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ABSTRACT

The bearing capacity of the foundation is a primary concern in the field of foundation engineering.
Predicting ultimate bearing capacity of a footing on layered soil is very important as it is a
requirement for any design. The failure mechanism of a soil under footing and the bearing capacity
value mainly depend on soil properties of each layer and the layer thickness. It is well established
that safe bearing capacity of soil is affected by various factors such as the depth of ground water
table (GWT), soil properties, layering of soils, size and shape of the foundation, depth of
foundation etc. among many other factors. Hence most of the studies focused on homogenous soils
but in practice foundations often consist of layered soils, it is very important to consider layered
soils. In this thesis a numerical model is developed using PLAXIS. Finite element analysis is
carried out using Mohr-coulomb failure criteria to represent three dimensional soil models. For
Comparison purpose the layered soil bearing capacity has been analyzed by Meyerhof and Hana
method which is classical approach method. After that by comparing results from FEM and
classical approach the analysis has been presented. It’s found that as the thickness of upper layer
to width ratio increase the bearing capacity increase for stronger layer overlying softer layer
whereas for softer layer overlying stronger layer the bearing capacity decreases. And also as the
length to width ratio of footing increases the bearing capacity of the soil decreases. Ground water
also significantly reduces the bearing capacity of foundation. Spacing of 1.5 times the width of the

footing is also recommended as minimum value.

Key words: Bearing capacity, layered soil, Finite Element Method

Xl



CHAPTER ONE

INTRODUCTION
1.1 Background

The bearing capacity of the foundation is a primary concern in the field of foundation engineering.
The self-weight of the structure and the applied loading such as: dead load, live load, wind load
seismic load etc. should be transferred to the soil safely and economically. The load at which the
shear failure of the soil beneath the foundation occurs is called the ultimate bearing capacity of the

foundation.

In designing our foundation there are two parts: the ultimate bearing capacity of the soil under the
foundation, and the tolerable settlement that the footing can undergo without damaging the
superstructure. The ultimate bearing capacity aims in determining the load that the soil under the
foundation can handle before shear failure. The magnitude of the ultimate bearing capacity

depends on the mechanical characteristics of the soil and the physical characteristics of the footing.

Layered soil profiles are often encountered whether naturally deposited or artificially made. Within
each layer, the soil may be considered as homogeneous. The ultimate load failure surface in the
soil depends on the shear strength parameters of the soil layers such as; the thickness of the upper
layer; the shape, size and embedment of footing; and the ratio of the thickness of the upper layer
to the width of the footing. Therefore, it is important to determine the soil profile and to calculate

the bearing capacity accordingly.

Research on the ultimate bearing capacity problems can be carried out using either analytical
solutions or experimental investigations. The former could be studied through theory of plasticity
or finite element analysis, while the latter is achieved through conducting prototype, model and
full-scale tests. A satisfactory solution is found only when theoretical results agree with those
obtained experimentally.



In the literature, over the last four decades, several reports can be found dealing with the problem
of foundations resting on layered soils. At first, researchers based their studies on the results of
prototype laboratory model testing in order to develop empirical formulae to predict the ultimate
bearing capacity of these footings. Recently, theories based on finite element and numerical

analyses were presented that gave more rational solutions as compared to the previous ones.

In recent years, Finite Element Method (FEM) has been widely used in geotechnical studies to
investigate soil behavior. In practice, for bearing capacity analysis engineers are seeking less
complicated solutions to simplify computations as experimental analysis is time consuming and
commonly used solutions such as limit equilibrium are no longer applicable. Therefore, computer
programs developed based on the finite element method have been receiving much attention over

recent decades as the powerful tool for solving complex cases.

This study has developed a better understating on estimation of bearing capacity of soil in layered
soil profile. A soil data has been accessed from secondary source of data and the soil profile and
material parameters has been used as an input. The investigation tool utilized was numerical
modelling with PLAXIS 3D finite element based software. A series of 3D numerical analysis has
been conducted to analysis bearing capacity of layered soil profile. Investigation concerning the
key parameters that mainly influence the bearing capacity of soil has been addressed and discussed

in depth by a researcher through an intensive literature review based on the analyses result.
1.2 Statement of problem

Safe bearing capacity of foundation is one of the important stability problems in geotechnical

engineering, which depends upon the bearing capacity and the allowable settlement of foundation.

Finite Element Method allows modeling complicated nonlinear soil behavior through constitutive
model, various geometrics with different boundary conditions & interfaces. It can predict the
stresses, deformations and pore pressures of a specified soil profile, therefore predicting ultimate
bearing capacity of footings on layered soil is very important as it is a requirement for any design
and the failure mechanism of soil under footing and the bearing capacity value mainly depend on
soil properties of each layer and the layer thickness.



1.3 Research objectives
1.1.1 General objective
The general objective of this research is to evaluate the bearing capacity of layered soils using
finite element analysis Based software.

1.1.2 Specific objectives

» To compare the results of evaluation of bearing capacity of layered soils using PLAXIS
3D foundation (finite element analysis based software) and those from other theories based
on foundation type, geometry, and soil type.

» To conduct parametric studies.
1.4 Significance of the study

This study helps to evaluate bearing capacity shallow foundation of layered soils using finite
element analysis with Mohr- coulomb failure criteria and to compare the results of evaluation of

bearing capacity from PLAXIS and those from other theories gathered from literature.
1.5 Scope of the study

The study mainly focused on the estimation of bearing capacity of layered soil under vertical and
static loading. The analysis is extended to study the influence of key design parameters such as
soil properties, layering of soil, upper layer thickness to width ratio, spacing between two footings
and effect of ground water. The result from PLAXIS 3D code was then compared with empirical

method.



1.6 Organization of the thesis

The content of this thesis is organized in to five chapters: Chapter 1 provides general introduction
with the research objectives, scope and significance of the study. Chapter 2 outlines a full detailed
literature review of bearing capacity determination, including historical development, and previous
research works. Chapter 3 presents material parameters, soil profile adopted for modeling,
preliminary checks for sensitivity analyses. In Chapter 4 Result and Discussion regarding the
influence of key design parameters is also furnished. The last chapter, Chapter Five, discusses the
conclusions derived from this study and limitations in the analyses and recommendations for future

work.



CHAPTER TWO

LITERATURE REVIEW
2.1 General

The determination of bearing capacity of soil based on the classical earth pressure theory of
Rankine (1857) began with Pauker, a Russian military engineer (1889), and was modified by Bell
(1915). Pauker's theory was applicable only for sandy soils but the theory of Bell took into account
cohesion also. Neither theory took into account the width of the foundation. Subsequent
developments led to the modification of Bell's theory to include width of footing also (Murthy,
2007).

The methods of calculating the ultimate bearing capacity of shallow strip footings by plastic theory
developed considerably over the years since Terzaghi (1943) first proposed a method by taking
into account the weight of soil by the principle of superposition. Terzaghi extended the theory of
Prandtl (1921) (Murthy, 2007).

Prandtl developed an equation based on his study of the penetration of a long hard metal punch
into softer materials for computing the ultimate bearing capacity. He assumed the material was
weightless possessing only cohesion and friction. Taylor (1948) extended the equation of Prandtl
by taking into account the surcharge effect of the overburden soil at the foundation level. No exact
analytical solution for computing bearing capacity of footings is available at present because the
basic system of equations describing the yield problems is nonlinear. On account of these reasons,
Terzaghi (1943) first proposed a semi empirical equation for computing the ultimate bearing
capacity of strip footings by taking into account cohesion, friction and weight of soil, and replacing
the overburden pressure with an equivalent surcharge load at the base level of the foundation. This
method was for the general shear failure condition and the principle of superposition was adopted.
His work was an extension of the work of Prandtl (1921). The final form of the equation proposed
by Terzaghi is the same as the one given by Prandtl (Murthy, 2007).



2.2 Bearing capacity equations

2.2.1 Ultimate bearing capacity (Qu)

A foundation, often constructed from concrete, steel or wood, is a structure designed to transfer
loads from a superstructure to the soil underneath the superstructure. In general, foundations are
categorized into two groups, namely, shallow and deep foundations. Shallow foundations are
comprised of footings, while deep foundations include piles that are used when the soil near the
ground surface has no enough strength to stand the applied loading. The ultimate bearing capacity,

Qu,(kPa) is the load that causes the shear failure of the soil underneath and adjacent to the footing.
2.2.2 Modes of failure

There are 3 possible mode of failure depending on type of soil and foundation size and depth. The
first mode of failure is general shear failure which is usually encountered in stiff clay and dense
sand underlying shallow foundation. The general shear failure mode is accompanied by the
occurrence of a failure surface and the inability to maintain the applied pressure. As shown in
(figure 2.1 a) there is a distinctive peak in the pressure versus settlement curve shown in the figure,

which corresponds to the ultimate bearing capacity, qu.

The second mode of failure is local shear failure which is encountered in medium-stiff clay and
medium-dense sand. It is characterized by the lack of a distinct peak in the pressure versus
settlement curve as shown in (figure 2.2 b). In the case of local shear failure, determination of the
ultimate bearing capacity is usually governed by excessive foundation settlements, as indicated in
the figure. The local shear failure mode is accompanied by a progressive failure surface that may

extend to the ground surface after qu is reached (Figure 2.1 b).

The third mode of failure is punching shear failure usually occurs in loose sands and soft clays.
This type of failure is accompanied by a triangular failure surface directly under the foundation.
As in local shear failure, punching failure is also characterized by the lack of a distinctive ultimate
bearing capacity as shown in (figure 2.1 c¢). Thus, the ultimate bearing capacity in this case is taken

as the pressure corresponding to excessive foundation settlements.



(a)

(c)
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Figure 2. 2 Mode of bearing capacity failure (Vesic 1963):

shear failure, (c) punching shear failure

(a) general shear failure, (b) local



2.2.3 Bearing capacity of layered soil

Most of the theoretical analysis dealt with so far is based on the assumption that the subsoil is
isotropic and homogeneous to a considerable depth. In nature, soil is generally nonhomogeneous
with mixtures of sand, silt and clay in different proportions. In the analysis, an average profile of
such soils is normally considered. However, if soils are found in distinct layers of different
compositions and strength characteristics, the assumption of homogeneity to such soils is not

strictly valid if the failure surface cuts across boundaries of such layers (Murthy, 2007).

Geotechnical engineers often should solve problems in layered soil while the majority of existing
studies have mostly focused on homogeneous continuum. Predicting ultimate bearing capacity of
footings on layered soil is very important as it is a requirement for any design and the failure
mechanism of soil under footing and the bearing capacity value mainly depend on soil properties
of each layer and the layer thickness. Terzaghi and Peck for the first time in 1948 analyzed strip

footing behavior on sand overlaying clay which followed by many researchers.

Layered soil profiles are often encountered whether naturally deposited or artificially made. Within
each layer, the soil may be considered as homogeneous. The ultimate load failure surface in the
soil depends on the shear strength parameters of the soil layers such as; the thickness of the upper
layer; the shape, size and embedment of footing; and the ratio of the thickness of the upper layer
to the width of the footing. Therefore, it is important to determine the soil profile and to calculate
the bearing capacity accordingly.
2.2.4 Punching shear model

As proposed by Hanna and Meyerhof the punching shear model was based on assumption that the
failure plane as inverted uplift problem. Thus, at ultimate load the upper stronger soil mass having
approximately truncated pyramidal shape pushed in to the weaker soil mass. So that the ultimate

bearing capacity can be estimated as (Das, 2017);

Ksitan® n

Qu = qp +2 (TiLy CiHi/B) + XIS Hi( yiHi + 2 X327} Hiyi + 2D)— i




For rectangular footing equation 2.1 can be modified by introducing shape function Where Ksi, ,ci
and Hi are coefficients of punching shear, the value of the unit weight , the angle of internal
friction, the value of cohesion and thickness of every layer, respectively. This equation is a general

governing equation.

The soil beneath any foundation system are naturally stratified though within each layer we can
consider as homogenous as in one soil property, although the properties of adjacent soil are quite
different. If a footing is placed on stratified soil and the thickness of the upper layer beneath the
footing is quite large compared with the width of the footing, usually 2 times the width, then
realistic estimate of ultimate bearing capacity van be determined using conventional bearing
capacity theory based on the property of the upper layer. Note that there will not be many cases of
a two- (or three-) layer cohesive soil with clearly delineated strata. Usually the clay gradually
transitions from a hard, over consolidated surface layer to a softer one; however, exceptions may
be found, primarily in glacial deposits. In these cases, it is a common practice to treat the situation
as a single layer with a worst-case su value. An increase in shear strength with depth could be
approximated by addition of "soils" with the same ¢ and Y properties but increased cohesion
strength. Footings in Anisotropic soil usually occurs in cohesive soils where the undrained vertical

shear strength Suis different (usually larger) from the horizontal shear strength. This is a frequent

occurrence in cohesive field deposits but also is found in cohesion less deposits.

A possible alternative for ¢-c soils with a number of thin layers is to use average values of ¢ and

¢ in the bearing capacity equations.

C1H{ +C1H{ +C{H{ +--+C{H
Cop =122 12; L T PPROPTRPRN equa2.2
i

—q tan@Hq + tang,H, + tanpzHyz+:-+ tangpyHy
Y Hj

Where Ci = cohesion in stratum of thickness Hi; ¢ may be 0

D,y = tan

$= angle of internal friction in stratum of thickness Hi; ¢ may be 0



There are many methods to solve bearing capacity problems the most common of them are limit
equilibrium method, limit analysis method, semi-empirical approach and finite element method.
In recent decades the finite element method has been getting a lot of attention in solving
geotechnical problems by many researchers. In practice engineers are giving priorities to less
complicated solutions to simplify computation as experimental analysis are time consuming and
commonly used limit equilibrium methods are becoming less applicable. Therefore, computer
programs developed based on the finite element method have been receiving much attention over
recent decades as the powerful tool for solving complex cases. Hence, the application of FEM to

evaluate bearing capacity evaluation of a footing on a layered soil is the objective of this study.
2.3 Numerical limit analysis models

Finite element formulation of the upper bound theorem and lower bound theorem are briefly
described here. The lower bound limit theorem states that if any equilibrium state of stress can be
found which balances the applied loads and satisfies the yield criterion as well as the stress
boundary conditions, then the body will not collapse. Stress fields that satisfy these requirements,
and thus give lower bounds, are said to be statically admissible. The key idea behind the lower
bound analysis applied here is to model the stress field using finite elements and use the static
admissibility constraints to express the unknown collapse load as a solution to a mathematical
programming problem. For linear elements, the equilibrium and stress boundary conditions give
rise to linear equality constraints on the nodal stresses, and the yield condition, which requires all
stress points to lie inside or on the yield surface, gives rise to a nonlinear inequality constraint on
each set of nodal stresses. The objective function, which is to be maximized, corresponds to the
collapse load and is a function of the unknown stresses. For linear elements, this function is also
linear. After all the element coefficients are assembled, the final optimization problem is thus one
with a linear objective function, linear equality constraints, and nonlinear inequality constraints

(J.S. Shiau, Bearing capacity of a sand layer on clay by finite element limit analysis, 2003).
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The proposed lower bound formulation handles both two- and three-dimensional stress fields and,
in the former case, employs the linear elements. Note that it incorporates statically admissible
stress discontinuities at all inter element boundaries and special extension elements for completing
the stress field in an unbounded domain. Unlike displacement finite element meshes, each node is
unique to a single element and several nodes may share the same coordinates. Although the stress
discontinuities increase the total number of variables for a fixed mesh, they also introduce extra
“degrees of freedom” in the stress field, thus improving the accuracy of the solution. Along a given
discontinuity the normal and shear stresses must be continuous, but the tangential normal stress

may be discontinuous.

The upper bound theorem can be formulated in terms of finite elements by adopting a similar
approach to that just described for the static case. This theorem states that the power dissipated by
any kinematically admissible velocity field can be equated to the power dissipated by the external
loads to give a rigorous upper bound on the true limit load. A kinematically admissible velocity
field is one that satisfies compatibility, the flow rule, and the velocity boundary conditions. In a
finite element formulation of the upper bound theorem, the velocity field is modelled using
appropriate variables, and the optimum (minimum) internal power dissipation is obtained as the
solution to a mathematical programming problem (J.S. Shiau, Bearing capacity of a sand layer on

clay by finite element limit analysis, 2003).
2.4 Basics of Finite Element Analysis

Finite element analysis is a method of solving continuous problems governed by differential
equations by dividing the continuum into a finite number of parts (elements), which are specified

by a finite number of parameters (O.C. Zienkiewicz, 2005)

A problem is solved by dividing the larger geometry into small elements, which are interconnected
with nodes. Each element is assigned an element property. In solid mechanics, the properties
include stiffness characteristics for each element. This force displacement relationship is expressed
as the element stiffness matrix, the nodal displacement vector of the element and in the nodal force

vector.
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In classical methods exact equations are formed and exact solutions are obtained where
as in finite element analysis exact equations are formed but approximate solutions are
obtained. Solutions have been obtained for few standard cases by classical methods, whereas
solutions can be obtained for all problems by finite element analysis. In case where complex
problems are faced such shape, boundary conditions, and loading the classic approach makes a
drastic assumptions whereas the finite element method considers the problem as it is. When
material property is not isotropic, solutions for the problems become very difficult
in classical method. Only few simple cases have been tried successfully by researchers.

FEM can handle structures with anisotropic properties also without any difficulty. If structure
consists of more than one material, it is difficult to wuse classical method, but

finite element can be used without any difficulty.
2.5 Modeling using PLAXIS 3D FOUNDATION

PLAXIS 3D FOUNADATION is a three-dimensional finite element program especially developed
for the analysis of foundation structures. It combines simple graphical input procedures, which
allows the user to automatically generate complex finite element models, with advanced output

facilities and robust calculation procedures.

PLAXIS 3D FOUNDATION program consists of four basic components, namely Input,
Calculation, Output and Curves. In the Input program the boundary conditions, problem
geometry with appropriate material properties are defined. The problem geometry is the
representation of a real three-dimensional problem and it is defined by work-planes and
boreholes. The model includes an idealized soil profile, structural objects, construction stages
and loading. The model should be large enough so that the boundaries do not influence the
results. Boreholes are points in the geometry model that define the idealized soil layers and the
groundwater table at that point. Multiple boreholes are used to define the variable soil profile of
the project. During 3D mesh generation soil layers are interpolated between the boreholes so that

the boundaries between the soil layers coincide with the boundaries of the elements.
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Work planes are horizontal planes with different y-coordinates that show the top view of the
model geometry. They are used to draw, activate and deactivate the structural elements and
loads. Each work plane holds the same geometry lines but vertical distance between them may
vary. Within work-planes, points, lines and clusters are used to describe a 2D geometry mode.
After the creation of 2D geometry model in a work-plane, a 2D finite element mesh is
automatically generated based on the composition of the clusters and lines in 2D geometry
model. 2D finite element mesh is composed of 6-nodes triangles. However, the 3D finite element
mesh is the extension of 2D mesh into the third dimension and it is generated after generating 2D
mesh. The 2D mesh generation in the program is fully automatic while 3D mesh generation is
semi-automatic. Mesh dimensions should be appropriately defined, to prevent the effects of
boundary conditions. The 2D mesh should be constructed before proceeding to the 3D mesh

extension.

3D finite element mesh is composed of elements, nodes and stress points. While generating the
mesh, the geometry is divided into 15-node wedge elements. These elements are composed of
the 6-node triangular faces in x-z direction and 8-node quadrilateral faces in y-direction. In
addition to the volume elements, which are generally used to model the soil, compatible 3-node
line elements, 6-node plate elements and 16- node interface elements may be generated to model
structural behavior and soil-structure interaction respectively. The wedge elements as used in the
3D Foundation program consist of 15 nodes. Joining elements are connected through their
common nodes. During a finite element analysis, displacement values are calculated at the nodes
and a specific node can be selected before calculation steps in order to generate the load
displacement curves. On the contrary, stresses and strains are calculated at individual stress points

(Gaussian integration points) rather than at the nodes.
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After defining the model geometry and generation of 3D mesh, initial stresses are applied by
using either KO-procedure or gravity loading. The initial stresses in the soil are affected by the
weight of the soil and history of the soil formation. Stress state is characterized by vertical and
horizontal stresses. Initial vertical stress depends on the weight of the soil and pore pressures;
whereas initial horizontal stresses are related to the vertical stresses multiplied by the coefficient
of lateral earth pressure at rest. The KO-procedure may only be used for horizontally layered
geometrics with a horizontal ground surface and, if applicable, a horizontal phreatic level. In the
present study the KO-procedure has been used.

As in all PLAXIS programs the 3D Foundation program has convenient procedures for
automatic load stepping and for the activation and deactivation of loads and parts of the

geometry (Staged Construction).

Staged construction is a very useful type of loading input. In this special PLAXIS feature it is
possible to change the geometry and load configuration by deactivating or reactivating loads,
volume elements or structural objects as created in the geometry input. Staged construction
provides an accurate and realistic simulation of the various loading, construction and excavation
processes. This option can also be used to reassign material data sets to clusters or structural

elements.

As mentioned above the construction stages are defined by activating or deactivating the
structural elements or soil clusters in the work-planes and a simulation of the construction

process can be achieved.

In every construction step, the material Properties, geometry of the model, loading condition and
the ground water level can be redefined. During the calculations in each construction step, a
multiplier that controls the staged construction process (XMstage) generally starts at zero and is
expected to reach the ultimate level of 1.0 at the end of the calculation phase (PLAXIS 3D
FOUNDATION Reference Manual).
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2.6 Review on some related literature

Button (1953) analyzed bearing capacity of strip footing underlying two layers of clay soil. He
assumed that the cohesive soils in both layers are consolidated approximately to the same degree.
In order to determine the ultimate bearing capacity of the foundation, he assumed that the failure
surface at the ultimate load is cylindrical, where the curve lies at the edge of the footing. The
bearing capacity factor used depends on the upper soil layer and on the ratio of the cohesions of

the lower/upper clay layers.

Reddy and Srinivasan (1967) extended the work of button to include the effect of non-homogeneity
and anisotropy of the soil with respect of shear strength. The basic assumption in determining
bearing capacity are: the failure surface is cylindrical, the coefficient of anisotropy is the same at
all point in the soil medium, the soil in each layer is either homogenous with respect to shear

strength or varies linearly with depth with respect to shear strength

Brown and Meyerhof (1969) investigated foundations resting on stiff clay layer overlying soft clay
layer deposit and soft clay layer overlying stiff clay layer. They assumed that the soil fails by
punching through the top layer in the first case and with full development of bearing capacity in
the second case. From the obtained experimental result using empirical relations equations and
charts were developed giving appropriate bearing capacity factors. But these results are essentially

experimental and therefore strongly affected by characteristics of clay tested.

The purpose of their research is to present a result of series of model footing test carried out on
two-layered clay soils, and the models have many limitations. First, they are limited to one type of
clay though their strength was varied, and the deformation properties remains constant. Secondly,
studies was limited to surface loading only using rigid strip and circular footing with rough base.

Thirdly, all studies were made in terms of undrained condition using ¢ = 0 analysis.

They also conducted a series of footing tests on homogeneous clay. And found that failure patterns
beneath the footing is function of the physical modes of rupture of the clay, which is strongly
dependent on the structure of the clay. The failure mechanism of the structure of the clay is not
adequately defined by the conventional Mohr-coulomb concept of cohesion and friction.
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Meyerhof (1974) investigated the case of sand layer overlying clay: dense sand on soft clay and
loose sand on stiff clay. The analyses of different modes of failure were compared with the results
of model test results on circular and strip footings and field data (MEYERHOF G. G., 1974).

In the case of dense sand overlying a soft clay deposit, the failure mechanism was assumed as an
approximately truncated pyramidal shape, pushed into the clay so that, in the case of general shear
failure, the friction angle ¢ of the sand and the undrained cohesion ¢ of the clay are mobilized in
the combined failure zones. Based on this theory, semi-empirical formulae were developed to
calculate the bearing capacity of strip, and circular footings resting on dense sand overlying soft
clay. He conducted model tests on strip and circular footings on the surface and at shallow depths
in the dense sand layer overlying clay. The results of these tests, and the field observations were

found to agree with the theory developed.

In the case of loose sand on stiff clay, the sand mass beneath the footing failed laterally by
sgueezing at an ultimate load. Formulae for the ultimate bearing capacity of strip and circular
footings were developed. Model tests were carried out on strip and circular footings, and the results

also agreed with the theory developed.

Theory and test results showed that the influence of the sand layer thickness beneath the footing
depends mainly on the bearing capacity ratio of the clay to the sand, the friction angle @) of the

sand, the shape and depth of the foundation.

This paper is limited to vertically loaded footings, and does not include eccentric or inclined loads,
it is also limited to sand over clay, and has no solution for clay over sand. In the case of dense sand
on soft clay, the theory considers simultaneous failure of the sand layer by punching, and general

shear failure in the clay layer, which is not always the case

Meyerhof and Hanna (1978) considered the case of strong layer overlying weak layer and weak
layer overlaying strong layer. The analysis of different failure mode were compared with the
results of model tests of strip and circular footing on layered sand and clay. They developed
theories to predict the bearing capacity of layered soil under vertical loading and inclined loading
conditions (A. M. HANNA, 1978).
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In case of strong layer overlaying weak layer, considering the failure as inverted uplift problem,
an approximate theory of ultimate bearing capacity was developed, at failure, a soil mass, roughly
shaped like a truncated pyramid, of the upper layer is pushed into the underlying deposit in the
approximate direction of the applied load. The forces developed on the actual punching failure
surface in the upper layer are the total adhesion force and a total passive earth pressure inclined at
an average angle ¢ acting upwards on an assumed plane inclined at an angle a to the vertical. The
analysis for strip footings was extended to circular and rectangular footings, and approximate
formulae for the bearing capacity of strip, rectangular, and circular footings were developed, taking
into consideration the case of eccentric and inclined loading as well. Model tests on rough strip
and circular footings under central inclined loads at varying angles a were made on the surface
and at shallow depth in different cases of two layered soils of sand and clay, where good agreement

was found between the theoretical and experimental results.

In the case of a weak layer overlying a strong deposit, considering that the weak soil mass beneath
the footing may fail laterally by squeezing, which is the same theory as from the previous paper
developed the theory of the ultimate bearing capacity. The bearing capacity can be estimated by
the approximate semi-empirical formula. Model tests were also carried out on strip and circular
footings under vertical and inclined loads, and the results of the tests were compared to the
theoretical ones. The authors concluded that the ultimate bearing capacity of footings on a dense
layer overlying a weak layer can be expressed by inclination factors in conjunction with punching
shear coefficients, which depend on the shear strength parameters and bearing capacity ratio of the

layers under vertical loads.

This paper is a development of the previous theory (Meyerhof 1974), taking into consideration all
possible cases of two different layers of subsoil, and also including the effect of inclined and
eccentric loading on the ultimate bearing capacity of strip, rectangular, and circular footings. This
theory and the failure mechanism considered are approximations of the real failure mechanism,
which depends on many factors. They also observed that when the foundations are subjected to
inclined loads the influence of non-uniformity, including anisotropy of the soil became more

important than under vertical loads
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Hanna and Meyerhof (1979) extended their previous theory of bearing capacity of two layered soil
in to three layered soil. Their analysis was well compared with the test results of strip and circular
footing on three layered soil. Only one case was considered in this paper, that for footings subjected
to vertical loads and resting on subsoil consisting of two strong layers overlying a weak deposit
(Meyerhof, 1979).

The same theoretical failure mechanism was assumed by considering a soil mass of the upper two
layers is pushed into the lower layer, and the same forces acting on the failure surface was assumed
as well. Formulas and charts were developed and can be used in designing foundations having the
same conditions. Model tests on rough strip and circular footings under central vertical loads were
made on the surface of three-layer sand consisting of two dense upper layers and a loose lower
one. By comparing the results of the model tests with the results of the punching theory, good
agreement was found. Briefly, this paper is an extension of the previous theory in order to include
the case of the three-layer soil. But, it is restricted to only one case of three-layer soil, and it needs

more development to include all possible cases of three-layer soils

Hanna and Meyerhof (1980) extended their previous work to cover the case of were dense sand
deposit overlying soft clay deposit and presents their result in the form of design chart. It is a kind
of revision of the assumptions previously used in the punching theory of the previous papers in
order to reduce their effects on the analysis (MEYERHOF A. M., 1980).

Thus, in the previous theory of punching, the bearing capacity formula depends to a large extent
on the value of the average mobilized angle of shearing resistance 3 on the assumed failure planes,

which was previously estimated as 2%/3. The exact value of & is difficult to calculate, and
approximate value will affect the results of the calculation of the bearing capacity. However, these

difficulties may be overcome by expressing the angle 3 in the dimensionless form (3/21), where

¢1 is the friction angle of the upper sand layer. The design charts presented in this paper, together

with the punching theory previously developed by the authors, can be utilized to predict the
ultimate bearing capacity of footings on a dense sand layer overlying a soft clay deposit. These
charts give more accurate results than the previous formulas and charts, but still estimation of the
real bearing capacity since they are based on experimental results, the properties of sand and clay

and the method used to model the tests can affect the charts and therefore the results.
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Hanna and Meyerhof (1981) investigated experimentally the ultimate bearing capacity of footing
subjected to axially inclined loads by conducting model tests on circular and strip footing on
homogeneous sand and clay. The results were analyzed to determine the inclination factors, depth
factors and the shape factors incorporated in the general bearing capacity equation for shallow
foundations. These values were compared with the recommended values given in the Canadian
Foundation Engineering Manual. The values of these factors given in the manual agree reasonably
well with the experimental ones, except for the depth and shape factors, for which the theoretical
values are on the conservative side when applied to inclined loads (G. G. MEYERHOF, 1981)

Hanna (1987) investigated the ultimate bearing capacity of strip footing in homogenous and
layered sand soil experimentally on model strip footing and using finite element model using
nonlinear stress-strain relationship to simulate testing conditions. The result obtained from the
finite element model are in good agreement with the corresponding experimental values. The
investigation was only limited to sand and their theoretical model was used to generate data for

the purpose of comparison with existing theories (HANNA, 1987).

J. S. Shiau, A. V. Lyamin, and S. W. Sloan (2003) investigated ultimate bearing capacity of strip
footing resting on sand layer over clay using rigorous plasticity solution. They use advanced upper
and lower bound theorem to determine the ultimate bearing capacity. In their study the assumed
the soil layer obeys an associated flow rule and range of parameters including depth of sand layer
with width ratio (D/B), friction angle of sand, the undreained shear strength of clay, and the effect
of surcharge are considered in their study. Their study compares these solutions obtained by lower
and upper bound theories with other published results (J.S. Shiau, Bearing capacity of a sand layer

on clay by finite element limit analysis, 2003).

ZENON SZYPCIO, KATARZYNA DOLZYK (2006) investigated ultimate bearing capacity of
strip and square footing resting strong layer overlying weak layer and weak layer overlying strong
layer. They uses finite element based software PLAXIS version 8 to analyze the ultimate bearing
capacity and compared with various methods (ZENON SZYPCIO, 2006).
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Vipin Chandra Joshi, Rakesh Kumar Dutta, and Rajnish Shrivastava (2015) investigated ultimate

bearing capacity of circular footing on layered soil. They use punching shear failure mechanism

followed bay projected area approach and presents theoretical equation for ultimate bearing

capacity. The proposed bearing capacity equation has been derived as a function of upper and

lower layer properties. Wide range of parametric study including Non-Dimensional parameter (c/

v1 D’), the friction angle of the sand layer (¢), Mobilised angle of shearing resistance (3), Load

spread angle (o) in sand layer, Non-Dimensional parameter (H/D’) were carried out. The results

of the parametric study were compared with the available equations in literature for the circular

footing. Further, the results were validated with the experimental results reported in literature by
other investigator (Vipin Chandra Joshi 1, 2015).

Table 2. 1Summary of review on some related literature

year

Authors

Authors findings

1953

Button

Analyzed bearing capacity of strip footing underlying two
layers of clay soil. The bearing capacity factor used depends
on the upper soil layer and on the ratio of the cohesions of

the lower/upper clay layers.

1967

Reddy and Srinivasan

Extended the work of button to include the effect of non-
homogeneity and anisotropy of the soil with respect of shear
strength.

1969

Brown and Meyerhof

Investigated foundations resting on stiff clay layer overlying
soft clay layer deposit and soft clay layer overlying stiff clay
layer. From the obtained experimental result using empirical
relations equations and charts were developed giving

appropriate bearing capacity factors.

1974

Meyerhof

Investigated the case of sand layer overlying clay: dense
sand on soft clay and loose sand on stiff clay. Based on this

theory, semi-empirical formulae were developed to
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calculate the bearing capacity of strip, and circular footings
resting on dense sand overlying soft clay and also loose sand
overlying stiff clay

1978 Meyerhof and Hanna Considered the case of strong layer overlying weak layer
and weak layer overlaying strong layer. They developed
theories to predict the bearing capacity of layered soil under

vertical loading and inclined loading conditions.

1979 Hanna and Meyerhof Extended their previous theory of bearing capacity of two
layered soil in to three layered soil. Formulas and charts
were developed and can be used in designing foundations

having the same conditions.

1980 Hanna and Meyerhof Extended their previous work to cover the case of were
dense sand deposit overlying soft clay deposit and presents

their result in the form of design chart.

1981 Hanna and Meyerhof investigated experimentally the ultimate bearing capacity of
footing subjected to axially inclined loads by conducting
model tests on circular and strip footing on homogeneous
sand and clay The results were analyzed to determine the
inclination factors, depth factors and the shape factors
incorporated in the general bearing capacity equation for
shallow foundations.

1987 Hanna Investigated the ultimate bearing capacity of strip footing in
homogenous and layered sand soil experimentally on model
strip footing and using finite element model using nonlinear
stress-strain relationship to simulate testing conditions. The
result obtained from the finite element model are in good

agreement with the corresponding experimental values.

2003 J. S. Shiau, A. V. Investigated ultimate bearing capacity of strip footing
Lyamin, and S. W. resting on sand layer over clay using rigorous plasticity
Sloan solution.
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2006

ZENON SZYPCIO,
KATARZYNA
DOLZYK

Investigated ultimate bearing capacity of strip and square
footing resting strong layer overlying weak layer and weak
layer overlying strong layer. They uses finite element based
software PLAXIS version 8 to analyze the ultimate bearing

capacity and compared with various methods

2015

Vipin Chandra Joshi,
Rakesh Kumar Dultta,
and Rajnish

Shrivastava

Investigated ultimate bearing capacity of circular footing on
layered soil. They use punching shear failure mechanism
followed bay projected area approach and presents

theoretical equation for ultimate bearing capacity.
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CHAPTER THREE

NUMERICAL MODELING

3.1 Introduction
In this chapter numerical modeling of different foundation type are modeled in layered soil
profile. The soil parameter used in the analysis of bearing capacity are incorporated from
reference material.
In the analysis vertical loading is only considered for the rectangular footing used for analysis
and for the given load three type of soil layers were considered. In order to have good modeling
it is necessary to carry out preliminary check that is sensitivity analysis such as mesh geometry,

distance to the boundary to ensure the accuracy of numerical modeling.

3.2 Soil property
The soil property used in the analysis are obtained from reference material and an average values
were taken and modeled using Mohr-Columb (MC) constitutive relation.

Table 3. 1 Soil parameter used for modeling taken from Joseph E. Bowles ‘‘foundation analysis
and design fifth edition”

Parameter Symbol | Unit Soil type
Soil type Dense Loose Stiff clay Soft clay
sand sand
Model utilized | Model Mohr Mohr Mohr Mohr columb
columb columb columb
yunsat | KN/ 20 12 18 16
Soil unit weight m3
ysat KN/ 22 14 20 19
m3
Young modulus | Eref. KN/ 81000 10000 75000 5000
m2
Poisson’s ratio A% - 0.5 0.25 0.3 04
Cohesion Cref. KN/ 1 1 200 15
m2
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Friction an

gle ¢

40

30

Diltancy angle

v

0

Note: the soil parameter are taken from Bowles.

Table 3. 2 Structural parameter from Joseph E.

Bowles “foundation analysis and design fifth

edition”
Footing Footing L/B Thickness | Density | Modulus | Poisson’s | Shear
type dimension | ratio d(m) of of Ratio. v | Modulus,
material | elasticity G
Y E (N/m2) ( N/m2)
(KN/m2)
Square 2m x2m 1 0.4 24 30000000 | 0.2 12500000
Rectangular | 2m x3m 15 0.4 24 30000000 | 0.2 12500000
Rectangular | 2m x4m | 2 0.4 24 30000000 | 0.2 12500000
3.3 Geometric model
The soil stratum for the structural system are listed below
Case 1 Case 2 Case 3
Layers | Soil type Layers | Soil type Layers Soil type
Layer 1 | Dense sand Layer 1 | Loose sand Layer 1 Dense sand
Layer 2 | Soft clay Layer 2 | Dense sand Layer 2 Stiff clay
Layer 3 Soft clay

Table 3. 3 Models used in PLAXIS 3D foundation for bearing capacity analysis

Consideration
Model spacing between of Effect of
No Soil type used H/B L/B footing ground water
1 Dense sand/ soft clay 0.5 1 B No
1b Dense sand/ soft clay 0.5 1 B Yes
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2 Dense sand/ soft clay 1 1 B No
2b Dense sand/ soft clay 1 1 B Yes

3 Dense sand/ soft clay 2 1 B No
3b Dense sand/ soft clay 2 1 B Yes

4 Dense sand/ soft clay 0.5 1.5 B No
4b Dense sand/ soft clay 0.5 1.5 B Yes

5 Dense sand/ soft clay 1 1.5 B No
5b Dense sand/ soft clay 1 1.5 B Yes

6 Dense sand/ soft clay 2 1.5 B No
6b Dense sand/ soft clay 2 1.5 B Yes

7 Dense sand/ soft clay 0.5 2 B No
7b Dense sand/ soft clay 0.5 2 B Yes

8 Dense sand/ soft clay 1 2 B No
8b Dense sand/ soft clay 1 2 B Yes

9 Dense sand/ soft clay 2 2 B No
9b Dense sand/ soft clay 2 2 B Yes
10 Dense sand/ soft clay 0.5 1 1.5B No
10b Dense sand/ soft clay 0.5 1 1.5B Yes
11 Dense sand/ soft clay 1 1 1.5B No
11b Dense sand/ soft clay 1 1 1.5B Yes
12 Dense sand/ soft clay 2 1 1.5B No
12b Dense sand/ soft clay 2 1 1.5B Yes
13 Dense sand/ soft clay 0.5 1.5 1.5B No
13b Dense sand/ soft clay 0.5 1.5 1.5B Yes
14 Dense sand/ soft clay 1 1.5 1.5B No
14b Dense sand/ soft clay 1 1.5 1.5B Yes
15 Dense sand/ soft clay 2 1.5 1.5B No
15b Dense sand/ soft clay 2 1.5 1.5B Yes
16 Dense sand/ soft clay 0.5 2 1.5B No
16b Dense sand/ soft clay 0.5 2 1.5B Yes

N
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17 Dense sand/ soft clay 1 2 1.5B No
17b Dense sand/ soft clay 1 2 1.5B Yes
18 Dense sand/ soft clay 2 2 1.5B No
18b Dense sand/ soft clay 2 2 1.5B Yes
19 Dense sand/ soft clay 0.5 1 2B No
19b Dense sand/ soft clay 0.5 1 2B Yes
20 Dense sand/ soft clay 1 1 2B No
20b Dense sand/ soft clay 1 1 2B Yes
21 Dense sand/ soft clay 2 1 2B No
21b Dense sand/ soft clay 2 1 2B Yes
22 Dense sand/ soft clay 0.5 1.5 2B No
22b Dense sand/ soft clay 0.5 1.5 2B Yes
23 Dense sand/ soft clay 1 1.5 2B No
23b Dense sand/ soft clay 1 1.5 2B Yes
24 Dense sand/ soft clay 2 1.5 2B No
24b Dense sand/ soft clay 2 1.5 2B Yes
25 Dense sand/ soft clay 0.5 2 2B No
25b Dense sand/ soft clay 0.5 2 2B Yes
26 Dense sand/ soft clay 1 2 2B No
26b Dense sand/ soft clay 1 2 2B Yes
27 Dense sand/ soft clay 2 2 2B No
27b Dense sand/ soft clay 2 2 2B Yes
28 Loose sand/dense sand 0.5 1 B No
28b Loose sand/dense sand 0.5 1 B Yes
29 Loose sand/dense sand 1 1 B No
29b Loose sand/dense sand 1 1 B Yes
30 Loose sand/dense sand 2 1 B No
30b Loose sand/dense sand 2 1 B Yes
31 Loose sand/dense sand 0.5 1.5 B No
31b Loose sand/dense sand 0.5 1.5 B Yes

N
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32 Loose sand/dense sand 1 1.5 B No
32b Loose sand/dense sand 1 1.5 B Yes
33 Loose sand/dense sand 2 1.5 B No
33b Loose sand/dense sand 2 1.5 B Yes
34 Loose sand/dense sand 0.5 2 B No
34b Loose sand/dense sand 0.5 2 B Yes
35 Loose sand/dense sand 1 2 B No
35b Loose sand/dense sand 1 2 B Yes
36 Loose sand/dense sand 2 2 B No
36b Loose sand/dense sand 2 2 B Yes
37 Loose sand/dense sand 0.5 1 1.5B No
37b Loose sand/dense sand 0.5 1 1.5B Yes
38 Loose sand/dense sand 1 1 1.5B No
38b Loose sand/dense sand 1 1 1.5B Yes
39 Loose sand/dense sand 2 1 1.5B No
39b Loose sand/dense sand 2 1 1.5B Yes
40 Loose sand/dense sand 0.5 1.5 1.5B No
40b Loose sand/dense sand 0.5 1.5 1.5B Yes
41 Loose sand/dense sand 1 1.5 1.5B No
41b Loose sand/dense sand 1 1.5 1.5B Yes
42 Loose sand/dense sand 2 1.5 1.5B No
42b Loose sand/dense sand 2 1.5 1.5B Yes
43 Loose sand/dense sand 0.5 2 1.5B No
43b Loose sand/dense sand 0.5 2 1.5B Yes
44 Loose sand/dense sand 1 2 1.5B No
44b Loose sand/dense sand 1 2 1.5B Yes
45 Loose sand/dense sand 2 2 1.5B No
45b Loose sand/dense sand 2 2 1.5B Yes
46 Loose sand/dense sand 0.5 1 2B No
46b Loose sand/dense sand 0.5 1 2B Yes

N
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47 Loose sand/dense sand 1 1 2B No
47b Loose sand/dense sand 1 1 2B Yes
48 Loose sand/dense sand 2 1 2B No
48b Loose sand/dense sand 2 1 2B Yes
49 Loose sand/dense sand 0.5 15 2B No
49h Loose sand/dense sand 0.5 15 2B Yes
50 Loose sand/dense sand 1 15 2B No
50b Loose sand/dense sand 1 15 2B Yes
51 Loose sand/dense sand 2 15 2B No
51b Loose sand/dense sand 2 15 2B Yes
52 Loose sand/dense sand 0.5 2 2B No
52b Loose sand/dense sand 0.5 2 2B Yes
53 Loose sand/dense sand 1 2 2B No
53b Loose sand/dense sand 1 2 2B Yes
54 Loose sand/dense sand 2 2 2B No
54b Loose sand/dense sand 2 2 2B Yes
Consideration
Model H1/B, spacing between of Effect of
No soil type used H2/B L/B footing ground water
dense sand/stiff clay/soft
55 clay 0.5,0.5 1 B No
dense sand/stiff clay/soft
55b clay 0.5,0.5 1 B Yes
dense sand/stiff clay/soft
56 clay 1,05 1 B No
dense sand/stiff clay/soft
56b clay 1,05 1 B Yes
dense sand/stiff clay/soft
57 clay 1,1 1 B No
dense sand/stiff clay/soft
57b clay 1,1 1 B Yes
dense sand/stiff clay/soft
58 clay 0.5,0.5 1.5 B No
dense sand/stiff clay/soft
58b clay 0.5,0.5 1.5 B Yes
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dense sand/stiff clay/soft

59 clay 1,05 1.5 B No
dense sand/stiff clay/soft

59b clay 1,05 1.5 B Yes
dense sand/stiff clay/soft

60 clay 1,1 1.5 B No
dense sand/stiff clay/soft

60b clay 1,1 1.5 B Yes
dense sand/stiff clay/soft

61 clay 0.5,0.5 2 B No
dense sand/stiff clay/soft

61b clay 0.5,05 2 B Yes
dense sand/stiff clay/soft

62 clay 1,05 2 B No
dense sand/stiff clay/soft

62b clay 1,05 2 B Yes
dense sand/stiff clay/soft

63 clay 1,1 2 B No
dense sand/stiff clay/soft

63b clay 1,1 2 B Yes
dense sand/stiff clay/soft

64 clay 0.5,05 1 1.5B No
dense sand/stiff clay/soft

64b clay 0.5,0.5 1 1.5B Yes
dense sand/stiff clay/soft

65 clay 1,05 1 1.5B No
dense sand/stiff clay/soft

65b clay 1,05 1 1.5B Yes
dense sand/stiff clay/soft

66 clay 1,1 1 1.5B No
dense sand/stiff clay/soft

66b clay 1,1 1 1.5B Yes
dense sand/stiff clay/soft

67 clay 0.5,0.5 1.5 1.5B No
dense sand/stiff clay/soft

67b clay 0.5,0.5 1.5 1.5B Yes
dense sand/stiff clay/soft

68 clay 1,05 1.5 1.5B No
dense sand/stiff clay/soft

68b clay 1,05 1.5 1.5B Yes
dense sand/stiff clay/soft

69 clay 1,1 1.5 1.5B No
dense sand/stiff clay/soft

69b clay 1,1 1.5 1.5B Yes
dense sand/stiff clay/soft

70 clay 0.5,0.5 2 1.5B No
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dense sand/stiff clay/soft

70b clay 0.5,0.5 2 1.5B Yes
dense sand/stiff clay/soft

71 clay 1,05 2 1.5B No
dense sand/stiff clay/soft

71b clay 1,05 2 1.5B Yes
dense sand/stiff clay/soft

72 clay 1,1 2 1.5B No
dense sand/stiff clay/soft

72b clay 1,1 2 1.5B Yes
dense sand/stiff clay/soft

73 clay 0.5,0.5 1 2B No
dense sand/stiff clay/soft

73b clay 0.5,0.5 1 2B Yes
dense sand/stiff clay/soft

74 clay 1,05 1 2B No
dense sand/stiff clay/soft

74b clay 1,05 1 2B Yes
dense sand/stiff clay/soft

75 clay 1,1 1 2B No
dense sand/stiff clay/soft

75b clay 1,1 1 2B Yes
dense sand/stiff clay/soft

76 clay 0.5,05 1.5 2B No
dense sand/stiff clay/soft

76b clay 0.5,0.5 1.5 2B Yes
dense sand/stiff clay/soft

77 clay 1,05 1.5 2B No
dense sand/stiff clay/soft

77b clay 1,05 1.5 2B Yes
dense sand/stiff clay/soft

78 clay 1,1 1.5 2B No
dense sand/stiff clay/soft

78b clay 1,1 15 2B Yes
dense sand/stiff clay/soft

79 clay 0.5,0.5 2 2B No
dense sand/stiff clay/soft

79b clay 0.5,0.5 2 2B Yes
dense sand/stiff clay/soft

80 clay 1,05 2 2B No
dense sand/stiff clay/soft

80b clay 1,05 2 2B Yes
dense sand/stiff clay/soft

81 clay 1,1 2 2B No
dense sand/stiff clay/soft

81b clay 1,1 2 2B Yes
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3.4. Preliminary check to ensure the accuracy of models used in numerical analysis

The accuracy of the finite element model depends not only on the level of sophistication of the
material model, but also on the boundary condition of the domain, on the number and type of the

elements in to which the domain is discretized and other modeling issues
3.4.1. Influence of distance to the boundary

External boundaries are an artificial representative of real forces, extensions and conditions that
define the solution of a finite element model. It is not possible to include real natural extension of
a mass of soil or some events applied on it, so finite element code (PLAXIS 3D Foundation)
enables the user to substitute the reaction of these extensions and events as a restraint,
displacements and forces at the boundary. Consequently, the user can quantify these effects and
assign them to the studied model with minimum effect on the accuracy of this model. Positions of
boundary restraints can significantly affect finite element simulation results. Since the generated
reaction forces and displacement in these boundaries can influence the impact of the applied forces
on the zones of interest. So to avoid any restriction that reflected on the accuracy of the finite
element model, a user should select the location of this boundaries to be sufficient distant from
any zone of interest, but at the same time the user should consider them not to be exceedingly far,
costing more time in the analyzing process

Practically the sensitivity analysis was carried out on the model for only the side boundary. Bottom
boundary is already considered as a natural boundary as it was stiff enough at 8m deep. The
location of distance to the boundary from the footing center ranged from 2B-12B.

The sensitivity analysis was conducted on a selected two 2m square footing with 4m spacing
between footings. The vertical displacement (uy) was measured at the points A, B, C, D, E, F, G,
and H. Point A and B are at the point of load application of footing 1 and 2 respectively, C, D are
at the base of the footing 1 and 2 respectively, E and F are 1m below the base of the footing 1 and
2, and G and H are points 2m below the base of footing 1 and 2 respectively. The soil profile
adopted for the subsequent FEA.

The accuracy of relevant boundary distance is determined by comparing the normalized error for
vertical displacement (uy) at a selected point where the side boundary is located at a distance xB
against that of 12B.
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UxB—-U12B

Normalized error for vertical displacement, Uy= 0125

Where

Uy (xB) = is the vertical displacement at selected point for the case of side boundary located
at xB from the center of footing pad.

Uy (12B) = is the vertical displacement at selected point for the case of side boundary located at

12B from the center of the footing pad.

The footings were loaded to 400kpa and their vertical displacement (Uy) and normalized error for
different boundary distances are listed below.

Table 3. 4 Influence of the distance to boundary upon the settlement of two 2 m square footing

12B 31.1131.730.8|31.4(295(301|261|266| O 0,010 0 0

0

Distance Vertical displacement (Uy) Normalized error (%)
to
boundary | A B C D E F G H A B|C|D E F G H
2B 2511249 (248|245 |1238(235|204(202|192 22|19 |22 |19.2|218|22 | 24
45B 128.4(29.2|281|289| 27 |278| 23 |236| 87 |78|88|78|85 |76 12| 11
6.5B 29 |33.4128.7|331|274|31.8|243|281| 66 [55(6.7|55|7.04| 58 |69 57

0

It appears that positioning the boundary closer than 8.5B to the center of the footing induces more
settlement in the pad footing. The distance to the boundary from the center of the footing is

conservatively chosen at 8.5B for all the subsequent FEA.
3.4.2. Mesh sensitivity analysis

The influence of the number of elements upon the accuracy of the finite element model was
investigated by conducting a mesh sensitivity analysis. Mesh sensitivity analysis was conducted
for a reasonably selected two 2m x 2m footings with 4m spacing between them three. Where the

accuracy of coarse and medium meshes are compared against the fine meshes.
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The vertical displacement (uy) was examined for the mesh sensitivity analysis. uy was measured
at the points A, B, C, D, E, F, G, and H. Point A and B are at the point of load application of
footing 1 and 2 respectively, C, D are at the base of the footing 1 and 2 respectively, E and F are
1m below the base of the footing 1 and 2, and G and H are points 2m below the base of footing 1
and 2 respectively. The accuracy of coarse and medium meshes is determined by comparing the

normalized error for vertical displacement (uy) against fine meshes.

Uy'f_Uy)

Normalized error for vertical displacement, uy = ( o

Where
Uy= vertical displacement at the selected point for the coarse and medium meshed elements.
Uy,f = is vertical displacement at the selected point for fine meshed elements.

Table 3. 5 Vertical displacement at points A, B, C, D, E, F, G, and H

Fine 3408 29 1289287286269 27|24 24 | 0| 0|0 0| O0]O

No of Vertical displacement (Uy) Normalized error (%)

mesh
Mesh |element| A | B | C | D | E |F|G| H|A | B|C|D|E|F|G]|H
Coarse | 1910 |26.8|26.1|26.4|258|249|24|23|219|76|96(8(9.7|77|11|6.1|9.1

The number of elements used for each mesh and the normalized error for the vertical displacement
is shown in above. It is clear that the values for medium meshes are converging towards fine mesh
and also the normalized error between medium and fine meshes for the vertical displacement is

quite low (maximum error is not greater than 5%).
3.5. Model generation using PLAXIS 3D foundation

In this study an attempt has been made to analysis bearing capacity of shallow foundation resting
on layered soil profile using numerical modeling and analyze using finite element software
package PLAXIS 3D FOUNDATION. The following figures show input
procedures, mesh generation and output curves of a PLAXIS model involved in the present

study.
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Figure 3. 15 PLAXIS 3D Input window
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Figure 3. 16 2D and 3D mesh generation in PLAXIS 3D
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Figure 3. 17 Settlement in PLAXIS 3d
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Performing staged construction by increasing load with each step increment until failure and
extracting settlement contour at the founding level as presented above a pressure-settlement
curve can be attained to ultimately evaluate the bearing capacity for that set of soil parameters
and foundation system. The ultimate bearing capacity is determined at maximum (50mm)
settlement as stated in EBCS7 (EUROPEAN STANDARD ETHIOPIAN ANNEX, 2013). Such

pressure-settlement curve and its tabular presentation are given below.

Pressure-settlement curve

0 75 150 225 300 375 450 525
0
-10
-20
'g -30
£ 40
2 50
(]
£ -60
(0]
= -70
D
»n  -80
-90
-100
-110
qu (KN/m2)

Figure 3. 18 Pressure settlement plot

3.6. Presentation of results
To establish correlation between analytical results with various classical bearing capacity
theories and to carry out a parametric study to understand the influence of different parameters
like footing width, ground water effect, spacing between footing, ration of upper layer thickness
to width of the footing etc. on ultimate bearing capacity of shallow footings total 162 finite element
modeling has been carried out in PLAXIS 3D Foundation some of those model results are given

below:
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3.6.1 Extreme settlement

PLEX]S 30 Foundation

model 1

Finite Element Code for Soil and Rock Analyses 93

PrAx|S [

08/28/20

lUser name:

CONSOFT Technologies Sdn. Bhd.

nnnnnn 11210

Figure 3. 19 extreme settlement for Model 1 dense sand overlying soft clay with thickness of upper
layer to width ratio of 0.5, length to width ratio of 1 and spacing between two footings equal to

the width of the footing.
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PLAXIS 30 Foundation

-
PLAXIS [S8 T

Finite Element Code for Soil and Rock Analyses 76 08/28/20 CONSOFT Technologies Sdn. Bhd.

Version 1.1.210

Figure 3. 20 extreme settlement for Model 1b dense sand overlying soft clay with thickness of
upper layer to width ratio of 0.5, length to width ratio of 1 and spacing between two footings equal
to the width of the footing and also considering the effect of ground.
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Figure 3. 21 extreme settlement for Model 5 dense sand overlying soft clay with thickness of upper
layer to width ratio of 1, length to width ratio of 1.5 and spacing between two footings equal to

the width of the footing.
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Figure 3. 22 settlement for Model 27b dense sand overlying soft clay with thickness of upper layer
to width ratio of 2, length to width ratio of 2 and spacing between two footings equal to two times
the width of the footing and also considering the effect of GWT
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model 57

I 59 rn 08/28/20 ]w CONSOFT Technologies Sdn. Bhd.

Figure 3. 23 Model 57 dense sand/ stiff clay/ loose sand with thickness of dense sand layer to width

ratio of 1, stiff clay layer to width ratio of 1, length to width ratio of 1 and spacing between two
footings equal to width of the footing.

3.6.2. Pressure-settlement plot

Pressure-settlement curve

0 100 200 300 400 500

settlement (mm)

Figure 3. 24 load -settlement curve for model 1
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Model 1, L/B=1, h/B=0.5, and spacing between footing = B, the bearing capacity is =289kpa for
maximum settlement of 50mm as per EBCS 7.

Pressure-settlement curve
0 50 100 150 200 250 300 350
25 [
50 o

s .

settlement (mm)

-100 |-

qu (KN/m2)

Figure 3. 25 load -settlement curve for model 1b

Model 1b, L/B=1, h/B=0.5, spacing between footing = B, and also considering the effect ground
water the bearing capacity is =227kpa for maximum settlement of 50mm as per EBCS 7.

Pressure-settlement curve
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Figure 3. 26 load -settlement curve for model 5

Model 5, L/B=1.5, h/B=1, and spacing between footing = B, the bearing capacity is =356kpa for
maximum settlement of 50mm as per EBCS 7.
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Pressure-settlement curve
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Figure 3. 27 load -settlement curve for model 27

Model 27, L/B=2, h/B=2, and spacing between footing = 2B, the bearing capacity is =720kpa for
maximum settlement of 50mm as per EBCS 7.

Pressure-settlement curve
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Figure 3. 28 load -settlement curve for model 59b

Model 59b, L/B=1.5, h/B=1, spacing between footing = B, and also considering the effect ground
water the bearing capacity is =349kpa for maximum settlement of 50mm as per EBCS 7.
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3.7. Empirical method for calculating bearing capacity

A total of 51 calculation has been done for comparison purpose. The calculation has been done in
modified Hanna and Meyerhof method. [21] Sample calculations for two layered, three layered
and are presented below.

i For two layered soil

- For dense sand overlying soft clay

Gu = G + (14 BIL) (222)2, + (L4BIL) yy H? (1 + 2220) (20 4 -y H < gy equa3. 1
1

dp = CZNC(Z)ACS(Z) + yl(Df + H)Nq(z)/lqs(z) + 2 VZBN)/(Z)A)/S(Z) ............................. equa3.2
1

q: = ClNc(l)lcs(l) + Vl(Df + H)Nq(l)/lqs(l) + 2 Y1BN)/(1)/1)/S(1) ............................. equa3.3

Where Aq, As = Shape factors
Aes(1) Ags(1) Ayscry = shape factors for the top soil layer
Aes(2)r Agsc2y Ays(z) = shape factors for the bottom soil layer
Ne(1y, Ng (1), Ny (1) = bearing capacity factors for the top soil layer
Ne(2y, Nq (2, Ny (2) = bearing capacity factors for the bottom soil layer
y1, and y, are unit weight of the top and bottom layers respectively
B and L are width and length of the footing.
Dy and H are the depth of the footing and thickness of the top layer respectively
Model 1 B=2m, B/L= 1, H/B=0.5, H=0.5B=1m,
For ¢1= 40, N¢;=75.31, Ny, =93.69, Ng;= 64.20 2= 6, Nc,=6.81, Ny, =0.11, Ng,= 1.72
Aesy) =192, Agscy = Aysy = 146, Asy =12, Agsiy = Ayszy = 1

1
q1=Cy Nepy + > Y1BNy 1)
q:1 = 1x75.31 + 0.5x20*2*93.61= 1949.11

1
gz = Cy Neoy + > Y2BNy (2

q, =15x6.81 +0.5x16*2*0.11=103.75

G2/, = 0.05, from figure K;=2.3 c,=0.67

qp=15x6.81x1.2 + 20(1.5+1)1.72x1 + 0.5x2x16x0.11x1
qp=210.18

2x1.5,2.3tan40

qy= 210.18+ (1+1/1)(2x0.67x1x0.5) + (1+1/1)x20x1%x(1+ 1) > —20x1
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Gy = 365.9 KN/m?

q.= 1x75.31x1.92 + 20x1.5x64.20x1.42 + 0.5x20x2x93.69x1.46

q.= 5615.26 KN/m?

Therefore g, = 365.9 KN/m?
Considering the ultimate bearing capacity and the uncertainties involved in evaluating the shear
strength parameters of the soil, the allowable bearing capacity g,;;cane obtained as

Tu
F.S

For normal structure and isolated footing a factor of safety of 2 — 3 can be used to calculate the

Gau =

allowable bearing capacity. Factor of safety of 2.5 is used to calculate the allowable bearing

capacity is this research.

Therefore qq; = &559 = 146.4 Kpa

2.

For loose sand overlying dense sand

1 . . 1
qu=3Y1BAysNyamy + V1D NgamyAgs = 5 V2Ny@Ays2) + V2DpNg(2)Ags(z) equad4

_ H
Where Ny(m) - Ny(Z) - [ﬁ] [Ny(z) - Ny(l)] ............................... equa3.5
Ny =N "IN N 3.6
qm) = Ng@2) — [%] [ q(2) — q(1)] .............................. cquas.
Ny(z); Nq(z) = Meyerhof’s bearing capacity factors with reference to soil friction angle ¢,
Ny, m), Ngam) = modified bearing capacity factors
Ays, Ags = modified shape factors

Ays(Z) , Aq s(2) = Meyerhof’s shape factors with reference to soil friction angle ¢,
Model 28, B=2m, B/L= 1, H/B=0.5, H=0.5B=1m,
For ¢2= 40, Ny, =93.69, Nq,= 64.20 Agg(2) = Ays(z) = 146,
For ¢1=30 D,/B=17, D,=3.4,D,/B=0.85, D,=17
156=095  An=1
Ny (ny= 93.69 — (1/1.7)(93.69 — 15.67) = 47.81 N, (ny= 64.2 — (1/3.4)(64.2 — 18.4) = 50.73
qy = 0.5*%12*%2*0.95*47.81 + 12*1.5*1*50.73
<=0.5*20*1.46*93.69 +20*1.5*1.46*64.20
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= 1458.2 <=4180

qy= 1458.2 KN/m?

Considering the ultimate bearing capacity and the uncertainties involved in evaluating the shear
strength parameters of the soil, the allowable bearing capacity g,;;cane obtained as

_qu
Gaul FS

For normal structure and isolated footing a factor of safety of 2 — 3 can be used to calculate the
allowable bearing capacity. Factor of safety of 2.5 is used to calculate the allowable bearing

capacity is this research.
1458.2

Therefore qg; = =583.3 Kpa

ii. for three Iayered soil

Dense sand / medium sand / soft clay

-2
Gy = qp + (1+ B/L) [Ksl H?tan®, 4 Ksoy H;tand)l (1 4 2H1)] _(H1 n H2)< a

Where

Yy~ = (%) , Y1 and Yy, are the unit weights of the upper and middle layer respectively.

K, , K, = are the punching shear coefficients for the upper and middle layers, respectively.
qp, q¢ = are the ultimate bearing capacities on a very thick bed of lower layer and upper layer,
respectively.
Model 55, B=2m, H1=1m, H2=2m, L/B=1
For ¢1=40, N¢;=75.31, Ny; =93.69, Ng;=64.20 ¢2=6, Nc,=6.81, Ny, =0.11, Ng,=1.72
$3=6, Nc3=6.81, Ny; =0.11, Ng3=1.72
q. =1937.3, q, =1364 q; =103.92 G2, = 0.71, K,=11 G, = 0.08, Ky ,=1

qp = 238.72
Gy = 238.72 + (1+1/1)[11*0.5%10*12*tan40*0.5 + 1*19*tan6*(1+2*1/1)] -19(1+1)
= 435.28KN/m?
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3.8. Comparison of results

A comparison based on FEM and empirical method has been done. It’s widely presented in

parametric study.

Table 3. 6 comparison of result obtained from Empirical method and PLAXIS 3d

Bearing capacity (KN/m2)

Model | conventional method | FEM(PLAXIS 3d) % difference
No | qun Qai | S=B | S=15B|S=2B| S=B | S=15B | S=2B
1| 365.9 146.4 | 289 3411 348 o7 4044 | -132.923 | -137.705
1b 267.5 107 234 306 298| 18602 -185.981 | -178.505
2| 59325 | 2373 | 420 4941 516 | o005 | 108475 | -117.446
2b 42714 | 1709 | 2871 365 358 | o345 | 113575 | -109.479
3| 13195 527.8 878 1002 | 1035 -66.3509 | -89.8446 | -96.097
3b 852.22 3409 | 463 542 | 5401 30017 | -58.9900 | -58.4042
4| 31252 125 248 282 | 301 984 | -1256| -140.8
4b 243.85 98 203 261\ 2821 107143 166327 | -187.755
5| 521.94 2091356 39014235 63349 | 86.6029 | -102.632
5b 366.5 146.6 | 250 3121 3871 05301 -112.824 | -120.877
6| 11284 451.36 680 751 813 506558 | -66.386 | -80.1223
6b 737.27 295 | 404 4651 498 o505, | 576271 | -68.8136
7| 297 119217 2641 2721 o) 3559 | 121,849 | -128.571
7b 232.78 94 207 250 | 2621 150213 | -165.957 | -178.723
8| 4855 194 308 345 | 875 4o 7629 | -77.8351 | -93.299
8b 346.42 138.6 | 264 2971 3201 904762 | -114.286 | -130.88
9| 1038 4152 | 605 675 7201 4s 7129 | 625723 | -73.4104
9b 6782 | 27128 | 398 | 446 | 473| o119 644058 | 743586
28| 1458.2 | 5833 | 547 551\ 605 35131 5537450 | -3.72021
28b 1095 438 398 481 | 4471 o 1340 | -9.81735 | -2.05479
29| 692.34 | 27694 | 393 5031 4101 41908 | -81.6278 | -48.0465
29b 678 2712 | 330 394| 368| ) co14| 452802 | -35.6932
30| 509 2036 | 282 3101 298| . ch69| -52.2503 | -46.3654
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30b 390.5 1562 | 255 296 | 278 5,0y | 895006 | -77.977
31| 1467 586.8 | 515 10| 5141 1) 3586 | 13.08793 | 12.40627
31b 1098 439.2 | 346 429 | 462 | 1 004 | 2.322404 | -5.19126
32| 693 27721 3641 4501 4671 53131 | 623377 | -68.4704
32b 678 2712 | 2841 323| 3601 ;1976 | 191003 | -32.7434
33| 512 2048 | 259|276 279 o cag | 347656 | -36.2305
33b 392 1568 | 223 245] 262| 5104 5625 | -67.0918
34| 1473 589.2 | 490 4941 518 | 163630 | 16.1575 | 12.08418
34b 1103 4412 | 3391 4041 4321 5000 | 843155 | 2.085222
35| 693 271721 348|  358| 3| ochn1| 273449 | -25.9019
35b 678 2710 | 2801 329 341 5o037| H18s19| 311111
36| 514 2056 | 249| 269 2741 . 009 | 308366 | -33.2685
36D 392 1568 | 215 248|262 .. .193| 581633 | -67.0918
55| 4353 218 502 7021 598 | 130575 | 222,018 | -174.312
55b 283.5 142 353 403 | 394 1e592 | -183.803 | -177.465
56| 789.07 | 3945 | 706 780 TT0 1 o 9607 | -97.7186 | -05.1838
56h 479.8 239.9 | 407 463 | 456 | o 07| 621148 | -59.6639
57| 815 4075 | 850 950 | 900 | 6589 | -133.129 | -120.859
57b 5713 | 285.6 497 5621 5481 10717 -134.264 | -128.429
58| 357.72 | 178.86 | 460 620 | 560 | 1cg366 | -224.276 | -213.094
58b 259.7 129.85 | 320 380 | 366 | 40438 -102.645 | -181.864
59 | 6725 336.25 606 680 | 6701 5541 | -97.2158 | -04.3155
59b 425.67 212.8 | 460 401 5211 116165 | -153.750 | -144.831
60 | 689.17 |3448 795 863 | 843| 154535 -156.654 | -150.706
60b 394.5 1973 | 480 5501 5141 43084 | 178763 | -160.517
61| 300.1 150.5 | 456 5431 5231 50599 | -260.797 | -247.508
61b 230.65 | 1167 ) 301\ 370|350 ,oi o561 17.052 | -199.914
62| 622 311 | 577 6681 641 o5 078 | 109.208 | -100.752
62b 399.02 | 1995 | 445 18| 498 | 153058 | -159.649 | -149.624
63| 638.6 3193 | 723 8201 8051 13476 | -163.666 | -158.842

49



‘63b 367.6 183.8 465‘ 525‘ 505‘ _152'992‘ _185'637‘ _174.755‘

The percentage difference shows that bearing capacity estimation using empirical formulas are
lower than that of calculation done using FEM (PLAXIS 3D).
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CHAPTER FOUR

DISCUSION OF RESULTS

Different cases has been considered in parametric study. The parametric studies considered in this
thesis are: upper layer thickness to width ratio, spacing between two footings, foundation type i.e.

length to width ration of the footing, and the effect ground water.

In many cases settlement criteria will control the allowable bearing capacity so as per EBCS 7 for
normal structure with isolated footing a total settlement of 50mm is often acceptable. So in this

thesis this provision is considered in estimating the bearing capacity.

4.1. For two layered soil profile

4.1.1 Stronger layer overlying weaker layer
For the case stronger layer overlying weaker layer stratum a sample of dense sand overlying soft

clay has been considered in this case
i. Effect of upper layer thickness to width ratio
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Figure 4.1 Variation of bearing capacity with H/B (a) L/B=1, (b) L/B=1.5, (c) L/B=2

From the above graphs it can be seen that as thickness of upper layer increases the bearing
capacity also increase all case considered in this study. And also bearing capacity estimation
using empirical method gives lower value as compared with results obtained from PLAXIS
3D FOUNDATION software.
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For the two layered soil profile considering for the case of stronger layer overlying weaker
layer as the thickness of the uppermost layer (i.e. the stronger layer) increases the bearing

capacity also increases.

ii. Effect of spacing between two footings

qu (KN/m2)

H/B

Figure 4.2 Variation of bearing capacity with H/B for length to width ratio of 1

From the above graphs it can be observed that as the spacing between the two footings

decreases the bearing capacity also decreases.

iii. Effect of length to width ratio of footings
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(©)
Figure 4.3 variation of bearing capacity with H/B for (a) S=B, (b) S=1.5B, (c) S=2B

From the above graph it can be seen that as the length to width ratio increases bearing capacity of

the soil decrease and also has greater effect as H/B increase.

iv. Effect of ground water
The presence of groundwater significantly affect the bearing capacity of shallow foundation by
reducing the shear strength of the soil base of the footing by reducing the apparent cohesion due
to suction or weak cementation bond. Moreover the unit weight of the submerged soil is about half

of the dry soil.

55



800 |l

asoo .....

£ [

= [ e e L e L L L e L D L e L L

Z L s A

=3 AT

> 400 A e e

O’ ----------------------------------------------------------------
0 L

0 0.5 1 15 2 2.5

H/B

Figure 4.3 variation of bearing capacity with H/B for L/B=1 and S=B

From the above graph it can be seen that ground water has a great effect bearing capacity of soil.
Also it can be seen that empirical method of estimating bearing capacity gives lower values
compared with that of results obtained using PLAXIS 3d software. And also as the thickness of

the dense sand layer increases the effect of ground water on bearing capacity also increases.

56



160 | : | —
x—— % Skrip 05
o——-0 Circle

__140 Fwidth B=3in. Depth o —

" Width B

- 0.5

u
O

4 [+
/ n._
. f

o
o

R
R
]

| f

o
[ ]

f .
Clay Cohesion €y 47 ps.i.
Sand Friction Angle ¢=47°

-
L]

ULTIMATE BEARING CAPACITY gq

I
=

0 1 pi 3 4 )
LAYER THICKMESS EELQW FOOTIMG H
WIDTH OF FOOTING B

Figure 4.5 Typical results of model footing tests on dense sand overlying soft clay (G.G Meyerhof
1974)

Comparing the results obtained from the PLAXIS 3D foundation (finite element based software)
with that of result obtained from model test by G.G Meyerhof its can be observed that in both case
as the ratio of the upper layer to width increases the bearing capacity also increases.

4.1.2 for weaker layer overlying stronger layer

For the case weaker layer overlying stronger layer stratum a sample of loose sand overlying dense
sand has been considered in this case.
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Figure 4.6 variation of bearing capacity with H/B for (a) S=B, (b) S=1.5B, (c) S=2B

From the above graphs it can be seen that as thickness of upper layer increases the bearing

2.5

capacity decreases for the cases considered in this study.

ii. Effect of spacing between two footings
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Figure 4.7 Variation of bearing capacity with H/B for (a) L/B=1, (b) L/B=1.5, (c) L/B=2

From the above graph (a) it can be seen that for L/B=1 and spacing of 1.5B yields max value
for H/B>= 1 whereas for H/B= 0.5 spacing of 2B gives max value, but for L/B=1.5 and 2 as
it seen from graph (b) and (c) effect of spacing between footings doesn’t much of difference

on the bearing capacity of footing. And also it can be seen that empirical method of
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determining bearing capacity yields lower value than that of bearing capacity determination
using FEA (PLAXIS 3D) except when the ratio of the upper layer to width ratio is 0.5 that
this case empirical method gives higher value as compared with that of FEA .

iii. Effect of length to width ration of footings

qu (KN/m2)

H/B

Figure 4.8 Variation of bearing capacity with H/B for spacing between two footings equal to B.

From the above graph it can be seen that as L/B ratio increases the bearing capacity of soil

decreases.
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iv. Effect of ground water
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Figure 4.9 Variation of bearing capacity with H/B for L/B=1 and S=1.5B

From the above graph it can be seen that ground water has a great effect bearing capacity of soil.
Also it can be seen that empirical method of estimating bearing capacity yields higher values
compared with that of results obtained using PLAXIS 3d software packages for H/B =0.5 but for
H/B > 1 it give lower value compared with FEA.
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Figure 4.10 Typical results of model footing tests on loose sand overlying dense sand for strip
footings

Comparing the results obtained from the PLAXIS 3D foundation (finite element based software)
with that of result obtained from model test by G.G Meyerhof its can be observed that in both case
as the ratio of the upper layer to width increases the bearing capacity decreases.
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4.2.  For three layered soil
For the three layered soil stratum a sample two strong layer overlying weaker layer was studied.
That is for the case dense sand / stiff clay / soft clay

i. Effect of upper layer thickness to width ratio
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(b)
Figure 4.11 Variation of bearing capacity with H/B for (a) S=B, (b) S=1.5B,

From the above graphs it can be seen that as thickness of upper layer increases the bearing
capacity also increase all case considered in this study.
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4.12 Variation of bearing capacity with H/B for (a) L/B=1, (b) L/B=1.5,

From the above graphs it can be observed that as the spacing between the two footings

inc

reases the bearing capacity also increases. And also we can see that the values bearing

capacity obtained using empirical method are lower that of values obtained from analysis of
bearing capacity using FEM (PLAXIS 3D).
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iii. Effect of length to width ration of footings

900
800

700

qu (KN/m2)
D Ul [e2)
o o o
o o o

w
o
o

200

100

H/B

Figure 4.13 Variation of bearing capacity with H/B for spacing b/n footing equal to B

From the above graph we can see that as length to width ratio of footing increases bearing
capacity of soil decreases.

iv. Effect of ground water
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Figure 4.14 Variation of bearing capacity with H/B for L/B=1 and S=1.5B
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From the above figure we can observe that ground water significantly reduces bearing capacity of
the soil and values obtained from empirical method are lower compared with results obtained from
PLAXIS 3D which finite element based software.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATION

5.1. Conclusion
In this study a serious 162 Finite Element Analysis were conducted and settlement of each model
were used to determine the bearing capacity of layered soil profile and compared with empirical
method of estimation of bearing capacity. The key parameters investigated in this study which
affects bearing capacity of soil are: soil properties, layering of soil, ratio of upper layer to width of
the footing, spacing between two footings, length to width ratio of footing, and effect of ground
water table on bearing capacity of layered soil. The study mainly focus of estimation of bearing
capacity in layered soil under the application of vertical and static loading only. Based on the
results from FEA and empirical method of estimation of bearing capacity the following conclusion
can be drown.
» For cases of stronger layer overlying weaker soil layer (dense sand overlying soft clay)
values obtained from empirical method are much lower than that of values obtained from
FEA. And also as ratio of upper layer thickness to width of footing (H/B) increase from
0.5 to 2 the percentage difference between empirical method and increases up to -35 to -
118 %, -58 to -166 % and -58 to 168 % for spacing between footings of B, 1.5B, and 2B
respectively.
> From those results it can be seen that as the spacing between the two footing increases
beyond 1.5B the bearing capacity decreases so a spacing of 1.5B between two adjacent
footings could be used as minimum spacing.
> For cases of weaker layer underlying stronger soil layer (loose sand overlying dense sand)
values obtained from empirical method are much lower than that of values obtained from
FEA except for case when H/B is equal to 0.5 in this this FEA slightly gives a higher value
. And also the percentage difference between empirical method ranges from -3 to -63 %-,
9-to -89 % and -2 to -77 % for spacing between footings of B, 1.5B, and 2B respectively.
» From those results it can be seen that as the spacing between the two footing increases
beyond 1.5B the bearing capacity decreases so a spacing of 1.5B between two adjacent

footings could be used as minimum spacing.
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For the case of three layered system values obtained from empirical method value gives
much lower than that of results obtained from FEA. The percentage difference between
empirical method and FEA ranges from -75% to -152%, -62% to 260%, and -59% to 259%
for spacing between footings of B, 1.5B, and 2B respectively, so spacing of 1.5B as a
minimum value can be used.

It has been observed that as the thickness of the upper two stronger layer increases the
difference between values obtained from empirical and FEA tends to increases.

For all cases considered in this study it’s been observed that as the ratio of length to width
ration (L/B) of the footing increases the bearing capacity of soil tend to reduce in both of
estimation methods.

For all cases considered in this study it’s been observed that ground water greater reduces
the bearing capacity of soil in both of estimation methods and also as thickness of sand

layer increases the effect of ground water on bearing capacity tends to increase.

5.2.  Recommendations

A number of issues have been addressed in this study and various useful conclusions are drawn.

But there are still some limitations in the analyses and unsolved problems worth further

investigation. These limitations are presented here, together with some recommendations for future

» Inthis study only vertical loading conditions were analyzed so the effect of load inclination

on bearing capacity of layered soil profile should be studied in the future.

» The study only focused on static loading so the effect of dynamic loading in bearing

capacity of layered soil could be future research area.

» The study uses Mohr-Coulomb constitutive model in the Finite Element analysis software

package (PLAXIS 3D) so for the future work different constitutive model could be used in
FEA with different software packages such as ABAQUS, ANYSIS etc.
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APPENDICES

A.1 PLAXIS 3D FORMULATIION

A.1.1 GENERAL DEFINITIONS OF STRESS
Stress is a tensor which can be represented by a matrix in Cartesian coordinates:

71



G xx O- Xy Xz

O=[0,x O, O,
0. 0. O.
y
o
e
| |, 0O
OYZ / yx
§ Oxy
| Ozy
i Oxx
E 92 |0,
O |
e fmmmeee >
o""’ x
Z

Figure A. 1: General three-dimensional coordinate system and sign convention for stresses

In the standard deformation theory, the stress tensor is symmetric such that oxy = oyx, oyz = ozy
and ozx = oxz. In this situation, stresses are often written in vector notation, which involve only

six different components.

A 1.2- Mohr-Columb Soil Model
FORMULATION OF THE MOHR-COULOMB MODEL
The Mohr-Coulomb yield condition is an extension of Coulomb's friction law to general states of stress. In
fact, this condition ensures that Coulomb's friction law is obeyed in any plane within a material element.
The full Mohr-Coulomb vyield condition consists of six yield functions when formulated in terms of

principal stresses:
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Figure A. 2 The Mohr-Coulomb yield surface in principal stress space (¢ = 0)

Al.2 Basic parameters of the Mohr-coulomb model
The Mohr-Coulomb model requires a total of five parameters, which are generally familiar to most
geotechnical engineers and which can be obtained from basic tests on soil samples. These

parameters with their standard units are listed below:
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E: Young's modulus [KN/m2]
v : Poisson's ratio [-]

¢: Friction angle [°]

C: Cohesion [kN/m2]

y: Dilatancy angle [°]

Mohr-Coulomb [ X|

General Parameters ] Interfaces |

~Stiffness —Strength
E.  [o000.000 Coft 2000 kNm?
pu): 0350 p(ph):  [24.000 y
w(psi):  [0.000 y
Alternatives
Gt 0741 | km?
Eued = 3210.000
&dvanced,,,l
Ok Cancel | Help

Figure A 2 1: Parameter tab sheet for Mohr-Coulomb model

Young's modulus (E)

PLAXIS uses the Young's modulus as the basic stiffness modulus in the elastic model and the
Mohr-Coulomb model, but some alternative stiffness moduli are displayed as well. A stiffness
modulus has the dimension of stress. The values of the stiffness parameter adopted in a calculation
require special attention as many geo materials show a nonlinear behavior from the very beginning
of loading. In soil mechanics the initial slope (tangent modulus) is usually indicated as EO and the
secant modulus at 50% strength is denoted as E50. For materials with a large linear elastic range
it is realistic to use EO, but for loading of soils one generally uses E50. Considering unloading

problems, as in the case of tunneling and excavations, on needs Eur instead of E50. For soils, both
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the unloading modulus, Eur, and the first loading modulus, E50, tend to increase with the confining
pressure. Hence, deep soil layers tend to have greater stiffness than shallow layers. Moreover, the

observed stiffness depends on the stress path that is followed.

Poisson's ratio (v )

Standard drained triaxial tests may yield a significant rate of volume decrease at the very beginning
of axial loading and, consequently, a low initial value of Poisson's ratio (v).

For some cases, such as particular unloading problems, it may be realistic to use such a low initial
value, but in general when using the Mohr-Coulomb model the use of a higher value is
recommended.

The selection of a Poisson's ratio is particularly simple when the elastic model or Mohr-Coulomb
model is used for gravity loading (increasing XM weight from 0 to 1 in a plastic calculation). For
this type of loading PLAXIS should give realistic ratios of KO = oh/ ov .As both models will give
the well-known ratio of ch/ ov=v / (1-v) for one-dimensional compression it is easy to select a
Poisson's ratio that gives a realistic value of KO. Hence, v is evaluated by matching KO. This subject
is treated more extensively in Appendix A of the Reference Manual, which deals with initial stress
distributions. In many cases one will obtain v values in the range between 0.3 and 0.4. In general,
such values can also be used for loading conditions other than one-dimensional compression. For
unloading conditions, however, it is more appropriate to use values in the range between 0.15 and
0.25.

Cohesion (c)

The cohesive strength has the dimension of stress. PLAXIS can handle cohesionless sands(c =0),
but some options will not perform well. To avoid complications, non-experienced users are advised
to enter at least a small value (use ¢ > 0.2 kPa). PLAXIS offers a special option for the input of
layers in which the cohesion increases with depth.

Friction angle ()

The friction angle, ¢ (phi), is entered in degrees. High friction angles, as sometimes obtained for
dense sands, will substantially increase plastic computational effort. The computing time increases
more or less exponentially with the friction angle. Hence, high friction angles should be avoided

when performing preliminary computations for a particular project.
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The friction angle largely determines the shear strength by means of Mohr's stress circles. The
Mohr-Coulomb failure criterion proves to be better for describing soil behavior than the Drucker-
Prager approximation, as for the latter the failure surface tends to be highly inaccurate for
axisymmetric configurations.

Dilatancy angle (y)

The dilatancy angle, v (psi), is specified in degrees. Apart from heavily over consolidated layers,
clay soils tend to show little dilatancy (y ~ 0). The dilatancy of sand depends on both the density
and on the friction angle. For quartz sands the order of magnitude is y = ¢ - 30°. For ¢-values of
less than 30°, however, the angle of dilatancy is mostly zero. A small negative value for y is only

realistic for extremely loose sands.

A.3 PLAXIS Qutputs

Effective mean stress

Relative shear shesses

Figure A.3 1 relative shear stress for dense sand overlying soft clay
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Figure A.3 2 effective mean stress for loose sand overlying dense sand
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Figure A.3 3 effective mean stress for dense sand / stiff clay / soft clay
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