the other concerning numerical simulation.

Determining the geotechnical parameters to input into PLAXIS is no different from choosing
"manual” calculation parameters for settlement or stability analysis. Based on partial tests, it is
essential to create what can be called a geotechnical field model. Some of the parameters have
different expressions but are always related to conventional geotechnical parameters. The least

common parameter is likely the dilatancy angle.

Regarding the constitutive behavior laws, we have chosen the perfectly plastic linear elastic

model of Mohr-Coulomb for this study.
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Chapter 04: Numerical Analysis of a 3D Unit Cell Model for Soft Soil Reinforced with

Different Granular Columns

4.1.Introduction

This chapteris based on a number of numerical tests using the finite element method of the
PLAXIS 3D software with the elastic-perfectly plastic behavior model and the Mohr flow

criterion for all materials.

In the present study, a unit cell model of soft soil treated by three types of granular columns:
ordinary stone columns (OSC), sand-fiber mix (SFM) and recycled aggregate porous concrete
pile (RAPP) was loaded to failure. Where an extensive study was conducted to investigate the
effects of the column type; angle of friction, modulus of elasticity, column length and

geosynthetic effective stiffness on the behavior of soft soils.

Results of the numerical tests indicated that the bearing capacity of the columns of recycled
aggregates is three times greater than that the columns of natural aggregates. The findings of
this research are given in the form of load-settlement graphs, which made it possible to
release constructive recommendations for the realization of the work on this technique. Figure

4.1 shows a flowchart of the research methodology.
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Figure 4.1: Research methodology flowchart.
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4.2. Numerical modeling

4.2.1 Presentation of the finite element model

A series of numerical analyses have been carried out using the PLAXIS 3D finite element
analysis software (Rajan & Krishnamurthy, 2022; Shooshpasha et al., 2013; Tiiter & Ertugrul,
2022) to simulate the three types of granular columns to reinforce soft soil. Figure 4.2 shows
the numerical model and mesh configurations used in the analysis. The cylindrical unit cell
model can be simplified as a 3D model, where the vertical axis passes through the center of the
column. Due to geometry limitation in PLAXIS, therefore (Ambily & Gandhi, 2007b; Hasan &
Samadhiya, 2016; Mohanty & Samanta, 2015; Murugesan & Rajagopal, 2006)used a square
unit cell equivalent to a cylindrical unit cell. Accordingly, in this study, a square unit cell model

was created.

Basu in 2009 formed a stone column of 7.5 cm diameter and 60 cm length in the center of a
rectangular tank size (262.5x262.5x600) mm of weak clay and loaded it with a 7.5 cm diameter
circular plate perpendicular to the center. In this numerical study, simulations of short-term load
tests on granular column were carried out. Assuming that the load applied to the plate is solid,;
the vertical load is defined as a prescribed displacement. Moreover, the vertical displacements
were allowed at the lateral border, but at the bottom borders of the unit cell, vertical and
horizontal displacements were constrained. The left, right, and bottom boundaries are treated
as impermeable. The pore pressures are set to zero above the ground-water level.

The "coarse element distribution” mode in PLAXIS 3D is generally used when modeling
relatively simple geometries or when conducting preliminary analyses. This mode generates a
relatively coarse mesh, which can reduce computational time and memory requirements
compared to a finer mesh. This mode is used for small, relatively simple numerical models with
few details, the coarse mesh may provide sufficiently accurate results for preliminary analyses

or design studies (bearing capacity, vertical and lateral deformation curves).
The characteristics and sizes of the mesh in this numerical model are:

= Number of soil elements: 7893
=  Number of nodes: 11374

= Average element size: 2.29e-3 m

105



Chapter 04:  Numerical Analysis of a 3D UC Model for Soft Soil Reinforced with Different Granular Columns

\

Prescribed displacement

Granular columm ___J

Soft soil —

Figure 4.2: The numerical model with the finite-element mesh.
4.2.2. Validation of the numerical model

The Load-settlement curves were compared with the laboratory and numerical curves
obtained (Figure 4.3). The model is validated by simulation of the load settlement behavior of
the soft soil reinforced by a single SFM column, based on small case model test performed in
the laboratory by(Hasan & Samadhiya, 2016). (Basu, 2009)also worked on this model
numerically and verified it with the same curves. The validation results were good as the
difference between the experimental model (Basu, 2009)is approximately 7.97 % and the
numerical model (Hasan & Samadhiya, 2016)is 4.01 %.

Load (KN)

0 02 0.4 0.6 0.8 1

Settlement (mm)
=

_16 4 —e—Experimental (Basu, 2009)
—i— Plaxis 3D (Hasan et al, 2016)
=@ Plaxis 3D (Present study)

-18

Figure 4.3: Numerical validation through (Basu, 2009; Hasan & Samadhiya, 2016) results.
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4.2.3. Properties of materials used

Based on the experimental and numerical studies of (Basu, 2009; Kim et al., 2012; Labed &
Mellas, 2016), the mechanical properties of the soils achieved for the studied numerical model
were obtained. After verifying the experimental model of (Basu, 2009)in which weak clay and
SFM were used, this model was relied upon to follow the evolution of soil behavior by replacing
the reinforcement soil SFM with OSC (Labed & Mellas, 2016)and RAPP (Kim et al., 2012).

The linear elastic perfectly plastic Mohr-Coulomb model was adopted for the four types of
soils, which was also adopted by many authors, who used it in soft soil reinforced with stone
columns (Ambily & Gandhi, 2007b; J. F. Chen et al., 2015; Debbabi et al., 2020; Ghazavi &
Nazari Afshar, 2013; Mohanty & Samanta, 2015; Pulko & Majes, 2005). This model is
characterized by the volumetric weight (y), Poisson’s coefficient (v), Young’s modulus (E),
Internal friction angle of the soils (¢), Dilation angle (V') and the cohesion (c¢). The values of

the parameters used are presented in Table 4.1.

Table 4.1: Material characteristics used for the numerical analysis.

Material properties Clay SFM 0OSC RAPP
Previous studies (Basu, (Basu, (Labed and Mellas, (Kimetal.,

2009)  2009) 2016) 2012)

Modulus of Elasticity, E (kPa) 250 6700 40000 16400
Friction Angle ¢ (°) 0 34.47 38 32.70
Dilation Angle v (°) 0 4.47 8.00 2.70
Cohesion (kPa) 16.00 15.55 1 727.9
Poisson’s Ratio p 0.30 0.30 0.30 0.30

Dry Unit Weight ya (kN/m3) 1490  18.00 17.00 18.46
Wet Unit Weight ys (kKN/m3)  19.37 19.00 18.00 19.00

107




Chapter 04:  Numerical Analysis of a 3D UC Model for Soft Soil Reinforced with Different Granular Columns

4.3. Results and Discussion

4.3.1. Bearing capacity and (lateral/vertical) deformation behavior of soils

Numerical analyses of the unit cell simulation were carried out on the proposed granular
column of three soils and the optimization of the behavior is determined based on a reduction
in the settlement, vertical and lateral deformation of the column. In addition, note the
improvement in the characteristics of each soil in bearing capacity. Considering that the bearing
capacity is directly proportionate to the vertical and horizontal displacement. Only bearing
capacity curves were dealt with for their importance in this research.

It was mentioned earlier that the vertical loading is applied in the form of a prescribed
displacement; therefore, 20 mm was determined as a constant value of displacement for all
models presented in this study. Consequently, it was sufficient to determine the bearing capacity
and to show the differences between the types of soils. Figure 4.4 shows the FEM results in
relation to the load settlement behavior of all soils used; therefore, it was revealed that RAPP
gave excellent results compared to OSC and SFM. Thus, it was found that the bearing capacity
increased by 88.53, 117.77, and 770.25 % for the OSC, SFM and RAPP columns respectively
as compared to untreated soil (US). Furthermore, it was noted that the RAPP gave high results
compared to OSC and SFM, with the values reaching 299.62 and 361.60 % respectively, while
the comparison between OSC and SFM were almost identical between them by the value of
15.51 %.

The SFM and OSC are effective ground improvement techniques, they may not be as effective
as RAPP in certain situations. For example, SFM may not be effective in areas with high water
tables, as the water may cause the sand-fiber mixture to wash out. Similarly, OSC may not be
effective in areas with soft or compressible soil, as the stone columns may sink or settle over

time.

Overall, the difference between RAPP and other ground improvement techniques in Figure
4.4 can be attributed to several factors, including the materials used, the construction method,
and the effectiveness of the technique in reinforcing weak soil. RAPP's ability to control
permeability, reduce environmental impact, and improve the strength and stability of soft soil

make it a promising ground improvement technique for future applications.

108



Chapter 04:  Numerical Analysis of a 3D UC Model for Soft Soil Reinforced with Different Granular Columns

Load (KN)
0 0.5 1 1.5 2 2.5 3 35 4
I 1 1 1

—0—-US ——0SC —4—SFM —O—RAPP

Settlement (mm)
=

Figure 4.4: Vertical load-settlement behavior of soils.

The lateral deformation of the column occurs when the vertical load is greater than the
confined internal stress. When the depth increases, the internal confining stress increases. So
we note that a lateral deformation is formed in the top of the column. Knowing that the
surrounding soil gives some additional lateral support to limit the expansion of the column (W.
E. T, 1995).

Figure 4.5-a shows the distribution of the mesh deformation of the granular column through
a depth of 0.6 m, to illustrate the effect of lateral bulge and how important the reinforcing soil
used is in reducing it, When the column is of SFM, the bulge in the critical zone is slightly
smaller than in the case of the OSC by an estimated 19.05 %. While RAPP achieved as a more
effective result compared to SFM and OSC, the swelling value was smaller by 282.88 and
221.62%, respectively (Figure 4.5-b). The value of B (vertical distance between the surface of
the column and the maximum value of the lateral displacement Ux) was almost convergent at a
value of 4.52x102m for the OSC and 4.75x10?m for the SFM, while RAPP achieved twice the
result with a value of 8.27x102m. Comparing the lateral deformation curve (Figure 4.5) with
the vertical load-settlement curve (Figure 4.4) it turned out that the deeper the distance § was,

the greater the endurance, and the less lateral bulge.

In (Figure 4.5-b), the maximum lateral deformation of the Recycled Aggregate Porous

Concrete Pile (RAPP) is shown to be 0.001 mm, indicating that there is no lateral deformation
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or movement. This can be attributed to several factors, including the high cohesion factor of the

material and the careful installation and alignment of the piles.

The high cohesion factor of the RAPP, which is 727.9 kPa according to the information
provided, indicates that the material has a high degree of internal strength and resistance to
shear forces. This means that the RAPP is able to maintain its shape and stability even under

external loads or forces that would cause weaker materials to deform or fail.

Additionally, the RAPP is typically installed with a high degree of precision and care to
ensure that it is properly aligned and supported. This helps to minimize any potential for lateral

deformation or movement during or after installation.

Overall, the combination of the high cohesion factor of the RAPP and the careful installation
and alignment of the piles contributes to the very small deformation of the RAPP in Figure 4.5-
b. This indicates that the RAPP is a reliable and effective ground improvement technique for

providing stable support to the soil above it.
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Figure 4.5:a.Deformation of finite element mesh in the columns, b. Lateral deformation of

the columns.
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In addition, to prove the validity of the investigations conducted in bearing capacity and
lateral deformation, vertical deformation curves were added as a function of time during one
day. Which in turn proved the validity of the model, since the study of the vertical deformation
behavior is proportionally consistent with the bearing capacity and lateral deformation.
Therefore, it was observed that the results presented in the vertical deformation curves gave
preference to RAPP at the expense of OSC and SFM, where the comparison ratio of
improvement between RAPP and SFM was 247 %, and RAPP with OSC was 438 % (Figure
4.6).

Time (days)

-10

-15

Settitment (mm)

—3—0SC ——SFM —o—RAPP

-25

Figure 4.6:Vertical deformation of the columns as a function of time.
4.3.2. The Plastic Point

In Plaxis 3D, the plastic point refers to a specific location or zone within the soil or material
where plastic deformation occurs. It is a critical parameter used to analyze the behavior of soils
and determine their stability.

In the case output of Plaxis 3D, the plastic point provides information about the location and
extent of plastic deformation within the analyzed soil or material. It is represented by colored
contour plots or iso-surfaces, where different colors indicate different degrees of plasticity. The
plastic point output helps visualize and understand the plastic behavior of soils under loading

conditions and assess their stability.
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By examining the plastic point output in Plaxis 3D, (Figure 4.7) illustrates the identification
of potential failure zones in red color resulting from the effects of applied loads on the behavior
of the soil. It was observed that the granular column bears a significant portion of the applied
load effects, and it demonstrates the distribution and transfer of loads through it. Regarding the
reinforcement materials, it was noticed that the upper third of the column experienced
deformation in all three cases, despite the RAPP column yielding better results with consistent

deformation, as observed.

Figure 4.7: The plastic point behaviour .a.0SC ,b.SFM,c. RAPP
4.3.3. The Maximum Shear Stress

The maximum shear stress tmax IS @ principal stress value that represents the maximum
resistance of a material against shearing forces. In the context of geotechnical engineering, the
maximum shear stress is often considered in the analysis of soil stability and failure. inPlaxis
3D or any other finite element software, the maximum shear stress can be obtained by analyzing
and post-processing the results of a model. The software calculates the stresses within the soil
or rock materials based on the applied loads and material properties. To determine the
maximum shear stress within a model, you would typically need to review the post-processed
results, such as stress contours or stress envelopes, provided by Plaxis 3D. These visualizations

can show the distribution of shear stresses within the soil or rock elements and identify the areas
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of highest shear stress. It's worth noting that the maximum shear stress can vary depending on

the specific conditions and loading scenarios applied in the model (Figure 4.8).

In this study, the behavior of a unit cell model of soft soil treated with three types of granular
columns (ordinary stone columns, sand-fiber mix, and recycled aggregate porous concrete pile)
was studied. The main goal was to evaluate the effectiveness of these treatments in enhancing
the stability and strength of the soft soil. Numerical experiments were carried out to analyze the
shear stress levels achieved at failure for each treatment. The results consistently showed that
the recycled aggregate porous concrete pile treatment (RAPP) outperformed the other
treatments, exhibiting a maximum shear stress Tmax 0f 846.3 KN/m?2. In comparison, the ordinary
stone column treatment (OSC) achieved a maximum shear stress of 134.2 kN/m?, while the
sand-fiber mixtreatment (SFM) reached 170.9 kKN/m?2. This noteworthy performance of the
RAPP treatment can be attributed to the physical properties of the material, specifically its
higher cohesion coefficient. These findings emphasize the significance of considering material
properties during the design of granular column treatments for enhancing the stability of soft

soil.

osc | SEM

Maximum shear stress t© s Maximum shear stress © e Maximum shear stress < nax
Maximum value = 134.2 kN/m 2 (Element 7674 at Node 10788) Maximum value = 1709 kN/m 2 (Element 8249 atNode 15194)  Mandmum value = 846,3 kjm 2 (Blement 6164 at Node 10900)

Figure 4.8: The maximum shear stress failure
4.3.4. Parametric study

Investigate impact of input parameters on the behavior of soft soil reinforced by granular
columns. A number of parametric numerical analyses have been carried out. Each parameter is

isolated and examined separately to determine the effects of the model. The values of the soil
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materials and geometric parameters used for the analysis are displayed in Table 4.2, they are
selected according to the typical range adopted in the latest studies (Basu, 2009; Boumekik et
al., 2021; Mahiyar & Patel, 2000; Petkovic et al., 2004). The results are presented as the load-
displacement curves, the parameters analyzed in this study are the Friction angle of the soil

column, Young’s modulus, Column length and the Encasement stiffness of geosynthetic.

Table 4.2: The values of the material properties used for parametric research.

. Base
Category Description/Range
values
Encasement stiffness, (J),
0,4.5,6,85 0
(KN/m)
0.1,0.2,0.3,0.4, 0.5,
Encasement length, (m) 0.6
full encasement
OSC 35, 38, 40, 45 38
Friction angle of (¢°) SFM 30, 34.47, 40, 45 34.7
RAPP 32.7, 35, 40, 45 32.7

OSC 30000, 40000, 50000, 60000 40000
Young’s modulus of (E), (kPa) SFM 6700, 8000, 10000, 12000 6700
RAPP 12000, 14000, 16400, 18000 16400

4.3.4.1. Effect of encasement length

In the search for strengthening weak soils with stone columns, the study of the change in
column length is often resorted to or more specifically studying floating columns. These studies
mostly summarize the search for the ideal length of the corresponding column for optimal
bearing capacity. Thus, the evolution of the change in the column depth from 0 to 0.6 m was

studied, while studying the importance of each soil in further improving the bearing capacity.

Figure 4.9 shows the load-settlement curves of three numerical models that vary by column
type (a. OSC b. SFM c. RAPP). It was noted that the ideal length for OSC and SFM was 0.2 m.
That is, it has achieved the maximum value of the bearing capacity achieved at the total length
of the column with a value of 0.827 KN for OSC and 0.955 KN for SFM. While RAPP reaches
above these values by only 1.05 KN with a length of 0.1 m. Furthermore, it has been observed
that RAPP gives excellent results the greater the depth of reinforcement, the percentage increase

between each of the two consecutive lengths were estimated at values ranging from 16 to 54%.
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As a result, it can be said that RAPP achieved better results than SFM by 6.63 times, and OSC

by 8.88 times, in the percentage of increase in bearing capacity at the total length of the column.
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Figure 4.9: Effect of encasement length on vertical load intensity settlement behavior of
column: a. OSC, b. SFM, c. RAPP.

4.3.4.2. Influence of the stiffness of geosynthetic encasement

Geosynthetics were modeled using the PLAXIS 3D code using the geotextile-type structural
elements which behaves as an isotropic, linear elastic material without failure limitations. The
boundary conditions of the unit cell only allow deformations along the vertical direction (Figure
1). The vertical and horizontal displacements at the base of the unit cell were restrained. Using
the geotextile element requires the specification of mechanical and geometric characteristics,
Therefore, in this research, the properties of the PLAXIS 3D geotextile were determined using
the following parameters: elastic, isotropic material type and tensile stiffness J , Knowing that

the geotextile was confined laterally along the column.

The tensile strength of geosynthetic material has been reduced in accordance with the scaling
law proposed by(Hasan & Samadhiya, 2016; lai, 1989). Moreover, several researchers
(Ghazavi & Nazari Afshar, 2013; Gniel & Bouazza, 2009; Murugesan & Rajagopal, 2006;
Pulko & Majes, 2005)employed geosynthetic materials with tensile strengths ranging from 1.5
to 20 kN/m. Geogrids and geotextiles having tensile strengths of 4.4 - 8.96 kN/m respectively
were used in the laboratory study. Based on the parametric study, it was noted that there is a
distinct effect and an excellent scientific value when using geotextile with each type of column.
The findings showed that geotextile encasement with stiffness J improved bearing capacity,
according to the curves given in Figure 4.10.
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Previously, it was found that the reinforcement with SFM is slightly better than OSC, on the
contrary when adding the geotextile to the column; the latter gave better results than SFM
(Figure 4.10-a,b). For the OSC, as compared with a stone column devoid of geotextile
encasement J= 0.0kN/m, the bearing capacity is improved by 38.34, 45.94 and 57.47% when
the column is surrounded in geotextile with stiffness of J= 4.5,6,8.5kN/m, respectively.
Moreover, for the OSC at the same values of stiffness (J), the bearing capacity was 22.32, 26.55
and 32.93%, respectively. More importantly, clear that RAPP achieved better results than OSC
and SFM even if the RAPP was without geotextile encasement. However, it should be
mentioned that RAPP with encasement has achieved a maximum approximate value at J =
4.5kN/m estimated at 12.00% in comparison to a column devoid of geotextile encasement
(Figure 4.10-c).
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Figure 4.10:Effect of the stiffness of geosynthetic encasement on vertical load intensity
settlement behavior of column: a. OSC, b. SFM, c. RAPP.

4.3.4.3. Effect of friction angle of reinforcement materials
To investigate the impact of column material friction angle on column bearing capacity.

Analyses were conducted with a series of four angles of friction for each type of column, OSC
(38, 40, 42, 45°), SFM (34.47, 40, 42, 45°) and RAPP (32.7, 35, 40, 45°).

Figure 4.11 shows the curves of the loading of columns as a function of settlement for various

friction angles of the column material. It can be observed that the more the bearing capacity,
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the greater the friction angle value. The difference between the bearing capacity of angle 38°
and angle 40° in OSC is estimated to be 6.26%, (38°,42°) is 18.36% and (38°,45°) is 35.12%
(Figure 4.11-a). In contrast, SFM achieved better results than OSC. Where the ratio of the
difference between angles in the bearing capacity was as follows, (34.47°,40°) is 32.64%,
(34.47°,42°) is 39.72% and (34.47°,45°) is 51.64% (Figure 4.11-b). This shows that the friction
angle of the granular column (OSC and SFM) has an important role in improving the bearing

capacity.

On the other hand, the curves of the loading of RAPP columns as a function of settlement for
different friction angles (35°, 40°, and 45°) are shown. It can be observed that all the lines
overlap on each other, indicating that the bearing capacity of RAPP columns is not affected by
changes in the friction angle (Figure 4.10-c).

This is because RAPP has a high cohesion factor of 727.9 KPa, which means that the material
is able to resist shear forces without relying on friction between particles. Cohesion is a measure
of the internal strength of a material that arises from the attractive forces between its particles.
In contrast, friction is a measure of the resistance to movement between particles that arises
from the contact forces between them. Since RAPP has a high cohesion factor, it is less
dependent on the friction angle of the material for its bearing capacity. This is in contrast to
granular materials like OSC and SFM, which are more dependent on the friction angle for their
bearing capacity. Therefore, the results in (Figure 4.11-c) suggest that when using RAPP as a
column material, the friction angle may not need to be a major consideration in the design
process. However, other factors, such as the elasticity module and durability of the material,
should still be taken into account when designing RAPP columns.
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Figure 4.11:Effect of friction angle on vertical load intensity settlement behaviour of column:
a. OSC, b. SFM, c. RAPP

4.3.4.4. Effect of Young's module of reinforcement materials

One of the main differences between the three soils used in this reinforcement is the value of
Young's coefficient. The elasticity module range for OSC is from 30 to 60 MPa, SFM from 6.7
to 12 MPa, and RAPP from 12 to 18 MPa. These values are used to highlight the effectiveness

and effect of Young's modulus in improving the bearing capacity of the soil.

In (Figure 4.12-a), the curves of the loading of OSC columns as a function of settlement for
different values of Young's modulus are shown. It can be observed that all the lines overlap on
each other, indicating that the bearing capacity of OSC columns is not significantly affected by

changes in Young's modulus.

This result may be due to the fact that the range of Young's modulus for OSC is relatively
narrow (30-60 MPa), and therefore, the increase in stiffness from one value to another was not
significant enough to have a noticeable impact on the bearing capacity. Additionally, the
material properties of OSC, being natural stone, may also contribute to the insensitivity of
bearing capacity to changes in Young's modulus. As is well known, When working on small
numerical and experimental models, it is common practice to scale down the properties of
materials, including the Young's modulus. Scaling down the Young's modulus can be necessary

when working on small-scale models, as the actual Young's modulus of the material may be
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too large to be accurately modeled or measured at the reduced scale. Additionally, scaling down

the Young's modulus can help to reduce the complexity of the model.

It is important to note that while the results in Figure 4.12-a suggest that Young's modulus
has little impact on the bearing capacity of OSC columns, other factors such as the friction angle

and density of the material are still important considerations in the design of OSC columns.

On the other hand, the results shown in (Figure 4.12-b) showed that the increase in Young's
modulus of SFM gave a slight effect of 1%. While, the data in (Figure 4.12-c) showed that the
change in the value of Young's module for RAPP gave a good effect in increasing the bearing
capacity. It can be seen that the higher the elasticity module value, the greater the bearing
capacity. Where the ratio of the difference between modules in the bearing capacity was as
follows: (12000; 14000) kPa is 10.06%, (14000; 16400) kPa is 10.77% and (16400; 18000) kPa
is 6.34%. As a result, the stiffness of RAPP plays an important role in soil improvement. Thus,
the properties of the recycled materials in the column have a direct impact on the behavior of

the granular column.
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Figure 4.12: Effect of Young’s modulus on vertical load intensity settlement behavior of
column: a. OSC, b. SFM, c. RAPP.
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4.4. Conclusion

This chapter explores the behavior of soft soil supported by three types of granular columns
through numerical simulation. The (RAPP) demonstrated the most favourable behavior,
improving bearing capacity and displacement. The depth of reinforcement was influential, with
RAPP achieving positive results at a shorter length. Increasing the geotextile encasement's
tensile strength enhanced column stiffness. Initially, the (SFM) performed slightly better than
(OSC), but OSC outperformed SFM when geotextiles were added. RAPP achieved superior
outcomes even without geotextiles. Higher internal friction angles in the column material
increased the bearing capacity, particularly in OSC and SFM. Friction angles did not affect
RAPP. Increasing Young's modulus had no significant effect on OSC and SFM's bearing

capacity but improved RAPP's performance.
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General Conclusion and Perspectives

This research studies the behavior of soft soil supported by three types of granular columns.
A numerical simulation was confirmed by comparison with data available in the literature.
Several numerical simulations were run to investigate the impact of column material (OSC,

SFM, RAPP) on the weak soil with respect to bearing capacity and load-settlement behavior.

Chapter 1 discusses the importance of understanding compressible soils in civil engineering.
It aims to provide a comprehensive analysis of various aspects related to compressible soils,
such as their characteristics and behavior. The discussion focuses on the bearing capacity of

shallow foundations and the effectiveness of using stone columns for soil reinforcement.

Chapter 2 explores different methods of improving soft soil, including the use of stone
columns, geosynthetics, and other reinforcement techniques. It discusses the installation
process, technical requirements, and factors that affect the implementation of stone columns.
The chapter also highlights the use of geosynthetics to confine columns, which has been found

to significantly improve bearing capacity and reduce settlements.

Chapter 3 provides an overview of models used in PLAXIS for numerical simulation. It
emphasizes the simplicity of these models and their parameter determination through
conventional geotechnical studies. The chapter also discusses the choice of geotechnical

parameters and the constitutive behavior laws used in the study.

Chapter 4 investigates the behavior of soft soil supported by different types of granular
columns through numerical simulation. It compares the performance of different column types,
such as RAPP, SFM, and OSC, and examines the influence of factors like geotextile encasement
and internal friction angles. The chapter concludes that RAPP demonstrates the most favourable
behavior, improving bearing capacity and displacement. The depth of reinforcement and the
tensile strength of geotextile encasement also play roles in column stiffness. Higher internal
friction angles in the column material increase bearing capacity, particularly in OSC and SFM.
Young's modulus has no significant effect on the bearing capacity of OSC and SFM but

improves RAPP's performance.
The results of this study indicate the following conclusions:

v' The RAPP showed good behavior in improving bearing capacity, vertical and lateral
displacement, as it was about 7 times greater in SFM and 9 times greater in OSC.
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v" The RAPP gives good results whenever the depth of reinforcement increases, while the
increase in SFM and OSC stops at 0.2 m as the ideal length, knowing that the RAPP
achieved better than these results at only 0.1 m in length.

v" Increase in the tensile strength of the geotextiles encasement of granular columns leads
to increases in the column stiffness, it turns out that the reinforcement with SFM is
slightly better than OSC initially, but when geotextiles were added to the column, OSC
gave better results than SFM. More importantly, RAPP obviously achieved better results
than OSC and SFM even if RAPP was without geotextile.

v Another key finding from this numerical analysis is that as the internal friction angle of
the column material rises, so does the bearing capacity. This demonstrates that the
granular column’s friction angle (OSC and SFM) has a crucial influence on improving
bearing capacity. On the contrary, it was concluded that RAPP was not affected by the
change in the values of friction angles.

v In contrast to the previous result, the study showed that the increase in Young's modulus
in OSC and SFM had no significant effect on the bearing capacity, while in RAPP it
had the opposite effect and made good improvements.

Ultimately, this numerical study proved the effectiveness of using recycled aggregates in soil
reinforcement at the expense of natural aggregates, despite all the attempts made in the
parametric study to improve the performance of OSC and SFM columns. However, RAPP in
the general case only had the best performance, and accordingly, it can be said that this scientific
research has addressed part of the problem of environmental pollution (construction waste and
concrete) and also addressed the problem of excessive use of natural aggregates in the field of

construction and the strengthening of weak soils in economical and sustainable ways.

Based on the findings presented, it is recommended that future research activities focus on
two aspects: creating an experimental model of the unit cell and developing an enlarged

numerical model.

» Experimental Model: Building an experimental model of the unit cell would involve
physically simulating the research presented. This would allow for a more practical
and tangible understanding of the behavior and performance of different column types.
The experimental model can be used to validate the numerical simulations and provide

additional insights into the effectiveness of various reinforcement techniques.
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» Enlarged Numerical Model: Developing an enlarged numerical model that simulates
large-scale studies would enable researchers to investigate the behavior and
performance of soil reinforcement techniques on a broader scale. This can help in
understanding how different factors, such as soil properties, column dimensions, and
external loads, affect the overall stability, bearing capacity, and displacement of the
reinforced soil.

» Use of Recycled Concrete Materials: Given the positive results and benefits of using
recycled aggregates in soil reinforcement, it is recommended that future research
activities explore the use of recycled concrete materials specifically in soil
consolidation. This would involve investigating the effectiveness of incorporating

crushed or processed recycled concrete as a stabilizing agent in compressible soils

By combining both experimental and numerical approaches, researchers can gain a
comprehensive understanding of the behavior and performance of various soil reinforcement
techniques. This multidimensional approach will enhance the reliability and applicability of the
research findings. In other hand, By utilizing recycled concrete materials, two important issues
can be addressed simultaneously: sustainable waste management and soil consolidation. The
problem of excess construction waste can be tackled, while also reducing the demand for natural
resources. Concrete waste can be reused in soil consolidation, providing an environmentally-

friendly solution.
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