ONSOZz

Burada ilginize sunulan tez ¢alismasi, Fransa’da gecirilmis bir yillik arastirma ve
calisma doneminin ardindan, bir¢ok kisinin destegi ve ilgisi ile bu giinlere ulagmustir.
Bu calismaya baslamam i¢in hi¢bir zaman destegini ve tesviklerini esirgemeyen tez
danigsmanim Sayin Berrak Teymiir’e, Fransa’da kaldigim siire icerisinde her tiirlii
sorun ve soru karsisinda sabir ve 6zveri ile bana destek olan Sayin Yvon Riou’ya,
ayni ana bilim dalinda bir¢ok giizel an1 paylastigim mesai arkadaslarima bu satirlar
vasitasi ile tesekkiir etmekten mutluluk duyuyorum. Beni her zaman ve herkonuda
destekleyen ve hic bir zaman emeklerini ve tesviklerini esirgemeyen bir aileye sahip
olmanin mutlulugu ile annem ve babama buradan tesekkiirlerimi iletmekten onur
duyuyorum. Higbir calisma mesakkatsiz olmaz. Yapilan islerede deger katan o
ugurda gosterilen ¢aba ve gayrettir. Istek ve azim ile her engel asilir ve geriye
doniiliip bakildiginda, mazide hos bir ani, bir eser kalir. Bu ¢alismanin bilim
diinyasina katkilar1 olmasi dilegiyle...

Umur Salih OKYAY

Eyliil 2005, istanbul
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NUMERICAL MODELLING OF A FOUNDATION IN THREE
DIMENSIONS

ABSTRACT

Numerical Modelling has gained increasing importance in solving practical problems
in geotechnical engineering. With the help of developments in hardware and
software industry, it is possible to solve more complex problems. These
developments enable the geotechnical engineer to perform advanced numerical
analysis. Finite element method is a useful tool in numerical analysis, it has been
widely used in soil mechanics in the last twenty years. To increase the accuracy and
quality of numerical computer based calculations, verifications should be performed
and results of benchmarks should be compared with results from different software.

This document outlines the finite element analysis of a shallow foundation in two
and three dimensions. A shallow foundation was placed near to a slope and this
model was calculated by using CESAR finite element software. The community of
soil mechanics and geotechnical engineering of France has proposed this benchmark
to some research institutes and universities. One of these calculations was performed
in Ecole Centrale de Nantes by the department of Civil Engineering. The problem
has been chosen so that it can be regarded as a simplified analysis of real

construction site.

One of the basic aims of the research was to observe calculation errors which are
caused by discretization, element types, tolerance limits and by the number of
increments. By this way, four different models were prepared in both two and three
dimensions. These models were then calculated in elastic and elastoplastic
conditions. Settlement values were compared with the results of other research
institutes and finite element programs to observe the degree of error which is caused

Xiii



by discretization. The models were prepared separately with both linear and

quadratic elements. Then a correlation was made between these elements.

Finally a sensitivity analysis was performed to observe the effects of tolerance limits
and the number of increments on calculation errors. Three dimensional models were
calculated with different numbers of increments to arrive at a solution of the decision
of the number of increments at the beginning of the calculations. Then the influence

of tolerance limits on the accuracy of results was researched.

In the meantime, it was aimed to make a reference in the selection of mesh density in
three dimensional models. As the finite element users are used to make calculations
in two dimensions, it is possible to observe the calculation error which is caused by
the mesh density and element types. It will therefore be possible to make a

correlation with three dimensions in determination of the discretization parameters.

Numerical studies require the solving of different problems and the comparison of
their results in order to increase the reliability and accuracy of these methods. This
research will be a reference for the next researchers to make verifications for finite

element programs.

Xiv



SONLU ELEMANLAR YONTEMI ILE BiR TEMELIN UC BOYUTLU
MODELLENMESI

OZET

Son yillarda bilgisayar teknolojisindeki ilerlemeye paralel olarak sayisal yontemlerin
miihendislik uygulamalarindaki kullanimi yayginlasmistir. Bu uygulamalar zemin
mekanigi ve dinamigi alaninda da yayginhik gostermektedir. Bu caligmalar
beraberinde, elde edilen sonucglarin dogrulugu ve giivenililigi iizerine sorular
getirmektedir. Bu nedenle, bir sonlu elemanlar programinin 6rnek g¢alismalar ile

kontrollerinin yapilmasi ve hesap hatalarinin incelenmesi gerekmektedir.

Bu c¢aligmada, Fransa Zemin Mekanigi ve Geoteknik Miihendisligi Komitesi
tarafindan cesitli akademik kuruluslara sunulan bir problemin, CESAR sonlu
elemanlar programi ile ¢dziimiine yer verilmistir. Problem bir sev kenarina insa
edilen s1g bir temelin iki ve ii¢ boyutlu olarak modellenmesi ile ¢oziilmiistiir. Ayni
problemin farkli akademik kuruluslar tarafindan farkli sayisal analiz programlari ile
¢Oziilmesi, sonuglarin karsilatirilmasina ve hesap hatalarinin incelenmesine olanak

saglamstir.

Calismanin ana hedeflerinden birisi, sayisal analizde karsilagilan hesap hatalarinin
incelemek ve bu hatalarin boyutlarin1 gostermektir. Bu dogrultuda doért farkli model
iki ve ii¢ boyutlu olarak hazirlanarak elastik ve elastoplastik kosullarda ayr1 ayri
¢oziilmiistiir. Bu analizler, diigiim noktas1 sikliginin hesap hatalar1 tizerindeki etkisini
vurgulamaktadir. Model seciminde karsilasilan bir diger husus ise kullanilacak
elemanlan tiirleridir. Bu caligmada, lineer ve quadratic elemanlar ile olusturulan

modeller de incelenerek, hesap hatalar1 tizerindeki etkileri belirtilmistir.

Son olarak, yiikkleme sayist ve tolerans limitleri iizerine bir hassaslik analizi

yapilmistir. Her iki parametre de, sayisal analizde sonuclar iizerinde etki sahibi
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olmakla beraber hatalara neden olmaktadir. Bu nedenle, tiim diger parametrelerin
sabit tutularak bu iki degerin degistirilmesi sureti ile, olas1 hesap hatalar1 incelenmis
ve model hazirlanmast ve ¢oziimii esnasinda uygulanabilecek sinir degerler

belirtilmistir.

Bunlara ek olarak iki boyutlu olarak hazirlanan bir modelin sonuclarindan
faydalanarak, ayni hassasiyette bir li¢ boyutlu model hazirlanmas1 gerektigi taktirde
secilmesi muhtemel diiglim noktast sikliginin belirlenmesi amaci ile sonuglar
incelenmistir. Genellikle gerek basit olusu gerekse uygulamadaki kolayligi agisindan
miihendisler iki boyutlu modellemeye daha yatkindirlar. Bu ¢alisma ile iki boyuttan

lic boyuta geciste goz oniinde bulundurulmasi gereken hususlar belirtilmistir.
Gergeklestirilen arastirma ve hesaplar, bir sonraki ¢aligmalara 151k tutacak ve gerekli

karsilastirmalara olanak saglayacak niteliktedir. Bu nedenle sayisal analiz

yontemlerinin dogrulanmasi ve gelistirilmesi hususunda 6nem arzetmektedir.
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1. PREVIOUS RESEARCHES

1.1 Introduction

In this research, a shallow foundation near a slope was analysed by finite element
method and a sensitivity analysis was performed after the calculations. The
benchmark that was studied had been proposed by the community of soil mechanics
and geotechnical engineering of France. Briefly, this benchmark is the modelling of a
shallow foundation in three dimensions. The problem has been chosen such that, it
can be regarded as a simplified analysis of real construction site. This numerical
benchmark is considered as an academic research as all geometrical and mechanical
parameters was kept constant for each academic center that was involved. Some
scientific studies and researches had already been performed before this study.
Especially, the LCPC (Central Laboratories of Bridges and Roads) has performed
many tests on shallow foundations. Also the department of Civil Engineering of
“Ecole Centrale de Nantes” has proposed some scientific studies by using finite

element method and CESAR Finite Element software.

The benchmark has been developed to observe the calculation errors. These errors
can be caused by the density of meshes, element types, interpolation type, tolerance
value and number of iterations. The aim was to find an appropriate discretization for

three dimensional models with minimum calculation errors.

Previously other researches have already been performed on shallow foundations and
finite element analyses by Ecole Centrale de Nantes (ECN) and LCPC de Paris. By

these researches some verifications of finite element program have been searched.



1.2 Previous Research and Experiments

The benchmark was solved by ECN and some other academic establishments. The
issue is originally coming from the experiments and researches of LCPC. They have
been performing some experiments on behaviour of shallow foundations under
loading to establish and validate the design rules of such foundations. These

experiments have been conducted since 1982.

The experimental site, Labenne is located at the south west of France near Bayonne.
About forty experiments have been performed to analyze the influence of both
installation and loading conditions on the values of soil bearing capacity and
settlement. Finally, a benchmark was proposed from these experiments to make a
verification of numerical calculations. At the same time, some experiments and
research have been conducted by LCPC and other academic establishments in the
guidance of Labenne research site. For instance, some tests were carried out on

reduced-scale models at the LCPC Nantes centrifuge as well.

This area provides excellent properties for experiments as soil is almost
homogeneous and is made of ten meters of sand. The Labenne soil is made of a layer
of dune sand some ten metres thick which is lying on marl. For the primary soil layer
submitted to foundation testing. Tests were carried out from a platform located
approximately 1.5 m below ground level, outside of zones that may have been
affected by previous experiments. The Figure 1.1 shows the typical cross section of

Labenne experimental site. [29-31]
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Figure 1.1: Experimental Site of Labenne [29]



The results of these experiments have been published in most bulletins of LCPC.
Some of these results have been used for validation of constitutive models and finite
element computation software. A study on rheology and modelling of soils under
both monotonic and cyclical stresses was performed in 1998. [30, 37] Vertical and
centred loading tests conducted at various depths were modelled by means of finite
elements, and the behaviour of the sand was described by the Mohr-Coulomb model.
[38] In order to complete this work, the foundation tests still had to be modelled
using the Nova elastoplastic model with strain hardening (the 1982 version) and
numerical predictions still had to be compared with measurement results, as already

performed for reduced-scale centrifuge models of circular shallow foundations. [28]

Philippe Mestat and his working team in Paris LCPC have been conducting many
researches on numerical modelling in geotechnical engineering. Some of these
studies are directly related with CESAR Finite Element Method. In 2001 Mestat, the
Labenne experiments conducted on shallow embedded foundations have provided
the opportunity to compare the results from several finite element models with actual
measurement readings. Both the Mohr-Coulomb perfect elastoplasticity model and
the Nova elastoplastic model with strain hardening were applied successively to
describe the behaviour of the sand. The comparison of these two models was done in
the paper by Mestat and Berthelon (2001). [38] Other research of the same group
indicates that there are three main factors which are important on the reliability of
results in numerical analysis. These are the verification of the calculation process, the

validation of material laws and the selection of correct FEM program.

Determination of calculation module, model preparation, element selection is the
important point at the beginning of the calculations. There are many studies which
are performed in two dimensions that make a reference for finite element analysis.
These studies explain the basic steps in modelling and 2D model generation, and the
main differences between geotechnical models and other structural models.
Especially in the article of Mestat in 1998, there are useful recommendations on
element selection. [10, 14, 19, 36]

Riou et.al (2001) has worked on elastoplastic soil models and 3D ground movements

where the place of numerical calculations in geotechnical engineering is explained.



Some examples on field studies and their solution methods by different material
assumptions are given. The elastoplastic behavior of soil is explained and numerical
analyses of geotechnical problems are performed. There is an important citation to
the calculations with elastoplastic Vermeer models and three dimensional ground

movements. [47-49]

Riou and Mestat (1998) give a methodology for determining parameter values of a
constitutive law adapted to sands. In these studies, constitutive laws are used by
CESAR-LCPC finite element computation software and some properties of software
were presented. Each constitutive soil model gives different results. These
differences should be taken into account while choosing the material behaviour. The
differences between these constitutive models and solutions were presented in Riou
(1998).

In this research not also the benchmark was solved, but also the calculation errors
were searched and a sensitivity analysis was performed. The errors and uncertainties
have a big importance in geotechnical calculations. Also, there are some errors that
are caused by the finite element calculation tools and mathematical relations. There
are some researches dealing with these issues. Magnan (2000), discuses and explains
the possible uncertainties and errors in geotechnical engineering by a field study.
[26] Favre (2000), has taken the issue from the other aspect and characterizes these
errors and uncertainties in several groups. According to Favre uncertainties can be

searched in three main groups as the natural variability measures and models. [16]

For two centuries a big evolution is seen in soil mechanics and mathematics, and still
continuing to develop. Magnan et al (1998) have searched this development with
comparing the progressions in physics and mathematics. They have observed that
there are so many models which are not available for applications. These methods
are being highly used in numerical analysis computer programs. In some cases these
models have complex theories for the application of modelling. On the other hand
some models do not require so many in formations in the models and it causes lack

of information and weak models. [25]



The basic equations of soil mechanics have developed with the progress in
mathematical studies. Before Mohr-Coulomb soil model, calculations were being
performed by some empirical equations. Then, the soil has considered as a
continuous medium and Mohr-Coulomb theory was developed. In 1925, Terzaghi
put his assumptions in geotechnical area, studied on saturated soil and effective
stresses.

The evolution and development of finite element method is not far away from today.
Zienkiewicz has an important role in the development and formulation of finite
element method. He has many studies and articles on finite element method.
Particularly, his book, “the finite element method” is a complete reference in finite
element formulations. [54, 55] also the other important reference is Cook. In his
book finite element analysis is explained and the applications of this method in

performance of stress analysis are presented.

1.3 Outline of the Thesis

Chapter 1 gives the general review of previous studies on finite element modelling
and benchmark studies in France. The experimental site Labenne that is the origin of
the benchmark is presented and explained here. Additionally, some research related
with this project has been reviewed. The experiments and case researches that have
been performed by LCPC are briefly explained. Then, the evolution of finite element

method and geotechnical area was explained in this chapter.

Chapter 2 provides a reference and a simple documentation on finite element
method. The working scheme of modelling was described and explained. Then the
basic principles of Finite Element Analysis were explained in terms of continuous
mediums, behaviours of materials, constitutive laws and non-linear solution methods.
In this benchmark calculation errors have been searched. So as to understand the

sources of errors in modelling, a brief explanation is presented in this chapter.

Chapter 3, CESAR finite element program is briefly explained. In this chapter the
main features of CESAR have been underlined and the features of geotechnical
module of the program have been represented. Main steps in numerical modelling are

explained by using the modules of CESAR.



In Chapter 4, the benchmark which was proposed by the community of soil
mechanics and geotechnical engineering of France is presented. The geometric and
mechanic properties are demonstrated in tables and the modeling limitations of
Benchmark have been explained. Then the models which have been prepared in this
research are demonstrated. Finally, the properties of computers which completely

effect on the calculation time were given.

In Chapter 5, the results of calculations are presented and explained. The calculations
have been performed in two parts. First of all elastic calculations were represented in
two and three dimensions. Settlements at the edges of the foundation were surveyed
and calculation errors between four models were represented. The same research has
been performed for elastoplastic calculations in consideration the iterations which are
really important on calculation time and convergence. It was aimed to find a
correlation between two and three dimensions in decision of the density of meshes in
the model. Then the influence of element type on the precision of calculation errors

was searched.

Chapter 6 is the sensitivity analysis of the Benchmark. Sensitivity analysis is the
study of how the variation in the output of a numerical model can be classified and
examined, qualitatively or quantitatively, to different sources of variation. There are
so many possible effects of adverse changes on a numerical analysis. It shows which
parametric changes are effective and which are not on the results. Originally,
sensitivity analysis is made to deal simply with uncertainties in the input variables
and model parameters. Although, the density of meshes is an important factor on
results, the level of convergence errors should be known to verify the results and to
obtain knowledge on the accuracy of results. In this chapter, number of increments
and tolerance limits were searched to obtain knowledge of their influence on the

solutions.

In Chapter 7, it is aimed to perform a few examples by using CESAR finite element
software. The main importance of these examples is to provide a guidance and
verification for the future. Three examples were solved and their results were

represented for next researches.



Chapter 8 summaries the findings from the research and gives recommendations for

the use of finite element analysis in geotechnical works.

Appendixes, all results of Benchmark which were calculated by ECN and the other
three academic centres are represented in appendix part. Besides deformed and initial
shapes of models, displacement colour schemes of models were added. Then data

and list files of CESAR which accompany all calculations were put in appendixes.



2. NUMERICAL MODELLING IN GEOTECHNICAL ENGINEERING

2.1 Introduction

All engineering works require a planning and calculation period before the
application. Civil engineering studies are generally performed in large scales.
Construction sizes are too big when it is compared with other engineering works. In
some cases, it is not possible to predict the results of construction only with
analytical studies. If an error occurs in the calculations it may cause enormous loss of
money in the construction. In order to minimize these human errors, obtained results
should be verified by other solutions. These solutions can be obtained by analytic
calculations, physical and numerical models. The accuracy of results can be verified

by comparison of these results.

Briefly, model can be defined as a simple presentation of a complex system. A model
can be represented by both mathematical and physical systems. A mathematical
system can be represented in the form of equations which will be solved thereafter
using mathematics. Numerical methods are widely used in engineering models. A
mathematical model is a reproduction of some real-world object or system. It is an
assay to take our understanding of the process (conceptual model) and translate it

into mathematical terms. [10]

The aim of modelling is to understand a situation, predict an outcome or analyze a
problem. Modelling is performed to describe the nature, structures and objects. At
the end of modelling, it is easy to understand the working mechanisms of physical
systems and related problems. Numerical modelling is the name of the process in
which we construct the model by using physical properties and mathematical
calculation methods. Modelling is widely used in fluid mechanics and solid
mechanics. Recently, numerical modelling has gained an importance for soil and

rock mechanics.



In the beginning of geotechnical numerical calculations, a physical system should be
determined. For a geotechnical model, physical system means the determination of
ground profile, soil properties, external and internal effects on the model and limit
conditions. After the constitution of physical system, these variables are transformed
into partial differential equations. This part is the explanation of a real system by
mathematical equations. Then these equations are transformed to integral
formulations which aim to put the unknown variable in the functions. Depending on
the assumptions and model parameters, these functions can be complicated. These

formulations are solved by a numerical method.

It should be taken into account that numerical calculations give approximate
solutions and results are not always exact. Also these calculations are effected by
some errors which are caused by both physical and mathematical systems [10]. In the
following chapters, the applications of finite element method will be discussed in a
benchmark and possible errors are going to be searched. An explanation of numerical

analysis is also seen in the figure 2.1.

[Fnrmulﬂﬁnu of Equations Transformation of FquaﬁunsH Nuwmerical solution ]
Physical System Integral Formulation — s System of Algebraic
Equations
Partial Differential

Equations Approximate Solution

Figure 2.1: Steps of Numerical Analysis

There are different kinds of methods which use partial differential equations and so
for each method several kinds of computer programs exist. A few of these
calculation types can be counted as finite difference method, finite element method,

spectral method, finite volume method and discrete element method. [9]



2.2 Finite Element Method

2.2.1 Introduction

The finite element method, sometimes referred to as finite element analysis, is a
computational technique which is used to obtain approximate solutions of boundary
value problems in most of engineering issues. A boundary value problem is also a
mathematical problem in which one or more dependent variables should satisfy a
differential equation. Finite element method is becoming increasingly popular
techniques within metrology for the numerical solution of continuous modelling
problems. The use of the finite element method in engineering for the analysis of
physical systems is commonly known as finite element analysis. A wide range of
software packages is currently in use and there is a need for checking the accuracy of

solutions and determining the correlations between these programs. [10]

The Finite Element Method is an approximate numerical method which has been
used to solve the problems in engineering studies since mid 50’s. It was formulated
and developed from the mid 50’s, first by engineers and later by mathematicians.
Argyris (Stuttgart), Clough (Berkeley), Zienkiewicz (Swansea) and Holland (NTH)

gave important contributions to this development. [9, 12]

Briefly, the finite element method depends on two basic ideas. Discretization of the
region being analyzed into finite elements and the use of interpolating polynomials to
describe the variation of a field variable within an element. Generally, in a
calculation of finite element problem first geometric data is determined then element
definitions, material properties, boundary conditions and loading values are
determined then these parameters are transformed into equations which can be solved

by finite element program.

The finite element method is not an exact method. But it may give us good
approximate solutions on a number of problems, some which can not be solved
exactly. Accuracy of calculations depends on the simplifications and approximations
in the model. In addition in this chapter, are introduced “errors” from the simple fact

that the calculation tool (the finite element method) itself is an approximation. Such
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errors can be introduced through the use of poor element meshing or a too coarse
element meshing. Additionally, poor convergence of the iterative calculation process
could leave unbalanced forces or even make the computation fail to converge.
Changing control parameters and criteria for the computational algorithms may

sometimes be needed to improve the situation.

2.2.2 History and Definition of Finite Element Method

The finite element method is a method for solving partial differential equations. For
example a partial differential equation will involve a function u(x) defined for all x in
the domain with respect to some given boundary condition. The purpose of the
method is to determine an approximation to the function u(x). The method requires
the discretization of the domain into sub regions or cells. For example a two-
dimensional domain can be divided and approximated by a set of triangles and
quadrangles. On each cell the function is approximated by a characteristic form. For
example u(x) can be approximated by a linear function on each triangle. The method

is applicable to a wide range of physical and engineering problems.

The finite element method requires the user to set up a mesh or grid over which the
problem of interest is solved. The method is usually traced back to the work of the
German mathematician Richard Courant who is credited with introducing the
concept of trial functions to simulate the behaviour of physical systems over small

regions.

The simple definition of finite element method in Cook’s words is that the finite
element method involves cutting up a structure into several elements or pieces of the
structure, describing the behaviour of each element in a simple way, and then
reconnecting the elements at nodes. This process produces a set of simultaneous
algebraic equations. In stress analysis, for example, these would be the equilibrium
equations for the nodes. Cook’s sophisticated description is that the finite element
method is piecewise polynomial interpolation. Within each element a field quantity
such as displacement, temperature or pressure is interpolated from values of the field
quantity at the nodes. As the elements are connected together the field quantity is
interpolated over the whole structure in a piecewise manner, with as many

polynomial expressions as there are elements. Thus eventually a set of simultaneous
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equations for values of the field quantity of interest at the nodes is obtained. Values
at positions not defined by nodes can be calculated using the interpolating

polynomial for the element in question. [9]

It should be clear from the above description that the finite element method does not
require a regular mesh or grid to define the problem domain. Provided the
appropriate polynomials can be written, elements can take a range of sizes and
shapes from one to three dimensions, and it is possible to assemble them into
complex structures relatively easily. Much commercial finite element software
includes tools for generating meshes of complex structures rapidly or for taking
computer-aided design drawings, and turning them into finite element meshes. This

is one advantage of the finite element method.

Typically, the user works with the pre-processing and post-processing aspects of the
software. In the pre-processing stage the finite element mesh is generated, and the
loading, the boundary conditions and the material properties are described. The post-
processing stage is concerned with defining and using results output, either through
text files listing numerical results or graphically. Often the calculations of interest,
such as deriving a stress distribution from displacement data and materials

properties, are carried out at the post-processing stage. [9]

In Figure 2.2, the main parameters necessary in the definition of a physical problem
were shown. Generally for each finite element software, these parameters should be
obtained to solve the problem. Material properties, loading values, initial and limit
conditions are directly related with the nature of the model. After the definition of
these parameters, model specialities and calculation parameters are determined. [9,

40, 54]
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PHYSICAL PROBLEM

MATERIALS LOADING CONDITIONS MESHING
-Constitutive Laws -Forces and Pressures  -Initial Conditions-Element Types
-Parameters -Imposed Displacements -Limit Conditions -Dimensions and
-Phases Density
ALGORITHMS ANALYSE TYPE
-Solution Method -Static (2D, 3D)
-Integration Laws -Consolidation (2D, 3D)

-Contact (2D, 3D)

Figure 2.2: Definition of a Physical Problem in a FEA [49]

2.3 Basic Principles of Finite Element Analysis

2.3.1 Continuous Mediums

Finite element calculations should be performed in continuous mediums. In
continuous mediums energy, momentum and mass should be conserved. Elements
are limited by external boundaries and each element is connected to the other
element. The continuous medium assumptions for soil come from the second half of
18™ century. One of the founders of the soil mechanics, Charles Augustus Coulomb,
implied the continuum description of soil for engineering purposes in 1773. Till

today, these assumptions have been accepted in most geotechnical problems.

Soil is a mixture of particles of varying mineral (and possibly organic) content, with
the pore space between particles being occupied by either water or air or both. There
are many important discontinuities in geological environments. Although, soil is
showing such complex behaviour and so many discontinuities inside, the continuous
assumptions leads us some initial errors before the calculations. On the other hand, it
allows us to take advantage of many mathematical tools in formulating theories of

material behaviour for practical engineering applications.
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2.3.2 General Issues on Material Behaviour

The knowledge of the material behaviour has an important role on finite element
applications. Elasticity is a property of material by which it tends to recover its
original size and shape after deformation. It is represented by elastic model in
Hooke's law of isotropic linear elasticity. It is generally appropriate for stiff
structures in the soil like foundations; retaining walls etc. this linear elastic model is
not a good solution of soil modelling. Young's modulus and Poisson's ratio are the
basic parameters of elastic models. In linear elastic case stress and deformation

relation can be basically expressed in the following form.

c=D. (2.1)

Plasticity is the tendency of a material to remain deformed after reduction of the
deforming stress, to a value equal to or less than its yield strength. Plasticity is
associated with the development of irreversible strains. Generally in the domain of
civil engineering, materials show non linear behaviour. Soil is a non-linear inelastic
material, but even so the theory of elasticity is essential as a basis for the
development of more realistic material models. An elastoplastic model will be more

appropriate for the geotechnical models. [6]

2.3.3 Dimensional Analysis

Before the advent of modern solid geometry modelling, and 3D meshing and post
processing, it was very difficult, time consuming to create, solve and verify 3D
models. Because of these difficulties, engineers are used to two dimensional
problems. Yet, there are a number of problems which are inherently 2D and it makes
sense to treat them as such. These problems can be divided into three main types. [8,
19]

1. Plane Stress Condition

2. Plane Strain Condition

3. Axisymmetry
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Sometimes, we can use the 2D models, which are still far easier to create and solve,
to gain intuition, and insight before going on to the more laborious 3D models. In

each case, two dimensional analyses is a way to establish more complex models.
2.3.3.1 Plane Stress

Plane stress is the case where o, =0,, =0, =0 this can occur for example in the

case of a thin plate. In this case of the three dimensional stress-strain relationships

o = D.e simplifies to

I v 0
D=( Ezj-v L0 (2.2)
I-v
0 0 (1-v)/2

where E is Young's modulus and v is the Poisson's ratio.
This is best thought of as a thin piece of metal with all loads in plane as seen in
Figure 2.3. There will be no out-of plane stresses. There will be a normal strain in the

out-of-plane direction. [§]

In-plane load ] ] /

| Ii' | | 4
Thin f—— /

Figure 2.3: A Material in Plane Stress and its Static Representation in FEM

In-plane load

All important features lie in the plane. The only geometry that is needed is the in-
plane shape. A thickness must be specified if the stiffness of the part is important. If

no thickness is specified, then unit thickness is assumed.
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2.3.3.2 Plane Strain

Plane strain is the case where ¢, =¢,, =&, =0 Plane strain arises for example in a

2D slice of a tall cylinder where symmetry prevents any movement in the z direction.

In this case the stress-strain relationship o = D.e becomes

£ I-v v 0
D=——""| v 1-v 0 (2.3)
(1+v)(1-2v) 0 (1-2))2

This can best be thought of as a thick piece of material. Again, all loads are in-plane
and do not vary in the out-of-plane direction. A typical slice is analyzed. There will

be no out-of-plane strains. There will be an out-of-plane normal stress.

Very thick in
this direction

unit thickness ———» e

Loads constant in thick \

direction
A A A A A

Figure 2.4: A Material in Plane Strain and its Static Representation in FEM

All important features lie in the plane. The necessary condition for the plane strain is
the surface geometry which must be in a plane shape. It can be considered as all

displacements in the third dimension considered as zero. [§]

2.3.3.3 Axisymetric Problems

The model is generally obtained by rotation of a plane at 360° around an axis. All
loads and boundary conditions are considered as axisymetric. The model does not
represent a variation depending on the angle. For instance, tri-axial test can be

modeled by this way.
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In figure 2.5, a tri-dimensional solid body was constituted by rotation of a plane
around an axis. Then in two dimensions a planer section can be considered as whole

mass and by this way an axisymetric model can be calculated. [8, 39]

% 5\ yf /' loads independent of 8 /
4

e

VV VY

j

Figure 2.5: A Symmetric Element and its Static Representation in FEM

axis of rotation

2.3.4 Determination of Mechanical Properties and Constitutive Laws

Soil mechanics has started its development in the beginning of the 19th century. The
necessity for the analysis of the behavior of soils appeared in many countries. In the
last century, most of the basic concepts of soil mechanics have been clarified.
However, their combination to an engineering discipline has been developing. The
first important contributions to soil mechanics are due to Coulomb, who published an
important dissertation on the failure of soils in 1776. After his inventions in 1857,
Rankine published an article on the possible states of stress in soils. In 1856, Darcy
published his famous work on the permeability of soils for the water supply of the
city of Dijon. The principles of the continuum mechanics including statics and
strength of materials were also well known in the 19" century, due to the work of
Newton, Cauchy, Navier and Boussinesq. All of these improvements show
correlations with the progress in mathematics and physics. In Figure 2.6, the

development of soil mechanics with mathematical progress is clearly seen. [25]
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Figure 2.6: Development of Soil Mechanics with the Progress in Mathematics

The basic equations of soil mechanics have developed with the progress in
mathematical studies. Before Mohr-Coulomb soil model, calculations were being
performed by some empiric equations. Then, the soil has considered as a continuous
medium and Mohr-Coulomb theory was developed. In 1925, Terzaghi put his
assumptions in geotechnical area and studied on saturated soil. It was the time when

effective stresses w