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ABSTRACT

Cantilever pile walls are a type of earth support structure that can provide advantages
in minimizing excessive deformation during ground excavation. In multiple scenarios,
the construction of basements for new buildings or structures is planned in close
proximity to existing older buildings. In such instances, the surrounding area of the old
building, known as the influence zone, exerts lateral earth pressure onto the newly
excavated area. To withstand and contain this lateral earth pressure, a cantilever pile
wall is constructed. Kathmandu, the capital and most populous city of Nepal, is
characterized by buildings constructed on soft ground consisting of grey to dark silty
clay and clayey silt. As the city moves towards the development of high-rise buildings,
it becomes crucial to ensure proper excavation without causing any damage to the
existing buildings in close proximity to the construction site. Therefore, well-designed
cantilever piles are being studied using finite element analysis, considering both 2D
and 3D modeling techniques. The objective is to analyze and design effective cantilever
pile systems that can accommodate the requirements of the upcoming high-rise
developments while safeguarding the nearby structures. The resulting straining effects,
such as bending moments, shear forces, normal forces, and lateral support forces, can
vary between 2D and 3D analyses. Additionally, the deformation of the wall and the
subsidence profile may differ when comparing 2D and 3D analyses. Three different
adjacent building foundation (isolated, strip and mat) were analyzed. The selection of
a pile wall is commonly preferred and relatively straightforward for use in cohesive
soil. A parametric study was conducted, taking into account soil properties, excavation
depth, pile diameter, and embedded pile depth.

Keywords: Excavation, Cantilever pile wall, FEM, Adjacent building, PLAXIS 3D, 2D
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1 INTRODUCTION

1.1 Background

When carrying out excavations in urban areas, it is crucial to carefully consider the
effects of ground movements on nearby structures and utility systems. While both
horizontal and vertical soil movements occur during excavation, the former is
particularly crucial for adjacent support walls. These earth movements can lead to
deformation and potential damage to nearby structures. To mitigate such risks, strict
control over deformations is essential in urban excavation projects. When soft clays are
present, the construction of robust excavation support walls becomes necessary to meet
deformation control requirements. The necessary stiffness of the supporting wall is
established based on the anticipated deformations and their potential impact on adjacent
structures. Figure 1-1 depicts the problem at hand, showcasing lateral soil displacement
towards the excavation, the bending of the supporting wall, and ground movement
beneath a neighboring building as a result of excavation in clay soil. Differential
settlement caused by soil displacement has the potential to cause substantial harm to
surrounding structures. The severity of damage caused by excavation is influenced by
several factors, including the type of structure, performance of the support wall, ground
conditions, and construction activities. It is essential to employ different types of
retaining structures, such as sheet pile walls, contiguous piles, secant piles, and
diaphragm walls, in order to effectively prevent or reduce damage to neighboring
buildings and underground utilities. Additionally, the excavation support wall
experiences lateral soil movement, resulting in lateral forces. Hence, it holds significant
importance to quantify or anticipate the magnitude of lateral displacement and its
consequences on the supporting wall. The lateral stresses induced by soil movements
create bending moments and deflections in the excavation supported by piles,
potentially resulting in structural damage or failure in both the existing building and

the support wall. (Ramadan et al., 2018).

According to (Poulos & Chen, 1997), there have been many reports discussing
structural damage to piles.. Various theoretical and empirical techniques have been

developed to address specific challenges encountered during excavations, as mentioned
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by (Stewart et al., 1994)(Poulos et al., 1996)(Poulos & Chen, 1997). Cantilever walls
are a suitable option for both temporary and permanent excavation work because they
eliminate the need for internal struts, allowing for smoother construction progress. In
soil mechanics textbooks, (Long et al., 2012) recommend excavations of up to 4.5
meters when employing cantilever walls. (Long, 2001) examined a database of
cantilever wall cases from existing literature, while (Long et al., 2012) reported
successful construction of 7.5-meter high cantilever walls in Dublin boulder clay,
noting that these walls exhibited slower movement than anticipated. They suggested
that cantilever walls should be used for higher retained heights, at least temporarily.
The design of a pile wall supporting an excavation is influenced by various factors such
as the depth of excavation, soil properties, and the foundation type and level of the
adjacent building. (“Pile Foundation Analysis and Design,” 1981) states that the secant
modulus of elasticity ranges from 15 cu to 95 cu (where cu represents the undrained
shear strength of clay), with lower values for very soft clay and higher values for stiff
clay. For the current analysis, a value of 50 cu was used. Normally consolidated soft
soils exhibit greater stiffness in the vertical direction than in the horizontal direction,
according to (RHG, 1995). Ou's recommendation indicates that the presence of a
cantilever pile wall only reduced rotation values to acceptable levels in cases involving
soft clay, as stated by (C.-Y. Ou, 2014).

An approach based on elastic displacement theory is proposed to predict the settlement
profile resulting from excavations. To address this, a closed-form method is utilized,
leveraging the superposition technique to extend the fundamental solution from
translation and wall deflection mode to the broader wall deflection mode. The
displacement boundary of the problem is determined by assuming a piecewise
quadratic function for the deflection of the wall in braced excavations. This approach
leads to the creation of an explicit solution that is user-friendly and easy to implement
(Fanetal., 2021). In a study conducted by (C.-Y. Ou & Shiau, 1998) three-dimensional
finite-element analysis is presented for excavations. Traditional finite-element analysis
typically demands significant computer storage and calculation time, requiring the
boundary to be set at a sufficient distance from the excavation zone to achieve
convergence. To address this, the researchers introduced the concept of infinite

2



elements into the three-dimensional finite-element computer program. By strategically
placing infinite elements at one wall depth intervals, satisfactory convergence is

achieved for wall deflection and ground surface settlement.

@
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/////////@/ﬁ////
SIS IP7Y, 7,
PILIIEILIILIIIINS IS,
LILLLEIIELIIIP7 L7,
/7 HELIIIIIIIYS
LISITVI PP IPPIAS
LOLPIIIIIIIIIIIIIY

PO PP A

A

1- Excavation

2- Adjacent building

3- Pile supporting wall

4- Soil lateral movement
5- Soil vertical movement

Figure 1-1: Model of Excavation, adjacent area and building (Ramadan et. al., 2018)

Piles are widely used to transfer vertical (axial) forces, which are principally caused by
gravity (for example, the weight of a superstructure). The piles in all of these structures,
however, are subjected to lateral (horizontal) forces and moments in addition to the

axial force.

In fact, piles are used primarily to transfer lateral forces in in construction works like
earth retaining structures. The primary purpose of piles in earth retaining structures is
to resist the lateral stresses caused by the soil pressure exerted by the mass behind the
retaining wall. In certain cases, piles are also installed in slopes experiencing gradual
earth movements to counteract the displacement. In such scenarios, the piles experience
primarily lateral forces. Open excavations are supported by piles; there is no axial force

present, and the piles’ main function is to withstand lateral forces.



1.2 Need of research

During the late Pliocene period through the Quaternary, the basin was filled with
sediments of fluvio-lacustrine origin. The formations in the basin, listed in ascending
order, are Dharmasthali, Kalimati, Gokarna, Thimi, Tokha, and Patan, as stated by
Sakai et al. in 2001 and 2008. Patan, consists of fluvial layer ranging from 14,000 to
19,000 years (Paudayal, 2011) up to the last glacier, around 10,000 years ago. Gokarna
formation began during the Middle Pleistocene. The Kalimati formation, which
primarily comprises black organic clay, silts, sand, and gravel, is known as the "black
mud” in Nepal. Its age ranges from 2.8 million years (late Pliocene) to 30 kyr
(Pleistocene), and it is the only formation that extends across the central basin, as
described by Maskey in 2019. The Engineering and Environmental Geological map of
Kathmandu Valley indicates that the project site is situated in slightly consolidated
sediment of Plio-Pleistocene age within the Kalimati Formation. The sediment consists
of grey to dark silty clay and clayey silt, with some areas displaying calcareous
properties and phosphate minerals. Organic clay, fine sand beds, and peat layers are
commonly found. The project area is located in a hazardous zone with potential
foundation instabilities and areas of low bearing capacity, where settlements can occur
due to the presence of soft, silty clay, peat, and plastic clay beneath the soil cover.
Special foundations are required for constructing buildings, and heavy construction
necessitates protective measures. Therefore, the objective of this study is to investigate
the behavior of soil-pile interaction under various loading conditions within the

Kalimati Formation.

Figure 1-2 Engineering and environmental geological map of Kathmandu valley
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1.3 Objectives

1.3.1 Global objective

The major goal of this study is to look into how different parameters affect the

excavation support system.

1.3.2 Specific objective
» To study the effect of the adjacent building foundation type.
» To compare the behaviour of pile wall for excavation support in soft ground by
using 2D and 3D FEM method.
» The specific objective of this thesis is to study deflection and bending moment
performance behaviour with respect to:
e Undrained shear strength
e Depth of excavation
e Stresses under foundation of the adjacent building
e Pile embedment depth

e Pile diameter

1.4 Research Motivation

In order to improve construction practices in the Kathmandu Valley, protection piles
are frequently employed to support excavations in major construction developments
such as large buildings and highway safety. They are also used to bear the additional
load imposed by nearby existing structures. Consequently, the aim of this study is to
investigate the response of laterally loaded piles in clayey soil within the Kathmandu

Valley.



2 LITERATURE REVIEW

To enhance the understanding of the research work, a thorough review of recent and
reliable literature relevant to the study was conducted. Various sources such as papers,

books, journals, articles, and abstracts were examined to gather valuable insights.

2.1 Theoretical Aspects

Theoretical and empirical methodologies provide a fundamental understanding of deep
excavation performance in a fundamentally new way. They do, however, have
limitations due to their simplicity and assumptions. This section goes over a few of
these methods.

2.1.1 The conventional earth pressure hypothesis

Active earth pressure must be evaluated when designing retaining walls, and this
evaluation is mostly based on the traditional lateral earth pressure configurations
described by Coulomb (1776) and (Rankine, 1857). The limit equilibrium method was
first used to address the ground pressure problem by Coulomb (1776) who concentrated
on the degree of stability of a soil split between a retaining wall and a failure plane.
This approach is primarily applicable to frictional soils in the active state, rather than
cohesive soils or passive conditions. It is assumed that the point of active thrust
application is one-third of the wall's height from the base and is unaffected by things
like soil friction angle, wall friction angle, backfill angle, and wall incline angle. Based
on plastic equilibrium, (Rankine, 1857) developed a remedy for lateral earth pressures
in retaining walls. He figured there wouldn't be any resistance between the dirt and the
retaining wall, isotropic and homogeneous soil, uniform friction resistance on the

failure surface, and a rectangular shape for both the failure and backfilled surfaces.

By directly integrating the balance equation on an integrated planar and logarithmic
spiral failure surface, (Caquot & Kérisel, 1948) gave tables of active earth pressure
coefficients. They considered friction between the retaining wall and the soil, as well
as a curved failure surface that closely approximates the true failure surface. These

active as well as passive coefficients can be used to assess over time in soils with



cohesiveness when entire pore water pressure release takes place, despite the fact that
they were created for cohesion-free soils. Modern calculations of earth pressure are
based on these historical conceptions of earth pressure and the developments that
followed. However, they are only useful for a general estimation of ground forces on
the wall under certain conditions. They also don't take construction into consideration
and don't show signs of wall deflections or movement of the ground in more intricate

braced deep excavations.

2.1.2 Analysis of Stability

The design of clay retaining walls must take stability examination into consideration,
which is frequently done using limit equilibrium or finite element methods. Limit
equilibrium methods are frequently used in design computations, which assume
uniform distributions of active as well as passive earth pressures on both the front and
the back of the structure and take into account moments near the prop's location.
According to a method put forth by (Terzaghi, 1943) failure of the load-bearing
capacity is caused by a soil column beyond the excavation, but is prevented by the
weight of a comparable soil column inside the excavation and adhesion along the
vertical margins. In order to evaluate basal heaving failure in deep excavations in soft
clays, (Bjerrum & Eide, 1956) considered the base of the excavation as a negatively

laden, entirely level foundation and gathered data on total or partial failure occurrences.

The calculated safety factor was discovered to be less than 1.0 in failure situations,
slightly above 1.0 in partial failure cases, or not detected at all. The basal heave factor
of safety estimated for an isotropic soil may underestimate the value of the safety factor
for an anisotropic soil, according to (Clough & Hansen, 1981), considered the
anisotropy of clay strength within the factor of safety proposed by with the effect
becoming more pronounced as the extent of anisotropy rises. This was suggested when
considering the anisotropy of clay strength within the factor of safety proposed by
(Terzaghi, 1943). (O’rourke, 1993) altered the equations for basal stability to take wall
flexure into account below the excavation stage. The buried wall depth was considered
to have no bearing on the geometry of the basal failure mechanism. However, a rise in

stability was anticipated because of the retained strain energy in flexure. As a result,



stability factors were generated that were reliant on the yield moment and the

presumptive boundary parameters at the wall's base.

2.1.3 The Stress Path Method

The behavior of soil is influenced by both the existing stress conditions and the stress
history it has experienced. It is less stressful on the soil within the excavation when it
is excavated deeply, and the soil on the retained side is no longer constrained on the
lateral plane. It is crucial to understand the stress path that occurs in the field during
the excavation process. As the stress condition of the soil affects excavation behavior,
this understanding aids in identifying the fundamental variables impacting shear
strength and determining acceptable stiffness as well as strength characteristics from
experimentation for design and analysis. The stress path methodology offers a helpful
way to understand the various functional pressures in soil components at typical sites,
which are brought on by the combination of vertical and horizontal stress reduction
throughout excavation.

In a deep excavation, (Ng & Yan, 1999) compared actual stress paths along a
diaphragm wall to pertinent experimental triaxial stress path results. They discovered
that the stress channels in the field that are successful in front of the wall closely reflect
the stress paths in the lab that are seen in undrained extended testing. The effective
stress routes in the field, however, did not match up well with those discovered during
laboratory undrained compression testing. The soil at the soil-wall interface may have
previously reached or been close to reaching the active condition due to the large
horizontal stress reduction experienced during wall building. Soil directly beyond a
wall during fairly quick excavations in clay that is stiff may deviate from the typical

notion of undrained behavior.

In order to explore the development of lateral ground pressure on well-braced
diaphragm structures in deeper soil excavating and to comprehend the process of soil
arching, (Hashash & Whittle, 2002) used nonlinear finite element analysis. At the
highest level of excavation, the soil in the direction of the wall experiences stress along
a typical plane strain inactive shear pattern. However, because of the rotation of the

primary stress axes and the inversion of the shear direction brought on by the soil
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arching mechanism, the soil components beyond the structure on the maintained side

exhibit more complicated pressure courses.

2.2 Empirical Observation

According to the soil type and construction methods used, (Peck, 1969) divided the
motion of the settlement graph into three distinct regions after conducting an extensive
analysis of excavations all over the world. The estimation of ground-level settlements
using this method has been done in a variety of settings. Whereas important elements
like the soil composition, the technique used to place the walls, the type of retaining
wall, and the order in which the construction was done are all ignored in the generic
description of the settlement curve. Those instances are also older than 1969 and use
flexible sheet pilings or soldier pile with lagging, that cause far larger movement of the
ground than tougher diaphragm walls built from the top down. As a result, using this
scientific approach to forecast ground movements in a particular deep excavation
project is difficult. (Clough, 1990) suggested that the settlement pattern for excavations
in sandy deposits or clay that is stiff takes the form of a triangle shape, with the largest
settlement taking place along the wall. The corresponding settlement for sandy soil and
rigid to extremely hard clays, according to non-dimensional identities, spreads out to
about 2 and 3 times the depth of the excavation, respectively. A trapezoidal-shaped
settlement trench was proposed because in soft to medium clay, the greatest amount of
settlements happens some distance from the wall. Up to twice as deep as the excavation,

the affected area may exist.

According to field data, (Terzaghi, 1943) proposed that the earth pressure, on average,
remains relatively constant as you go deeper, with slight reductions at the top and
bottom of the wall. (Terzaghi et al., 1996) suggested using apparent earth pressure
envelopes to estimate the maximum loads on struts in a braced excavation based on
field observations from different sites. These figures, however, fail to accurately reflect
the real variation in ground forces at certain vertically excavation segments. Several
academics have critically analyzed this strategy, including (Poh & Wong, 1998) and
(Hashash & Whittle, 2002).



(Mana & Clough, 1981) related the standardized peak recorded wall motions across the
excavation level to (Terzaghi, 1943) measure of safety factor over basal heave based
on analyses of various case histories in soft to medium clays. While sudden increases
in variations at a smaller factor of safety imply subsurface yielding, consistent non-

dimensional displacement at a greater factor of safety implies a mostly elastic reaction.
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Figure 2-1 Graph showing ground settlement near excavations in different soils as a
function of distance from edge.

An approach was proposed to forecast the anticipated movement of walls by
establishing upper and lower bounds. (Wong & Broms, 1989) introduced an initial
method to assess the lateral deflection of sheet-pile walls that are either strutted or

anchored, ranging from ordinary to exceptional quality, in clay. The strategy implies
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that the structures are flexible and that their lateral deformations are controlled by the
soil's plastic yielding at the excavation's bottom. There are no net volume changes
during the excavation, and the volumes related to earth's settlements are equivalent to
those related to heave and lateral movement of the wall above the bottom of the
excavation. The depth, width, and secant or tangential modulus of the soil in the
excavation are all taken into consideration throughout the study. (Clough et al., 1989)
suggested a semi-empirical approach to calculate wall displacement brought on by clay
excavating. (Terzaghi, 1943) assesses the wall's maximum horizontal movement in
relation to the system stiffness and the basal heave safety factor. The generated curves
are based on typical circumstances, high standards, and the presumption that only a tiny

amount of the movement is caused by the wall's cantilever distortion.

(Hsieh & Ou, 1998) proposed a classification system for ground settlement profiles,
distinguishing between spandrel and concave profiles. They developed an experimental
technique to predict these settlement profiles by analyzing field observations through
regression analysis. To determine the greatest deflection of a wall and the ground level
settlement brought on by a braced excavation in soft to medium clays, (Kung et al.,
2007) developed a semi-empirical model. A database of 33 case studies and in-depth
finite element analyses were used to construct the modellt is made up of three main
parts: the maximum horizontal wall deformation, the proportion of the maximum
ground-level settlement and the maximum horizontal wall deformation, and the ground
surface settlement profile. The largest wall deformation and the deformation ratio,
among other possible input variables, were used to create the correlations between the
input variables using regression-based equations. After a bias analysis, it was
determined that the model's precision was enough for real-world use. Using histories
of cases that weren't used when the model was being developed, the suggested model

was validated.

2.2.1 Basal Stability

To analyze the basal stability of deep excavations, limit equilibrium methods are widely
used. (Terzaghi, 1943) hypothesized a failure mechanism, which is depicted in Fig. 2.1.

This mechanism is the same as the bearing capacity failure mechanism. Based on the

11



findings of (Bjerrum & Eide, 1956), Terzaghi's approach is considered dependable for
homogeneous soil with excavation depth B H. However, it may not be reliable for
narrow excavations (B H) or when there is a stiff dried crust present on the surface.
Bjerrum and Eide proposed an alternative concept called the inverted bearing capacity,
where they likened the unloading effects caused by excavation to the upward loading
experienced by a building foundation. They applied the bearing capacity equation for

deep foundations to calculate the ultimate unloading pressure.
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Figure 2-2 Basal Stability- Terzaghi Method

(Mana & Clough, 1981) documented examples in which the factor of safety calculated
using Terzaghi's approach was less than unity, but the excavations did not collapse.
According to the findings of this study, Terzaghi's technique may be cautious in certain
scenarios. (Hashash & Whittle, 1996) compiled a list of various approaches for
calculating the safety factor to basal heave. They determined that the penetration depth
of the support wall has a major impact on the overall stability of the excavation and
that the presence of the wall limits soil failure (unless structural failure of the wall

occurs).
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Figure 2-3 Modified Terzaghi Method (Wong and Goh, 2002)

Terzaghi's method was modified by Wong and Goh (2002) by taking into account the
impact of hard wall penetration below the bottom of the excavating, as shown inFigure
2-3. They showed how the safety factor found using the modified approach closely
matches two particular situations. According to (C. Y. Ou et al., 2006), Terzaghi's
original estimation of basal heave is not influenced by the presence of a retaining wall.
But adding a strong wall for retention ought to raise the level of safety. In other words,
the real safety factor should be higher than the one anticipated by Terzaghi's technique
given the existence of the stiff supporting structure. The study also showed that several
assumptions in Terzaghi's technique, such as the failure surface reaching the level of
the ground and full mobilization of shear strength across the failure surface, prevent it
from consistently producing appropriate results. Deeper excavation don't always
support these presumptions. The approach developed by Bjerrum and Eides, in
contrast, took into account a number of variables, such as the depth, width, and form
of the excavation, making it relevant to a variety of deep and shallow excavation

shapes.
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2.3 Piled Retaining Walls

Column piles, sometimes referred to as in-situ pile walls of retention, are made up of
rows of piles made of concrete that are built either using the cast-in-place pile method
or the precast pile method. Compared to soldier piles or sheet piles, column piles have
the advantage of generating less noise and vibration. They are also more rigid,
providing better control over ground movements and minimizing the need for extensive
bulk excavation. There are three main types of bored pile walls commonly used:
contiguous walls, secant walls. Construction of continuous pile walls leaves few spaces
in between the piles. In this method, successive unconnected piles are drilled utilizing
affordable augers, such as Contiguous Flight Auger (CFA) rigs. The diameter and
spacing of the piles depend on factors such as the soil type, groundwater level, and
design forces. It is important to avoid large spacing between piles to prevent soil
collapse through gaps. The diameter of CFA piles typically ranges from 300mm to
1000mm. In small to medium-scale excavations, CFA piles are considered more cost-
effective than diaphragm walls in terms of both cost and time savings. Additionally,

the use of bentonite mud for excavation is not required with CFA piles.

Figure 2-4 Tangent Pile Wall

Figure 2-5 Contiguous Pile Wall
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Figure 2-6 Secant Pile Wall

Contiguous piles assist restrict movement of the ground on the backfill side, making
them an appropriate choice in highly populated metropolitan locations where
traditional retaining techniques might encroach on neighboring properties. The pile
construction involves drilling a Contiguous Flight Auger (CFA) into the ground.
Cement-sand grout or concrete is pumped under high pressure via the hollow shaft as
the auger is removed. In order to facilitate extraction and provide lateral pressure to the
nearby soils, the grout or concrete pressure remains constant through removal. A
reinforcement cage is then put into the liquid column of grout or concrete when this
procedure is finished. Cost and time savings can be achieved when CFA piles are used
in conjunction with capping beams or breasting beams, which help distribute pressure
in the piles. Additional facing is often added for aesthetic purposes. CFA piles can be
utilized in various soil conditions, including granular soils, cohesive soils, and soft
rocks. However, they are unsuitable for soft clays, weak organic soils, and hard rocks.
Contiguous walls can only be used when there is no risk of groundwater, unless
grouting or jet grouting is employed to address leaks between the piles. Water can
accumulate and be discharged near the base of the wall. Capping beams at the top to
aid in the distribution of pressure in piles. Separate facing is typically provided to
improve appearance. CFA piles can be employed in a variety of soil conditions,
including granular soils, cohesive soils, and soft rocks. Due to wall bulging, soft clays
and weak organic soils are inappropriate. Additionally ineligible are hard rocks. Only
areas with no risk of ground water or those where leaks between piles can be fixed
using grouting or jet grouting may use the contiguous wall. However, a sufficient
volume of water can be gathered and pushed out near the base. The gaps between piles

and the ensuing issues of lack of water proofness, which were the fundamental
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challenges of contiguous pile walls, have been successfully overcome by interlocking

or secant piles.

Secant pile walls are constructed using intersecting piles with spacing less than the
diameter of the piles. These walls are used to create cutoff walls, restricting
groundwater inflow and reducing movement in weak and moist soils. Secant walls can
be categorized as either hard/firm or hard/soft, or they can also be characterized as
hard/hard. For hard/soft or hard/firm secant walls, the space between the primary piles
(A) is occupied by using a weaker mix of concrete for hard/soft walls and an
unreinforced cement/bentonite mixture for hard/firm wallsThe installation of the
primary piles is done first, and then the secondary piles (B) are built by cutting accross
the primary piles with reinforced concrete. The diameter of these piles typically ranges
from 500mm to 1200mm. The main piles (A) in hard/hard secant walls are constructed
of extremely strong concrete and may be strengthened further. The secondary piles (B)
are cut into the concrete primary piles (A) using specially made cutting heads on heavy-
duty piling rigs. Tangent pile walls, on the other hand, consist of drilled shafts placed
in close proximity so that they touch each other. In general, secant pile walls are more
successful in preventing groundwater intrusion in excavations than tangent pile walls

because they are stiffer (Godavarthi et al., 2011).

2.4 Load Transfer Mechanism (Statics) of Piles

To properly study and design piles, it is crucial to have a comprehensive understanding
of the mechanisms involved in transferring axial and lateral loads. When it comes to
axial (vertical) loads, piles can be likened to vertically loaded columns that transmit
loads to the ground through two main mechanisms: shaft friction and base resistance
(as shown in Figure 1.1). When subjected to axial loads, a pile experiences slight
settlement while the surrounding soil resists the downward movement. Because of the
soil's friction characteristics, the interface among the shaft of the pile and the soil that
surrounds it produces frictional forces, which prevent the pile from descending. The
applied axial force is partially resisted by these frictional forces along the pile shaft,
sometimes referred to as shaft resistance. In addition, a portion of the axial force is

transferred to the ground's surface via the pile base, which is the bottom of the pile.
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When the pile tries to settle, the earth beneath it offers compressive resistance,
sometimes referred to as base resistance or end-bearing resistance. The overall
resistance, comprising shaft friction and end-bearing resistance, maintains the pile's
equilibrium under load. End-bearing piles primarily carry the axial load through the
base, while friction piles transfer the load predominantly through shaft friction. End-
bearing piles must be positioned in a solid soil layer, such as one made of hard rock,
stiff clay, or deep sand. Engineers generally prefer end-bearing piles as they provide
more reliable base resistance compared to shaft friction. Engineers must only rely on
shaft friction if a strong soil layer is absent; in this scenario, the pile is referred to as

floating pile.
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Figure 2-7: Mechanism for Axially Loaded Piles to Transfer Load

Pile behavior under lateral loads is similar to that of transversely loaded beams. To
transfer lateral weight to the surrounding soil mass, they make use of the lateral
resistance of the soil Figure 2-7. When a pile is loaded laterally, some or all of it tries
to move horizontally in the direction of the applied weight, bending, rotating, or
translating the pile. The pile causes compressive and shear stresses and strains in the
soil, which function as a barrier to pile movement. The pile presses against the soil in

front of it (i.e., the soil mass laying in the direction of the applied force). For lateral
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loads, this is the principal load transmission mechanism. The external horizontal forces
are balanced by the total soil resistance operating throughout the entire pile shaft. The

soil resistance also permits the pile's moment equilibrium to be satisfied.(Fang, 2013)
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Figure 2-8: Load transfer behavior of Laterally loaded single pile

2.5 Laterally loaded pile behavior and failure modes

Axially loaded piles behave in a fairly predictable way: in reaction to the applied load,
the pile descends vertically. The pile may endure severe vertical deflection (plunging)
and eventually fail if the resistance actions, such as shaft and base resistances, are at
their maximum. However, depending on the type of pile, laterally laden piles display
more intricate kinematics and failure processes. These piles can undergo spinning,
flexing, or translation due to the transverse load application. Especially in the top few
meters, a gap may appear between the rear of the pile and the neighboring earth as the
laterally laden pile travels in the direction of the force that is applied. The specific
behavior and failure modes of laterally loaded piles are influenced by various factors

and require a more detailed analysis Short and stubby piles are known as inflexible
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piles since they can rotate and possibly shift but won't bend very much as shown in
Figure 2-9. Because of the imposed load, the pile bends if it is long and skinny Figure
2-10., they are called flexible piles. Typically, piles are sufficiently long to function
like movable piles. The laterally loaded pile issue is a relationship between soil and
structure problem using flexible piles, where the soil resistance is affected by the pile

displacement and vice versa.
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Figure 2-9: Short pile failure mechanisms (Rishitha, 2015)
E A F = : F O
I

T

Figure 2-10: Long piles failure mechanisms (Rishitha, 2015)

2.6 IS Code Method
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2.6.1 Background

The IS code approach substitutes a cantilevered structure for the pile, which remains
stationary at a specific depth and disregards the soil supporting over that level. The
length of which is determined by the surrounding soil's subgrade reaction and the pile
geometry. As shown in Figure 2-11, corresponding cantilevered distance Le = Li+Ly,
where L1 the height of the pile above the level of the ground and Ly is determined as a
function of (L4/T or Li/R). However, the procedure described here is only applicable
to flexible piles with a highest depth factor L/T of 4.0 or greater. Choosing whether the
pile will be a finitely long flexible part or a brief stiff unit is the first step. This is
achieved by figuring out if the object has a stiffness value of R or T. Choosing either
the pile is going to be a finitely longer elastic part or a brief stiff unit is the first step.
To do this, the stiffness factor R or T for the particular pile and soil combination must
be calculated. Once the stiffness factor has been calculated, the embedded measurement
L of the pile is coupled to the requirements for behavior as a shorter stiff pile or as a
long flexible pile. Then, using conventional elastic analysis, the distance below the
level of the ground to the location of virtual fixation is calculated, and the lateral

deflection and bending moment are estimated.
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Figure 2-11: Cantilever modelling of laterally loaded pile (IDS 2911 (Part / Secl),
2010)
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For Sand-Based Piles and Normally Loaded Clays

s |El
T= |— (inm)
Np

here E = Materials' Young's modulus in MN/m?

Factor of stiffness:

| = Cross-sectional M. of the pile in m*

n,, = Subgrade reaction modulus in MN/m3. Table 2-1 lists the range of h for different

sand kinds that are categorized based on the SPT number for both dry and submerged

sand circumstances.

Table 2-1: Granular soils' Modulus of Subgrade Reaction

| Soil type [N ' Range of I}, (MN/m")
Skag (blows'30cm) | Dry Submerged |
| Verv Loose sand | 0-4 ‘ 0.4 <0.2
2 Loose sand 4-10 04-2.5 0.2-14
3 Medium sand 10-35 2.5-7.5 |.4-5.0
14 Dense sand 35 7.5-20.0 5.0-12.0

In regards to piles in preloaded clays:

o |EL
= |%B (inm)

E = Materials' Young's modulus in MN/m2
| = Cross-sectional M.I of the pile in m4
K; x0.3
" 15%B
B = Pile width or diameter in meters
The range of subgrade response modulus for several types of clays that are categorized

Stiffness factor

based on unconfined compressive strength is provided in Table 2-2.
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Table 2-2: Cohesive soil's modulus of subgrade reaction, ki

Slno | Soil Consistency | Unconfined Range of k,
Compressive (MN/nr’)
Strength (kN/m?)
1. Soft 25-50 4.5-9.0
2. Medium stiff 50-100 9.0-18.0
3. Stiff 100-200 18.0-36.0
4. Very stiff 200-400 36.0-72.0
5. Hard =400 >72
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Figure 2-12: Depth of Fixity (1s2911 (Part 1/Sec 1), 2010)
2.7 Deflection and Moments
The equivalent cantilever methodology provides a straightforward method for
calculating displacement and moments owing to minor horizontal force. This
necessitates the estimation of virtual fixity z, depth. The charts in Fig. 8 can be used to
calculate the depth to the point of fixity. Either by converting the moment to an

equivalent lateral force or by measuring the actual position of the lateral load applying,
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one can determine the effective eccentricity of the point of load application, or e. The

two stiffness variables described above are R and T.

H(e+zf)3
— 1 %
3EI

For a free head pile Deflection Y = 103

H(e+zf)3
12EI

and for a fixed head pile deflection, Y = * 103

The corresponding cantilever's fixed end moment is bigger than the pile's real peak
moment (M). The corresponding cantilever's fixed end moment has been multiplied by
a reduction factor, m, to get the actual maximum moment. The following equation can
be used to get the corresponding cantilever's fixed end moment:

Mg = H(e + zf) Free head pile

w, = )

The true peak moment (M) = m M;
Where ‘m’ is reduction factor that is found from Fig 2.3 for a free head pile and from

Fixed head pile

Fig 8. For a fixed head pile.
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Figure 2-13: Free head pile reduction considerations (IS 2911 (Part 1/Sec 1), 2010)
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Figure 2-14: fixed head pile reduction considerations (IS 2911 (Part 1/ Sec 1), 2010)

2.8 A summary of Previous Research on Laterally Loaded Piles

In this section, we present a concise overview of the commonly used analytical
methods. The performance of closely separated piles or groups of piles can be estimated
using these strategies. The four sets of computational methods for estimating lateral
deflections, shifts, and pressures in specific piles are as follows:

»  Winkler strategy,

> p-y method,

» The elastic theory, and
> Finite element procedures

2.9 Numerical Modeling

A useful technique for examining the interaction of soil and structure in deeper
excavations is numerical modeling, which can also supply all the information required
for design. This section gives a brief summary of the early findings along with a portion

of the numerical modeling methods that were used.

2.9.1 Model specifics and the simulation technique

Due to limitations in software and computational resources, 2D simulations, such as
plain strain and axisymmetric analysis, have commonly been used to estimate the
behavior of deep excavations in both design and research (Clarke & Wroth, 1984),
(Hubbard et al., 1984), (Fourie & Potts, 1989), (Finno et al., 1991), (Powrie & Li,
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1991), Simpson 1992, (Hashash & Whittle, 2002). However, it is important to
recognize the limitations of 2D analysis and consider fully 3D investigations when
necessary. For instance, corner effects found in deep excavations, where movement of
the ground and wall displacement are less pronounced near the wall corners than the
wall the center spot cannot be explained by 2D analysis. Comparing 2D plane strain
study to a streamlined 3D symmetrical squared or a rectangle analysis also tends to
overstate wall displacement and soil settlements beyond the wall (C.-Y. Ou et al.,
1996), (Lee et al., 1998). The accuracy of the study is influenced by a number of
variables, including excavation geometry, length-to-depth ratio, retaining wall
stiffness, excavation dimension, soil qualities, and other pertinent variables. In
addressing the challenges associated with modeling retaining structures in 3D finite
element analysis, (Zdravkovic et al., 2005) contrasted the outcomes with comparable
axisymmetric and simple strain simulations. The axisymmetric analysis and the 3D
study exhibited better agreement, but the plain strain analysis produced superior
forecasts of wall displacement diversion and ground displacement. The retaining wall
was modeled using both shell components and active components, and it was
discovered that wall deflection becomes greater when represented using shell elements
because shear stresses generated on the rear of the wall are not there to provide a
favorable influence. It was discovered that wall displacement and bending moment at
the wall border are much higher than those obtained using the isotropic wall approach
when the anisotropic wall technique was used to examine retaining wall discontinuities.
The analysis focused on rectangular excavations, and 3D effects were observed.
Although variations in wall depth were investigated, the impact on advancements and

required forces was found to be minor.

Recent advancements in hardware and software have made it possible to employ fully
3D investigations for deep excavations, allowing for a more comprehensive
consideration of geotechnical and structural details. The ground characteristics,
excavation geometry, supporting framework, and constructing order are included in
these specifics. This method can now be used to undertake extensive case studies.
((Hou et al., 2009), (Dong et al., 2013)). In order to thoroughly evaluate two distinct
case studies—the long trench excavation of the Nicoll Highway Station and the
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interaction between excavation and piling in the Common Services Tunnel. (Lee et al.,
2011), and colleagues extensively used 3D finite element simulation. In their analyses,
they accurately represented the geometry and arrangement of various retaining
structures, including diaphragm walls, sheet pile walls. The outcomes of these studies
were promising, and the field estimates obtained were reasonable, considering the

inherent vulnerabilities and complexities associated with such assessments.

Recent advancements in computer technology have made it feasible to perform 3D
analyses that take into consideration the impacts of excavation length and secondary
walls spanning the extreme ends of the excavation. This is significant since earlier
studies suggested that the absence of these parameters in plane strain evaluation made
it difficult to anticipate excavation behavior. A 3D back-analysis of the installation
chronology of the Lion Yard retaining wall by (Ng & Yan, 1999) revealed substantial
stress transfer procedures and ground modifications. (Zdravkovic et al., 2005)
addressed modeling concern regarding retaining structures in 3D finite element
analyses, providing a comprehensive evaluation of ground and wall motions as well as

wall's structural forces under various model suppositions.

(Finno et al., 2007) ) investigated the length of the excavation has an impact on
reinforced constructions in soft clay above medium and stiff clay using a parametric
3D finite element analysis. (Arai et al., 2008) analyzed using a 3D total stress elasto-
plastic finite element analysis, the authors examined ground motions and stresses
related to circular diaphragm walls and excavation of soil inside the walls. (Hsieh et
al., 2013) conducted 3D numerical evaluations of four different deep excavation
scenarios with varying cross wall mounting, demonstrating the effectiveness of cross
walls in reducing lateral wall displacement. These studies highlight the value of
employing 3D analyses to better understand the behavior of excavations and the impact
of different factors on structural performance and ground response. (Orazalin et al.,
2015) conducted 3D evaluations of the excavating support structure for the Stata Center
Basement on the MIT Campus, emphasizing the significance of 3D excavation and
support geometry on wall and ground movement. However, it should be noted that

conducting a three-dimensional finite element analysis requires additional processing
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time, making it less cost-effective in the industry. Therefore, it is important to
determine when it is necessary to perform a three-dimensional analysis and when plane
strain analyses can provide reliable data. This investigation aims to identify the
circumstances where the benefits of a three-dimensional analysis outweigh the
associated costs, while considering the industry's preference for more cost-effective

plane strain analyses.

2.10 Mohr Coulomb Soil Model

When exposed to stress or strain, soils exhibit non-linear behavior. In reality, soil
stiffness is determined by the amount of stress, the stress path, and the strain level.
PLAXIS' sophisticated soil models incorporate some of these features. The Mohr-
Coulomb model, on the other hand, is a well-known model of soil behavior that is linear
elastic and totally plastic, can be utilized as a first approximation. linear elastic
properties. Hooke's law of isotropic elasticity is used in part of the Mohr-Coulomb
model. The Mohr-Coulomb failure criterion, which was created by Mohr and Coulomb
in a plasticity framework with no linked plasticity, forms the foundation of the perfectly
plastic component. When irreversible stressors occur, that is what is meant by
plasticity. To determine if plasticity exists in a computation, a yield function, f, is
included as an expression of stress and strain. The condition f = 0 is linked to plastic
yielding. In main stress space, this state is frequently represented as a surface. A
generative model with a set yielding surface—i.e., a yield surface wholly determined
by model parameters and unaffected by (plastic) straining—is referred to as a perfectly-
plastic model. The behavior is entirely elastic for stress states given by points within

the yield surface, and all strains are reversible.

The MC model integrates linear isotropic elasticity, Hooke's law, and an extended
version of Coulomb's failure criterion within an elastic perfectly-plastic framework.
According to this concept, earth behaves as a linear elastic-perfectly plastic material by
conforming to the Mohr-Coulomb yield surface. The model's failure criterion is

displayed in The specifics of these factors are outlined in the following sections.

Table 2-3 and can be phrased as follows:
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T = 0'pr +tang’ + ¢

In the context of the failure plane, 75 represents the shear stress and o'nf represents the

normal effective stress. The plastic model parameters @' and ¢’ correspond to the
friction angle and cohesion, respectively, in Coulomb's failure criteria. In terms of

effective primary stress, the Mohr-Coulomb yield function is defined as follows:
1 ! ! ! !/ . !/ !/ !
f=§(01—a3)+(01+03)smc|) + c'cosd
Here, o', and o' are, respectively, the primary stresses that are effective on the major and

A

minor levels.

Figure 2-15: Failure Criterion of Mohr-Coulomb

Whenever it is described in terms of primary stresses, the complete Mohr-Coulomb
yield condition comprises six yield functions, as described by Smith and Griffith
(2013). In the primary stress space, this condition can be seen as a hexagonal cone as

seen in Figure 2-16
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Figure 2-16: Mohr-Coulomb Yield Surface in Principal Stress Space (c'=0)

A dilatancy angle is added to Hooke's law and Coulomb's failure criterion in the MC
model to account for the irreversible change in volume brought on by shearing. This
inclusion makes the non-associated flow regulation representation more accurate. The
MC maodel relies on a total of five parameters, which are listed in Table Table 2.3. The

specifics of these factors are outlined in the following sections.

Table 2-3: Five required parameter for modeling

Parameter Description Parameter evaluation
@' angle of internal friction Slope of the failure line derived
from the MC failure criterion
c' Cohesion failure line's y-intercept from
the MC failure criterion
) Dilatancy angle Function of eaand ev
E50 Reference secant stiffness from | y-intercept in
drained triaxial test log(o3|pref)—log(Es0) space
) Poisson’s ratio 0.3-0.4 (drained), 0.495
(undrained), 0.15-0.25
(unloading)
KOnc Coefficient of earth pressure at | 1—sin  (default setting)
rest (NC state)
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2.10.1 The Young's Modulus (E)

For uniaxial loading, Young's modulus is a key stiffness indicator that measures the
relationship between soil stress and strain. The secant modulus at 50% strength,
referred to as E50, is commonly used to represent the soil's response under loading
conditions. In bi-linear stress-strain relationships, E50 remains constant, as illustrated

in Figure 2-17.

>

Deviator stress, ¢

Axial strain, &,

Figure 2-17 Definition of Eso

2.10.2 Poisson’s Ratio (v)

According to (Bowles 1988), the drained Poisson's coefficient of the soils under the
loading scenario normally ranges from 0.3 to 0.4. The values for unloading scenarios
range from 0.15 to 0.25. The Poisson's coefficient is 0.5 in a state that is not drained.
However, using a precise undrained Poisson's ratio of 0.5 may make calculations more
challenging. As a result, a value of u = 0.495 is proposed. According to Bishop and
Hight (1977), accurately measuring Poisson's ratio requires precise strain
measurements and calibration relationships. To preserve consistency with the PLAXIS
formulation in the current example, the advice given in the PLAXIS Materials Model

reference is followed.ulation challenges.

2.10.3 Cohesion (¢’)

The cohesiveness (c') factor includes a stressful dimension. The PLAXIS program
advises using a low degree of cohesion (at least ¢' > 0.2 kN/m2) even in the case of

cohesionless materials (c' = 0), in order to reduce computational issues.
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2.10.4 Friction Angle (®")

Figure 2-15 (Mohr-Coulomb failure criterion) shows how to calculate the friction angle

(") using a plot of shear stress versus normal

in degrees.

2.10.5 Dilatancy Angle (y)

stress. The angle of friction is measured

It is indicated what the level of dilatancy is the dilatancy angle (). Quartz sands

typically have a dilatancy angle in the range of -30 degrees. However, cohesive clayey

soils exhibit minimal dilatancy, except in heavily over-consolidated layers. In most

cases, a dilatancy angle value of 0 would be suitable.

Table 2-4: Elastic constants of various soils(Samtani & Nowatzki, 2006)

Soil Type Poisson's Ratio, v
Clay:
Soft sensitive .
Medium stiff to stiff 0.3-0.5 (undrained)
Very stiff
Loess 0.1-0.3
Silt 0.3-0.35
Fine Sand
Loose
Medium Dense 0.25
Dense
Sand
Loose 0.20-0.36
Medium Dense
Dense 0.30-0.40
Gravel
Loose 0.20-0.35
Medium Dense
Dense 0.30-0.40
Es Calculation Using SPT N-value
Soil Type Es (tsf)
sand-filled silts, mildly cohesive mixes, and
silts 4N1g0
Clean, fine to medium-sized sands with a
minor siltiness 7N1gq
Sands that are coarse and have minimal
gravel 10N1¢,
Gravels and sandy gravel 12N14,
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3 RESEARCH METHODOLOGY

3.1 General

Urban regions frequently have deep excavations adjacent to existing structures,
including buildings, substantial foundations, and underground pipelines. These
buildings are vulnerable to changes in the earth brought on by excavation. Therefore,
when designing and constructing deep excavations in such locations, it is crucial to
consider and mitigate the potential adverse effects of excavation-induced ground
movement, ensuring that they remain within acceptable limits. Instead of trying to
prevent failure, the excavation design's main goal is to satisfy rigid displacement
requirements. In these situations, the bottom-up construction strategy is frequently
used. For our research, we specifically selected Kathmandu, a major city, due to the
significant construction of tall structures in recent years. This choice allows us to study
the challenges associated with deep excavations in densely developed urban areas and
evaluate the effectiveness of different strategies for managing ground movements and

minimizing their impact on surrounding infrastructure.

In this chapter field tests, as well as an explanation of the soil investigation's geology
and geotechnical engineering characteristics, will be done at the Teku site. To conduct
the parametric studies, an idealized excavation geometry is used. The chapter produces

useful findings and conclusions that can be applied practically in the design and

construction of deep excavations.

3.2 Introduction

Various methods have been used to carry out the numerical modeling of a cantilever

pile wall. Chart presents a schematic summary of the various stages of the work.

Data Collection

Geometric Model

Material Model
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Numerical Model
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FEM Analysis

Variation of Parameters
Study of Cantilever Pile

\

Conclusion and

recommendation

3.3 Data Collection

The Teku site's drilling testing provided the essential data for the parametric evaluation.
The engineering and environmental geological map of the Kathmandu Valley was used
to extract the soil parameters from the literature that was already available. The
Kalimati Formation, a weakly consolidated sediment of Plio-Pleistocene age, contains
the project site. The formation is predominantly made up of clayey silt and grey to
black silty clay, with sporadic occurrences of phosphate minerals, calcareous sand,
organic clay, fine sand beds, and peat layers. It should be noted that the project area is
located in a region prone to hazards and foundation instabilities. Certain areas within
the site have low bearing capacity, and settlement is a potential concern due to the
presence of soft, silty clay, peat, and plastic soil below the soil cover. These factors

contribute to the site's susceptibility to settlement issues.

The soil data comes from the proposed construction site of the National Public Health
Laboratory in Teku, Kathmandu. Himalaya Geo Solution Pvt. Ltd. carried out the soil
study in 2020 A.D., which included rotary drilling, Standard Penetration Test (SPT),

and certain laboratory testing.
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Field Investigation: Three boreholes were drilled to depths of 30m with Standard
Penetration Tests (SPT) performed at 1.5m intervals. To conduct standard penetration
test a split spoon sampler with an internal diameter of 35mm and an external diameter

of 50mm was pushed by a 63.5 kilogram hammer that fell from a 760 mm height.

Water Table Monitoring: At least 24 hours after the borehole was drilled, the water
level was measured. The water table was discovered at 3.6m depth in borehole one
(BH-1), 4m depth in borehole two (BH-2) and borehole three (BH-3).

Natural Moisture Content and Bulk Density Test, Specific Gravity Test, Grain Size
Analysis, Atterberg Limits Test, Consolidation Test and Unconfined Compression Test

were all performed in the laboratory.

Grain Size Distribution % Atterberg Limit, % c
Natural Unconfined| .2
Bore . . w e
Hole Sample | Depth | Moisture Compressiv - S Specific
No. No m Content |Gravel| Sand Silt Clay LL PL Pl e Strength § Gravity
% N/mm?2 o
o
DS 6 53.15 6.8 88.69 | 4.51 | 38.6 | 26.6 12 2.54
DS 18 61.92 6.92 | 90.05 | 3.03 | 38.7 | 27.5 11.2 2.59
BH-1 DS 28.5 80.85 6.85 | 85.56 | 7.59 | 35.1 | 25.2 9.9 2.58
UbDS-1]| 9.5 45.89 7.33 82.1 10.57 0.052 2.56
UDS-1| 9.5 45.89 7.33 82.1 10.57 0.07 2.56
DS 4.5 34.61 7.53 85.01 7.46 38 27.6 10.4 2.57
DS 7.5 31.6 6.61 | 82.74 | 10.65 | 34.9 | 24.3 10.6 2.44
BH- 2 DS 15 48.61 6.37 | 89.05 | 4.58 | 35.6 27 8.7 2.59
DS 21 51.02 7.52 | 89.47 | 3.01 | 324 | 21.7 10.7 2.6
UDS-2| 12,5 65.06 6.61 | 82.74 | 10.65 0.054 2.56
uUDS-2| 12,5 65.06 6.61 | 82.74 | 10.65 0.07 2.56
DS 3 47.18 12.48 | 83.3 422 |39.3| 28.1 11.2 2.59
DS 6 49.19 5.72 | 89.72 | 4.56 | 40.6 | 29.7 10.9 2.6
DS 12 50.58 6.62 | 88.82 | 4.56 | 38.5 | 28.9 9.6 2.39
BH-3 DS 30 52.51 6.13 | 86.22 | 7.65 | 41.4 | 29.5 12 2.59
UDS-3| 16 49.89 542 | 89.96 | 4.62 0.052 2.6
uUDS-4| 30 52.51 6.13 | 86.22 | 7.65 0.055 2.59
uUDS-3| 16 49.89 5.42 | 89.96 | 4.62 0.07 2.6
uDS-4| 30 52.51 6.13 | 86.22 | 7.65 0.08 2.59

Figure 3-1 Summary of laboratory test results

The summary of the test results is given in above figure. Although the findings of the
above-mentioned tests are nearly identical for all three boreholes, only the results of
Borehole 2 (BH-2) are used in our analysis. The soil strata are medium soft to stiff

blackish medium plastic clayey silt soil throughout the depth. Because the borehole is
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only dug to a depth of 30m, the plaxis model assumes that this clayey layer extends to

an unlimited depth.

The Mohr-Coulomb Model is utilized as the material model for the study of the model
because the experiments required to get the data required for modeling soil using
advanced material models such as hardening soil model and Modified Cam Clay model
are not completed. We are unable to evaluate the applicability of a certain material
model due to a lack of sufficient data, hence we are forced to adopt the Mohr-Coulomb
material model in our investigation. Throughout the investigation, drained analysis is

conducted.

3.4 Analysis of Data

The main tool for the analysis of data for this research has been considered is Finite
Element Method with the use of 2D and 3D FEM software.

Both 3D and 2D finite element software were used for the examination of the
cantilevered pile wall next to the excavation. We will go into more detail about the
finite element model's dimensions, mesh characteristics, the choice of soil inputs, and
the measurements and characteristics of the cantilever pile wall and the foundation of

the building nearby in this part.

The steps involved in model formulation and calculation are:

) Defining a project

o Creating a soil profile using borehole data at the centre of model
o Material set creation to define the object

. Creating a volume using surface creation and extrude tools

o Material assignment

o Local refinement of mesh

o Mesh generation of model

o Defining calculation considering plastic calculation
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[30)
Project Model
Type General
Model Full - Gravity 1.0 g (-Z direction)
Elements 10-Noded v Earth gravity 9.810 m/s3?
1 10.00 kN/m?
Units ——
Length o Contour
X 0.000 m
Force kN mn
W= 40.00 m
Time day s
Y min 0.000 m
Y i 40.00 m
z
+ y
Stress kiN/m? * X
Weight kN/m?
| [ set as default Next oK Cancel

Figure 3-2: Input of Project Properties in PLAXIS 3D

3.4.1 Geometry and meshing

The bounds of the finite element model's size were determined with care to prevent any
limitations or strain localization. The excavation area is 10 x 10 meters, and it is
anticipated that the current building has the same proportions with a shallow footing
1.5 meters deep. Therefore the model's in-plane dimensions are set to be 30 x 20 m. It
is important to note that three different types of footings for the adjacent building
foundation are considered in the analysis. In the case of strip footings, it is anticipated
that the soil will experience more pressures and deflections along the short than along
the long side of the footing. In the case of soft clay, punching failure is anticipated,
while for medium clay, local shear failure is expected, resulting in very small stresses
and deformations that occur across the lateral direction. Because of the stress on the
footing, as will be shown later, there is no localization of strain at the boundary
conditions in the current analysis. Figure 3-3 depicts a cut perspective of the

excavation, the surrounding soil, and the structure itself from the finite element model.
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The only area supported by a cantilever pile wall is the excavation site next to the
building's foundation; the other three sides are prevented from moving laterally in a
perpendicular direction. In order to see the contour of the footing and the placement of
the piles, the earth over the base level was removed. It should be noted, nevertheless,

that the analysis still takes the removed soil into account.

i

Figure 3-3: Mesh of finite elements for the excavation model -cut view

According to OU et al. (1996) the overall density of the mesh inside the excavation has
a significant impact on the accuracy of the examination in three dimensions. The mesh
was created as a fine mesh for the existing numerical model, as demonstrated in Figure
3-3.

3.4.2 Soil model

Secondary data for soil properties are utilized in the modeling process. Specifically,
three distinct types of soil are considered for material modeling: cohesionless soil
cohesive soil, and purely cohesive soil. These soil types are selected to accurately

represent the characteristics of the actual soil in the analysis.

Firstly, Cohesive (C-¢) soil that is used in the model.
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Table 3-1 Input Parameters Clay

Soil
Parameter Symbol Unit
(Om-0.5m)

Material Model Material Model Mohr-Coulomb
Saturated weight | yb 18.9 KN/m?
Unsaturated

_ vb 17 KN/m?
weight

Modulus of
Elasticity E 4800 KN/m?
(Stiffness)
Stiffness
Einc 0 kN/m2

Increment
Cohesion Cu 27 &54 KN/m?
Friction angle ¢(phi) 17 Degree
Poisson ratio v (nu) 0.3 -
Interface stiffness

. Rinter 1 -
ratio
Drainage Type Drainage Type Undrained -
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Figure 3-4 Input of soil Properties

3.4.3 An excavation support system

In this research, a cantilever pile wall was employed as a support structure for
excavation. The pile wall was represented in the analysis as a solid, separate circular
concrete pile that interacts with the surrounding soil at its outer interface. Different pile
sizes and pile wall lengths that corresponded to various excavation levels were taken
into consideration. The piles' center-to-center spacing was calculated to be twice
the pile diameters. With a concrete modulus of elasticity of 2.5 x 10" kN/m?, a Poisson's
ratio of 0.2, and a unit weight of 25 kN/m?3, the pile material was considered to be
linearly elastic. The pile's rough interface surface with the soil was also taken into
consideration. Effect of grout element is also considered in this analysis. Grout element
is modeled as plate element having thickness 0.3 m and material properties having same
as that of concrete pile.
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Figure 3-5: Embedded beam (Cantilever Pile) 500*500

3.4.4 Adjacent building foundation and its type

When analyzing the impact of nearby building loads on a pile wall supporting an
excavation support system, the type of foundation is crucial. In analyzing the effect of
adjacent building load on an excavation support system, three different foundation
types are typically considered: isolated, strip, and mat foundations. Each type has
unique characteristics and effects on how the pile wall and soil around it behave. In the
analysis of the effect of adjacent building load on an excavation support system, it is
necessary to consider the type of foundation present and its characteristics to evaluate
potential soil movements, lateral pressures, and stability issues. Understanding the
behavior of the pile wall and the surrounding soil is crucial for designing an appropriate
excavation support system that can withstand the adjacent building loads while
ensuring the safety and stability of the construction site. Footing base is considered at
1.5m depth beneath the ground level. The footing in the analysis was modeled as a

linear elastic material having concrete properties, including a Poisson's coefficient of
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0.2, a young's modulus of elasticity of 2.5 x 10’ kN/m?, and a unit weight of 24 kN/m?.
The pressures from a nearby structure were supposed to behave as an evenly distributed

pressure on the foundation in order to make the modeling process simpler.

3.4.4.1 Isloated footing

An isolated foundation is a type of foundation that is typically used for individual
columns or isolated structures. It consists of a concrete block that is isolated from the
surrounding soil. Total nine numbers of square footing plate each of size 2*2 m were
considered to model an adjacent building stress.

Figure 3-6 Isolated footing model

3.4.4.2 Strip footing

Three strip foundations were used to simulate the neighboring building's foundation in
order to streamline the modeling process. The plates used to mimic these strip footings
had dimensions of 0.5 m in thickness, 2 m in width, and 10 m in length. A rough
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interface element that was automatically constructed was used to record the interaction

between the footing elements and the earth.

Figure 3-7 Strip footing model

3.4.4.3 Mat foundation
To study the effect of adjacent building foundation stress on excavation support system,
the foundation is modeled as mat foundation. Plate element of 0.5 m thickness is

considered.
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Figure 3-8 Mat foundation model

3.4.5 Stage construction

For the study, the analysis process was broken down into four parts. In the initial stage,
the initial stress conditions were applied. The second stage involved activating the
footings of the neighboring structure and applying pressure to them. In the third stage,

the piles in the soil were activated. Finally, in the last stage, the soil excavation was
performed to the desired depth.

Exirnems

FUNRERNREN NS

©

i

-
D R R

Figure 3-9: Stage Construction
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4 RESULTS AND DISCUSSION

With the change of the design parameters, parametric analysis was conducted and
adjacent building foundation types. The factors taken into account are length of the pile
wall (Lp) =18, 20, 22, 24, and 26m, embedment depth of pile (D), diameter of the pile
(d) =0.3, 0.4 & 0.5m, excavation levels from the ground surface (H)= 3, 4.5,6, 7.5, 9
and 10.5m, soil’s cohesion (c,)= 27kN/m? and 54 kN/m? and load at neighboring
structure base (qs) = 100 and 200 kN/m?

4.1 Importance of Support System

The following figures demonstrate the distribution of soil displacement under vertical
stress at nearby building foundation level100 kN/m?at various excavation depths (H=3,
4.5, 6,7.5,9, and 10.5 m) with and without excavation supporting walls. There is less
soil movement over the excavation line when a cantilever pile wall is employed to
support it, especially below the basement level of the neighboring building. However,
there is a modest reduction in the displacement of soil below the excavation level. This
pattern is observed even when the soil has increased cohesion, resulting in smaller

displacements due to the enhanced shear strength.

3m Excavation Without Support System 3m Excavation with Support System
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4.5m Excavation Without Support System  4.5m Excavation with Support System

6m Excavation Without Support System 6m Excavation with Support System
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7.5m Excavation Without Support System  7,5m Excavation with Support System
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Figure 4-1 Different excavation depths' lateral displacement distributions with and
without pile wall support systems 3D
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Figure 4-2 the distribution of lateral displacement for excavations of 10.5 meters
deep with and without pile wall supports in 2D

4.2 Effect of Excavation Depth

The lateral deflection distribution for various excavation cases is illustrated in Figure
4-3. It can be seen that the lateral deflection values grow as the excavation depth rises
for a certain embedded depth. This indicates that a greater excavation depth results in
higher lateral pressure on the pile wall. The pile exhibits its maximum lateral deflection
above the excavation level. However, for shallower excavations, near the excavation
level is where there is greatest lateral displacement. As the excavation depth increases,

the point of maximum lateral deflection gradually moves upward.

Figure 4-4 shows the bending moment distribution of pile for different excavation
depths. The maximum bending moment occurs at the point of maximum lateral

deflection. With increase in excavation depth bending moment also increases.
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Pile Response
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Figure 4-3 Lateral deflection for different excavation depths, pile length 24m, cu =
27kN/m2 and gs = 100 kN/m2
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Figure 4-4 Bending moment for different excavation depths, pile length 24m, ¢, =
27kN/m? and gs = 100 kN/m?
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4.3 Effect of Clay Undrained Shear Strength

As demonstrated, the soil's undrained shear strength has a significant impact on lateral
displacement of the soil. Figure 4-5 and Figure 4-6 shows distribution of pile wall
lateral deflection for various cohesiveness values, ¢, = 54, and 27 kN/m?, at different
pile wall lengths and for excavation depths 3, 4.5, 6, 7.5, 9 and 10.5m. Based on the
observations made by Poulos and Chen (1995). It should be noted that there is a
correlation between a decrease in lateral wall deflection and an increase in the soil's
undrained shear strength (cu). This suggests that when soil shear strength increases, soil

movement decreases, resulting in less lateral wall deflection.

Pile Response

0 002 004 006 008 01 012 014 0.16

-12

-14
6 —&—Pile Length 26m
-1

Pile Depth, m

.18 —8—Pile Length 24m

20 —0—Pile Length 22m

-22

o —@— Pile Length 20m

226 —@—Pile Length 18m
c,= 27 KN/m?

-28
Ux/d

Figure 4-5 Distribution of lateral displacement in a pile wall for cohesiveness value,
cu= 27 kN/m? for different excavation depths
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Figure 4-6 Distribution of lateral displacement in a pile wall for cohesiveness value,
cu= 54 kN/m? for different excavation depths

There is slight difference in bending moment with increase in undrained shear strength
of soil. From the analysis it is shown that soil having lower value of internal friction
angle exhibit larger change in lateral deflection and bending moment with increase in

undrained shear strength of soil than that of higher friction angle.

Figure 4-7 and Figure 4-8 depicts the bending moment distribution of pile under
adjacent building foundation load (gs) 100 KN/m? , undrained shear strength (cu) 27

KN/m?2 and 54 KN/m? for different excavation levels.
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Figure 4-7 Bending moment for 24m pile length and excavation depth 3m cy, =27
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Figure 4-8 Bending moment for 24m pile length and excavation depth 3m ¢, =27
kN/m? and gs = 100 kN/m?
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4.4 Effect of Applied Building Foundation Stresses (Qs)

The lateral displacement and bending within the pile wall are significantly influenced
by the amount of applied load (gs) at the neighboring building's foundation base. The
distribution of lateral displacement in the piling wall for various values of gs at the
foundation level (-1.5 m) of the neighboring building is shown in Figure 4-9 for various
wall lengths. The pile diameter is d = 500 mm and ¢, = 27 KN/m?. These statistics show
that the amount of applied stress is a key factor in determining the size of the lateral
displacement. Increasing the applied stress results in higher lateral deflection,
indicating a direct proportionality between lateral deflection and the vertical stress at
the foundation. The stiffness of the pile-soil system, the shear strength parameters (cu),
induced soil pressure (that is determined by pressure), and the rigidity of the pile
determine how much lateral movement increases. Thus, the lateral stress, lateral
deformation, and bending moment felt within the pile are directly influenced by the

applied stress.
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Figure 4-9 Distribution of Lateral displacement of pile wall for excavation depth 9
and 10.5m, gs = 100 kN/m? and 200 kN/m? and ¢, = 27 kN/m?
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Figure 4-10 Bending moment distribution for excavation depth 9 m and 10.5 m, cy
=27 kN/m? and gs = 100 & 200 kN/m?

4.5 Effect of Pile Diameter

The lateral displacements were reduced while the bending moment was raised as the
pile diameter (d) grew from 0.3 m to 0.4 m to 0.5 m. With increased pile diameter, the
pile’s bending moment on increases significantly. Figure 4-11 shows the lateral
displacement and bending moment distribution of pile wall for different pile diameter

(0.3m, 0.4m & 0.5m).
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Figure 4-11 Pattern of lateral displacement of pile wall for excavation depth 9 and
10.5m, pile diameter (d) = 0.3, 0.4 & 0.5m, gs = 100 kN/m? and c, = 27 kN/m?

For the same percentile increment of pile diameter, bending moment increasing
magnitude is higher than in decreasing magnitude. For £20% increment the maximum
bending moment on the pile increases upto 63% and decrease 50% of that of base value.
Figure 4-12 shows the bending moment distribution of pile wall for different pile
diameter (0.3m, 0.4m & 0.5m).
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Figure 4-12 Pattern of bending moment of pile wall for excavation depth 9 and
10.5m, pile diameter (d) = 0.3, 0.4 & 0.5m, gs = 100 kN/m? and ¢, = 27 kN/m?

4.6 Effect of Application of Grout Element

Application of 0.3m thick grout element on the excavation side reduces the lateral
deflection distribution of pile wall significantly due to structural integrity of the pile
wall and grout material. From Figure 4-13 it is shown that the maximum lateral
deflection of pile wall with and without the application of grout element is 111mm and
140mm respectively. Application of grout element reduces the lateral deflection of pile

wall by 20% of that of without grout application.
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With the application of grout element increases the total rigidity and strength of the pile
wall system. The added rigidity added due to grout element system also helps to limit
the deformation of the pile wall during excavation. The grout element provides
confinement to the surrounding soil, limiting its lateral movement. This confinement
can reduce the soil's ability to deform and reduce the lateral pressure exerted on the pile
wall, thus minimizing the risk of lateral displacement. By reducing lateral
displacement, the grout element enhances the structural integrity of the pile wall
system. It helps maintain the stability of the piles and prevents excessive bending or

tilting, which could lead to structural failure.

Overall, the application of grout element on a pile wall to support excavation reduces
lateral displacement by providing additional lateral support, transferring loads,
increasing stiffness and strength, improving soil confinement, and enhancing the
overall structural integrity of the system. This combination of factors helps to mitigate

the risks associated with excavation-induced lateral movements.
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Figure 4-13 Lateral deflection distribution of pile wall for different excavation depth,
pile diameter (d) = 0.5m, gs = 100 kN/m? and c, = 27 kN/m? with and without the
application of grout element

Also there is reduction in maximum bending moment of the pile wall with the

application of grout element. Figure 4-15 shows the bending moment distribution of

pile wall of length (I = 24m), diameter (d = 0.5m), soil undrained strength (c, = 27
KN/m?), & adjacent building foundation stress (gs = 100 KN/m?) with and without the

application of grout element. It is clearly seen that grout element decreases the bending

moment of pile wall as well as lateral deflection. The maximum bending moment

reduces by 40% with the application of grout element.
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Figure 4-14 Lateral deflection distribution of pile wall for excavation depth 9 &
10.5m with and without the application of grout element
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Figure 4-15 Bending moment distribution of pile wall for excavation depth 9 & 10.5m
with and without the application of grout element
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4.7 Effect of Adjacent Building Foundation Type

In this study for three different adjacent building foundation types, the deformation and
bending moment performance of pile wall were analyzed with equivalent adjacent
building load of (gs) = 100KN/m?, soil undrained shear strength of (cy) = 27 KN/m? &
pile diameter (d) = 0.5m. Mat foundation, strip footing and isolated footing were

considered in this analysis.
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Figure 4-16 Lateral deflection distribution of pile wall for excavation depth 9 &
10.5m for three different adjacent footing types

From the analysis result it is shown that the lateral deflection of pile wall remains
almost same in the case of strip footing and mat whereas bending moment increase in
mat foundation case. For the isolated footing case the optimum lateral displacement of

pile wall is higher than that of mat foundation and strip footing.
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In the case of mat foundation and strip footing the maximum lateral deflection of pile

wall were 139mm and 138mm respectively

whereas isolated footing has maximum

deflection is found to be 165mm which is almost 16% greater than that of mat and strip

footing. In mat foundation and strip footing case
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Figure 4-17 Bending moment distribution of

pile wall for excavation depth 9 & 10.5m

for three different adjacent footing types

The bending moment distribution on the pile wall for three different footing types are

as shown in Figure 4-17. Isolated footing and mat foundation exhibit grater bending

moment than that of strip footing.
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4.8 Settlement of the Adjacent Building Foundation

The vertical settlement of adjacent building foundations near an excavation can be

influenced by various factors, including the type of foundation used.

The building foundation was analyzed considering three different footings as mat, strip

and isolated footing in 3D FEM analysis. With increase in excavation depth, the

differential settlement of the foundation also increases. The settlement pattern of the

adjacent building foundation is different for the excavation with or without support

system as shown in Figure 4-18 and Figure 4-19. As the soil’s cohesiveness value

increases the settlement value decreases and increases with increase in applied

foundation stress. As per IS 1904 the maximum permissible vertical settlement is

75mm for isolated footing case.

Maximum Vertical Settlement of the Adjacent Building Foundation (mm)

Without Grout Element

With Grout element

(gs) = 200 KN/m2

Parameters Isolated Strip Isolated Strip
Footing Footing Mat Footing Footing Mat
Pile diameter (d) = | 4, 5 236 |238| 71.64 2421 |231
0.5m
Undrained Shear
strength (cu) =27 71.64 23.6 23.8 71.64 24.21 23.1
KN/m2
Adjacent
Foundation stress 71.64 23.6 23.8 71.64 24.21 23.1
(gs) = 100 KN/m2
Pile diameter (d) = 72 238 | 24 70.1 24 23.4
0.5m
Undrained Shear
strength (cu) =27 77.7 22.8 22.4 70.68 21.3 22.6
KN/m2
Adjacent
Foundation stress 181 434 44.6 122.9 26.89 26.7
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Generally speaking, isolated footings tend to experience more settlement compared to
strip and mat foundations in such scenarios. This is primarily due to differences in load
distribution and soil-structure interaction. Isolated footings are individual footing
elements that support the load of a single column or pier. When an excavation is made
near isolated footings, the soil around the excavation is disturbed, leading to a reduction
in the lateral support provided to the footings. This reduced lateral support causes the
footings to experience greater vertical settlement, as the load is less evenly distributed.
The soil beneath the footings is more susceptible to consolidation, resulting in increased

settlement.

On the other hand, strip and mat foundations are continuous footings that support
multiple columns or walls. In the case of an excavation near strip or mat foundations,
the presence of the continuous footing provides more lateral support to the soil
surrounding the excavation. This distributed support helps to mitigate settlement and

minimizes the differential movement of adjacent footings.

In summary, isolated footings are more vulnerable to settlement near excavations due
to their individual nature and reduced lateral support, whereas strip and mat foundations
offer better load distribution and lateral support, resulting in reduced settlement.
However, it's important to note that site-specific factors, such as soil conditions,
groundwater levels, and the depth and extent of the excavation, can also influence the

degree of settlement for both types of foundations.

For small adjacent building load, the vertical settlement of the footing plate remains
almost unchanged with and without application grout element whereas with increase in
adjacent building load footing settlement with application of grout element is less than

without grout element.
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Figure 4-18 Vertical settlement of the building foundation for different excavation
depths without pile wall support (pile length 24m)
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Figure 4-19 Vertical settlement of the building foundation for different excavation

depths with pile wall support (pile length 24m)

With the application of pile wall as support system in excavation problem, the vertical

settlement of the adjacent building can be reduced significantly as the application of

pile wall reduces the excavation induced lateral soil movement.
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Figure 4-20 Vertical settlement of the building foundation for different excavation
depths with and without pile wall support (pile length 24m)

4.9 Corner/edge effect

Lateral displacement distribution of pile wall is not same throughout the excavation
side. From Figure 4-21 it is clear that at the corner side the lateral displacement
decreases and is maximum at the center of the excavation face. In our study due to
restriction of movement of soil in corner side there is reduction in the lateral
displacement of pile upto length 2m from each corner and increase gradually to reach
maximum value at center. Passive resistance developed at the corner side and its
influence resist the movement of pile near corner. From figure it is shown that the center
pile displacement is almost three times greater than that of edge pile displacement. So

it is necessary to understand the edge effect in excavation support system design.

The corner piles are located in the corner of the excavation, where the unsupported
soil area is relatively smaller compared to other sides. The smaller unsupported area
results in reduced lateral movement of the soil and subsequently reduces the lateral
deflection of the piles. In the corner side of the excavation, the presence of the adjacent
soil on two sides provides additional lateral confinement to the piles. This confinement
restricts the lateral movement of the piles and reduces their displacement. In the corner

side, the pile wall interacts with two adjacent sides of the excavation wall, creating a
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stronger and more stable structural system. This interaction enhances the overall

stability of the corner piles and reduces their lateral displacement.
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Figure 4-21 Corner effect in excavation side

4.10 Incremental variation of parameters

Taking consideration of soil undrained shear strength, friction angle and pile diameter
the severity of these parameter with equal incremental is studied. Keeping base factors
as soil undrained shear strength (cy) = 27 KN/m?, Friction angle 17° and pile diameter
= 0.5m, each parameter were varied -40 % to +40% and result were studied. From
Figure 4-22 it can be concluded that with decrease in cohesion, friction angle and pile

diameter increases the lateral displacement of pile among them reduction in cohesion
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results greater displacement increase. Increase in above parameter, increase in pile

diameter results minimum lateral displacement than other two factors.
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Figure 4-22 Incremental variation of parameters

In soils with a higher frictional angle (i.e. 17° in our study), the resistance to shearing
is predominantly governed by the frictional forces between soil particles. As the
cohesive vlaue of the soil increases, it enhances the overall shear strength of the soil,
including the resistance to lateral movement. Therefore, an increase in cohesion has a
minimal impact on the lateral deflection of a pile in such soils since the soil's strength

is already dominated by friction.

However, in soils with a lower frictional angle the cohesion of the soil becomes a more
significant factor in controlling its shear strength. When the cohesion of the soil
increases, it directly increases the soil's shear strength, which in turn leads to a
reduction in lateral deflection of a pile. In this case, the increase in cohesion has a more

pronounced effect on the soil's behavior, resulting in decreased pile deflection.
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4.11 Comparison of 2D FEM Analysis Result with 3D FEM Result

Plaxis 2D and Plaxis 3D software were used to compare the results of 2D and 3D

modeling of the excavation support adjacent to old building.

The calculation results obtained with Plaxis 2D software are shown below.

Figure 4-23 Plaxis 2D model (excavation depth of 10.5,0 m)
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Total displacements u_ (scaled up 20,0 times)
Maornum vadue = 013248 m (Elerment §6 at Node J18312)

Mirsmuim value = 003971 m (Eement 160 at Node 38610)

Figure 4-24 Displacement of pile wall (Plaxis 2D )

Bending moments M (scaled up 0.0100 times)
Mawrnum vatun = 1795 kN m/m (Dlemerst 87 ot Node 38317)

Mt vl = <40 46 WN mym (Eleenent 126 o Node 36471)

Figure 4-25 Bending Moment of the Pile wall supporting excavation (plaxis 2D)
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Total displacements u, (scaled up 20.0 times)
Maxmuam value « 0 06960 m (Element 41 at Node 41179)
Mrvmum valoe = 9.215°107 m (Element &4 at Noce 41226)

Figure 4-26 Maximum displacement of pile wall supporting excavation (plaxis 3D
10.5m depth)

Total displacements u, (scaled up 50.0 times)
Masormen value = 0.02290 m (Element 140 at Node 41549)
Minkmum value = 865910 m (Blement 159 at Node 41587)

Figure 4-27 Minimum displacement of pile wall supporting excavation (plaxis 3D
10.5m depth)

69



Bending moments M, (scaled up 5.00*107 times)
Naximum value = 255.3 N m (Element 41 at Node 41179)

Minimusn value = -124.8 kN m (Element 47 at Node $1192)

Figure 4-28 Bending moment distribution of pile wall (plaxis 3D)

From above figures It is evident that the pile wall's maximum predicted horizontal
deflection by plaxis 2D is 0.132m which is higher value than 0.069 obtained by plaxis
3D. Also for the piles near corner of the excavation plaxis 2D calculates same results
where plaxis 3D calculates different for each individual pile. The minimum lateral
deflection by plaxis 3D is 0.0229m. plaxis 2d computed corner pile lateral
displacement is almost six times greater than that of plaxis 3D. Similarly the maximum

bending moment calculated by 2D FEM is less than 3D FEM analysis.

Plaxis 2D calculates the maximum estimated bending moment of the pile wall to be
179.1 KNm, which is significantly greater than the 255.3 kNm computed by Plaxis 3D.
The maximum bending moment produced by Plaxis 2D analysis is 30 % less than by
Plaxis 3D. Plaxis 2D's maximum computed horizontal displacement of the pile wall is
92% greater than Plaxis 3D's. Following figure show the lateral deflection distribution
of pile wall in plaxis 2D and 3D. That is due to the 2D analysis's plain strain modeling.

It is expected in plain strain models that there will be uniform loading, uniform ground

70



conditions, and zero displacements on the side that faces the model. Additionally, the

discontinuities are disregarded and the structure is believed to be uniform.
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Figure 4-29 Comparison of displacement distribution of pile wall supporting
Excavation by 2D and 3D FEM analysis
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Figure 4-30 Bending moment distribution of pile wall supporting Excavation by 2D
and 3D FEM analysis
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Figure 4-31 Vertical settlement of the building foundation for different excavation
depths when supported with pile wall (Pile length 24m, Plaxis 2D)

From Figure 4-31 and Figure 4-32 it can be clearly seen that the vertical settlement of
building foundation computed by 2D finite element analysis is greater than that of 3D
FEM analysis result.
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Figure 4-32 Comparison of Vertical settlement of the building foundation for
different excavation depths when supported with pile wall (Pile length 24m, Plaxis
2D and Plaxis 3D)
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5 CONCLUSION AND RECOMMENDATION

The outcomes of the parametric investigation are highlighted in this chapter along with
potential justifications. The outcomes of the data analysis in this research are described,
and thus the research purpose is met, as well as the inadequacies of this research, so
that additional research can be carried out in the coming days, as research in the field

of ground improvement in our nation is uncommon.

5.1 Conclusion

This study focused on investigating the performance of a cantilever pile wall as an
excavation support system. Excessive excavation may be a major contributing element
to the excessive motions that might occur when a cantilever stage is present during
construction. To conduct the study, Finite Element Modeling (2D and 3D FEM) was
employed. A parametric analysis was carried out, considering factors such as
excavation depth, pile embedded depth, soil undrained shear strength, adjacent building

foundation type, and stress on the foundation.

According to the study's findings, the stiffness of both the soil and the pile wall affects
how the pile wall behaves. Among the three types of adjacent building foundations
analyzed, isolated footing showed the highest lateral displacement of the pile wall and
its vertical settlement. Therefore, when an isolated footing is present adjacent to the
excavation, special attention should be given to its potential impact.

The usefulness of the cantilever pile wall in minimizing the vertical settling of the
foundation of the neighboring structure was also investigated. The results demonstrated
that the cantilever pile wall significantly reduces the vertical settlement and rotation of
the footing. Additionally, according to observations, when the undrained shear strength
rises, the lateral displacement and bending moment decrease, while they increase with

higher adjacent building foundation stress.

A comparison between the analysis results obtained from 2D and 3D FEM was
performed. The analysis conducted using Plaxis 2D showed higher deformation and
bending values compared to those obtained from Plaxis 3D. Specifically, the maximum

deflection computed by Plaxis 2D was found to be 92% greater than the maximum

74



deflection calculated by Plaxis 3D, and it was six times greater than the deflection of

the corner pile in Plaxis 3D.

5.2  Recommendation

Due to time and resource constraints, various assumptions were made in order to carry
out the parametric analysis. Some of the recommendations and future studies that can
be carried out are addressed below:

The analysis was carried considering the average properties of soil, non-homogeneous
soil model may be adopted for further study.

The soil modelling was done using the Mohr-Coulomb model although the other

advance model can be used to replicate the real site condition.

Static loading has been used during the analysis. Dynamic loading may be applied to

investigate the behavior of stone column.
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