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PREFACE
This report deals with possibilities to estimate and forecast settlements. The aim of the project
has been to apply coupled analysis, i.e. calculation of consolidation settlements with or without
consideration taken to creep effects, allowing for two-dimensional water flow and soil
displacement conditions. The effect of choosing different material models describing the stress
deformation properties of the soil was also investigated. By necessity, some type of numerical
method must be used in order to accomplish this, and in this project a finite element program
developed at Laboratoire des Ponts et Chaussees in Paris (LCPC) - CESAR - was used for the
calculations. The work was carried out as a part of a co-operation between the Swedish
Geotechnical Institute (SGI) and LCPC. However, limitations in the program version which was
installed on the SGI server made it impossible to analyse consolidation effects for more than
linear elastic cases. Creep effects involved in the consolidation process could not be studied at
all.
From the results of this study it is clearly shown that additional information is obtained from e.g.
finite element calculations compared to settlement calculations carried out in a traditional way
(water flow and soil displacements assumed to occur only in one dimension, that is, in the
vertical direction). However, without the possibility to apply coupled analysis and also analyse
the influence of creep effects on the consolidation process using more relevant material models
to describe the stress-deformation properties of the soil, the value of the result which can be
obtained from the version of the CESAR program used in this project as an estimate for the
development of settlements over time is limited. It is therefore impo1iant that the now initiated
continues and is expanded also to comprise such calculations.
The work has been financially supported by grants from the Swedish Council for Building
Research and by the Swedish Geotechnical Institute. The results from this project will also serve
as part of a Ph.D. work carried out at the SGL The latter projecct is more oriented towards slope
stability problems.

SGI

March
1999 476
SGI
Varia

Dnr: 1-9303-094

3 (44)

CONTENTS

PREFACE .................................................................................................................................................................... 2
SUMMARY ................................................................................................................................................................. 4
1.

BACKGROUND ................................................................................................................................................ 5

2.

CHRONOLOGICAL DESCRIPTION OF PROJECT .................................................................................. 5
2.1
2.2

3.

WORK DONE UNTIL DECEMBER

1996 .............................................................................................................. 5
1997-1998 ................................................................................................... 8

WORKDONEDURINGTHEYEARS

DESCRIPTION OF THE CESAR PROGRAM ............................................................................................. 8
3.1 GENERAL STRUCTURE OF THE PROGRAM ......................................................................................................... 8
3.2 MATERIAL MODELS ....................................................................................................................................... 11
3.2.1
General description ............................................................................................................................. I 1
The Melanie model .............................................................................................................................. I2
3.2.2

CALCULATIONS ........................................................................................................................................... 17

4.

4.1 INTRODUCTION .............................................................................................................................................. 17
4.2 CALIBRATION EXAMPLE ................................................................................................................................ 18
4.2. I
GeometJy and geotechnical conditions ............................................................................................... I 8
4.2.2
Input parameters ................................................................................................................................. I 9
4.2.3
Results ................................................................................................................................................. 20
4.2.4
Comments and remarks ....................................................................................................................... 22
4.3

LILLA MELLOSA. ········································································· ... ············································ ··················· 23
4.3. I
Geometry and geotechnical conditions ............................................................................................... 23
4.3.2
Input parameters ................................................................................................................................. 25
Results ................................................................................................................................................. 29
4.3.3
4.3.4
Comments and remarks ....................................................................................................................... 33
4.4 SKA EDEBY.................................................................................................................................................... 34
4.4. l
GeometJy och geotechnical conditions ................................................................................................ 34
4.4.2
Input parameters ................................................................................................................................. 37
4.4.3
Results ................................................................................................................................................. 38
4.4.4
Comments and remarks ....................................................................................................................... 41

5.

CONCLUSIONS .............................................................................................................................................. 43

6.

REFERENCES ................................................................................................................................................ 44

SGI

SGI
Varia
March
1999476

Dnr: 1-9303-094

4 (44)

SUMMARY
With increasing demands on the ability to forecast the behaviour of geotechnical constructions,
so called functional design, the ability to estimate e.g. settlements becomes more and more
important. Traditionally, settlement calculations have been carried out assuming one
dimensional soil displacement and water flow conditions and without consideration taken to
creep effects involved in the consolidation process. In the early '90 a computer program
EMBANK.CO was developed at the Swedish Geotechnical Institute as an improvement of an
older version of the French program CONMULT, supplied by courtesy from LCPC. Among
many things, the creep part of the program was altered to better reflect the observed soil
behaviour. Also in EMBANK.CO one-dimensional soil displacement and water flow conditions
are assumed.
Consolidation settlement and creep deformations are in general two-dimensional and sometimes
three-dimensional. Only under certain circumstances a one-dimensional approach would be
strictly correct. The aim of this project has been to search for possibilities to make better
estimations of the size of, the spatial distributions of, and the development in time of consoli
dation settlements. In order to do this, some kind of numerical method must be used. There are a
few commersially available computer programs which can be used. In this project, a finite
element program, CESAR, has been used as pari of a co-operation agreement between SGI and
LCPC in Paris. The settlements of embankments at two of SGI's test fields, at Lilla Mellosa and
at Ska Edeby, have been analysed. However, the version of the CESAR program which was
installed at SGI did not allow coupled analyses, i.e. consolidation analyses, more than for a linear
elastic material model. Creep effects involved in the consolidation process could not be studied
at all. Therefore, the comparison has been limited to mainly the soil displacement pattern. The
total settlement from a mechanical analyses (uncoupled analyses), that is, from analyses where
the influence on the development of soil displacements of the pore water has been neglected,
have also been compared to calculations carried out with EMBANK.CO under similar
assumptions.
The analyses show that calculations with the CESAR program in a satisfactory way can mirror
the deformation pattern such as it has been determined from field measurements. The size of the
calculated settlements is directly dependant on the numerical values assumed for the deformation
moduli. It has not been possible to adjust the values of the moduli with the effective stress level
in the soil. Constant values have therefore been assumed throughout the calculations and a
couple of different approaches to estimate reasonable 'average' values of the moduli have been
tried. The agreement with the calculations carried out with EMBANK.CO are under these
circumstances good. No attempt to optimize the values of the soil parameters has been done. The
reason for this is to show the result for a set of parameters estimated from an engineering
judgement, based on the available background material rather than results from calculations
with parameters fitted after back-calculation.

It would be interesting to extend the findings in this project to also cover analyses with modules
in the CESAR package which can handle creep and non-linear consolidation analyses. This is
expected to be carried out within the continuing co-operation between SGI and LCPC.
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Development of methods for settlement calculations
Analysis of two test embankments using the CESAR-LCPC program

1.

BACKGROUND

The aim of the project has been to increase the knowledge and understanding of the influence of
two and three-dimensional water flow and soil displacement on the development of consoli
dation settlements in soft soil. Traditionally, settlement calculations have been carreid out using
one-dimensional models. The in Sweden currently used software EMBANK.CO, which was
commercially released in 1994, is based on a one-dimensional calculation model.
During the last years, demands to better understand the behaviour of different geotechnical
constructions taking into account the interaction between the soil skeleton phase, the water
phase, and the gas phase coupled analysis - have increased. Building codes emphasize the
importance of making realistic prognoses of the behaviour of constructions in the serviceability
state. When it comes to stability of slopes, the choice of e.g. location for instrumentation or type
of stabilisation is very much dependent on the behaviour of the actual slope. Being able to
forecast the behaviour and changes in the behaviour due to changed load and stress conditions
(both changes of state due to normal variations in nature and different man-made activities) is
essential. The importance of being able to handle models for two- and three-phase systems will
therefore increase.
There are several areas within the geotechnical discipline in which three phase models are of
great importance, such as for example settlement of embankment constructions and behaviour of
slopes. Several advantages can thus be obtained if works in related topics are not carried out
separately, but rather coordinated with each other. The project covered by this report has thus
been a part of Lars Johansson's study towards a Ph.D in soil mechanics, although this work is
mainly related to the behaviour of natural clay slopes.

2.

CHRONOLOGICAL DESCRIPTION OF PROJECT

As the project has run over several years, altogether almost 7 years, a chronological description
of different activities in the project is presented in this section. Of course, active work has not
been going on all the time. In fact, from the beginning and to the end of the project time, there
have been problems with either the software or the computer systems which have disabled
operation. This will be further elaborated in the following. Except from installation and
theoretical studies, the main part of the work using the CESAR program for studying actual
geotechnical problems has been done during the last two years, 1997-1998.

2.1

Work done until December 1996

Before July 1992

Per-Evert Bengtsson, SGI, installed Version 2.0 of CESAR-LCPC on a
Digital VAX work station 3100 MX38.
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Severe difficulties were encountered when transferring the files from
tapes to the work station at SGI, as well as with compilation of the
program. Later on, when the program was running, it was found that
only simple models for describing soil behaviour were functioning in a
proper way.

920706-10

Dr. Alain Dubouchet from LCPC visits SGI and installs Version 3.0 of
CESAR-LCPC on the work station.

9208-9211

Per-Evert Bengtsson carries out test calculations for the problems provided
as reference examples (analytical solutions exist). These examples are
described by Mestat (1990). The results obtained from these test
calculations were identical with those given in the report.
The Melanie soil model did not work, but other more complicated soil
models, e.g. modified Cam-Clay, functioned properly.

921101

Start meeting for the project at SGI. Rolf Larsson, Helen Ahnberg and Per
Evert Bengtsson participated. A draft project plan and work description
were drawn up.

930217-19

Dr. Philippe Mestat from LCPC visits SGI and gives lectures about the
MELANIE model. A new model of the CESAR program (the KA TT AN
model) is provided, and Dr. Mestat confirms that the previous version of
the software installed on the work station at SGI was not correct.
The problem with the software was that sub-routines from different
versions had been mixed. The 9207 version came originally from a
French license holder using the Digital VAX VMS-system.

9306

Dr. Marius Tremblay, SGI, spends some weeks at LCPC in Paris. He
reports that more developed versions of the software now exist, especially
the post-processor.

931118-19

Dr. Jan-Pierre Magnan visits SGI and gives lectures about the MELANIE
model included in the CESAR program. Participants from SGI are Rolf
Larsson, Lars Johansson, and Per-Evert Bengtsson.
The problems with the software remain. The impression is that LCPC
does not run the program in a similar computer environment as that
at SGI, and that it will be very difficult to get the sub-routines working
together in a proper way. The practical work with operation of the
software is temporarily put aside.

9312-9407

Lars Johansson carries out theoretical studies of the soil models included in
and the structure of the CESAR program. All documentation and manuals
are originally written in French. Certain chapters and papers are translated
to English and Swedish and distributed among geotechnical engineers
involved in numerical analysis.

9409

It is realised that it will not be possible to get a copy of the CESAR
program working on the VAX work station at SGI. Discussions with LCPC
are initiated about the possibility of installing a version of the software on
the UNIX server at SGI.
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9412

A positive answer is received from LCPC regarding the installation of the
CESAR program on the SGI UNIX server. However, in order to be able to
use the software, either a SPARC work station or a PC emulation software
(X-terminal software) would have to be used to transfer the PC into a 'work
station'. On condition that SGI writes yearly reports about the experiences
using the software, it will be provided free of charge.

9501

The Computer System Division at SGI starts investigating the two
alternatives SPARC work station or X-terminal emulation software.

9501-03

Lars Johansson carries out some calculations on the VAX work station,
involving the test examples for validation as previously described and the
French embankments. In order to better understand the input structure of
the software, a fictive example was formulated covering the calculation of
consolidation settlements of a single lime cement column.
Once again it is concluded that the software is not working correctly.
The calculated sizes of settlements appear to be correct (conclusion
drawn from the lime cement column example). On the other hand, it
is impossible to draw conclusions regarding the calculated sizes of
stresses and hydraulic parameters, because the post-processor
presents unrealistic graphs and plots. It can not be determined
whether the software is malfunctioning or if the post-processor uses
erroneous data while in operation. It is also concluded that the
current version has a limitation on max. number of elements. The
max. number allowed is too small in order to carry out e.g. ordinary
slope stability and embankment settlement calculations.

9503-12

Discussion with LCPC in different steps in order to find out what the
problems might be with the 'lime cement column example', that is, if the
answer is to be sought in erroneous indata files or in the way the software
functions and operates.

9512

It has been decided that ordinary PC:s will be used as 'work stations'
together with an X-terminal emulation software to communicate with the
UNIX server. The software EXCEED has been chosen and is installed.
Due to security reasons, the SGI server is 'blocked', thus, not
allowing for the X-protocol to be transferred, and it took some
additional time to solve the problems occuring when running the X
terminal software.

1996

Discussions are going on with LCPC on how to proceed with the transfer of
the software to the SGI UNIX server. Since this is 'blocked' it is not
possible to electronically transfer the software. LCPC prefers to compile
the software for the actual operative system used at SGI. For some months
it was unclear whether the SGI operative system should be upgraded or not,
which further delayed the transferral. Finally it was decided that the
software should be supplied on diskettes.
In the end of 1996, the formal responsibility for the project was transferred
from Per-Evert Bengtsson to Lars Johansson.

9701

Version 3.2 of the CESAR program is received by SGI.
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Work done during the years 1997-1998

Version 3.2 of the CESAR program was installed and running on the SGI UNIX server by
March/ April 1997. The input file structure was slightly changed compared to the previous
versions operated at SGI, and the work was initiated with verification examples. However, the
input files previously analysed could not be used.
The first task was to make the lime cement column example work properly before any other
examples were analysed. The settings of the CESAR program, and also the communication
between the X-terminal and the UNIX server, turned out to be more complicated than
anticipated.
During the second half of 1997 hardly no work at all could be carried out due to a change of
firewall at SGI. Afterwards, all previous settings turned out to be malfunctioning. It showed to
be rather difficult to find out what exactly caused these problems. Furthermore, each time
electricity was lost or the internet server at the Linkoping University, which SGI is using, went
down, the settings were once again lost. These problems were finally solved during spring 1998,
and since about April 1998 it has been possible to run the CESAR program with only minor
disturbances. However, due to other commitments, this project could not be activated again until
the beginning of September 1998.
After having penetrated the last version installed at SGI (Version 3 .2) it turned out that the creep
models where not included. Furthermore, coupled analysis, consolidation analysis, coulc only be
applied using the linear elastic material model. Consolidation analysis for non-linear elastic
material models and for elasto-plastic material models was listed under 'models under develop
ment'. Therefore, taking into consideration the limitation of time after the last version of the
program was installed and functioning properly, a substantial part of the original work program
for the project could not be carried out. Nevertheless, the basis of the CESAR program package
was studied. It has been possible to investigate the behaviour of the program compared to field
measurements using different soil models, if yet only for uncoupled analysis. It is believed that
an expansion to a software package including also non-linear consolidation and creep models
should not involve as much difficulty as did the implementation of the software so far.
Furthermore, the co-operation between LCPC in Paris and SGI will continue, and SGI will
search for a suitable solution to access different modules of the CESAR program. Most probably
some of the models listed under the development section of Version 3 .2 are already or will soon
be available.
So far, embankments at two of the SGI test fields, Lilla Mellosa and Ska Edeby, have been
investigated within the framework of this project, using three different available material models,
the linear elastic model, the modified Cam-Clay model, and the Melanie model.

3. DESCRIPTION OF THE CESAR PROGRAM

3.1

General structure of the program

The CESAR program is built up in modules, like most finite element programs. There is a pre
processor taking care of indata called MAX, a calculational module (the finite element program
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itself) called CESAR, and a post-processor to handle output ofresults called PEGGY. The whole
program structure is in French.
The pre-processor guides the user through a number of menus and sub-menus during the input
phase in a rather comprehensive and user-friendly way. However, the menus do not cover all
aspects of input data, something which is rather common for pre-processors, as it is impossible to
cover all alternatives. If it did, the pre-processor would not be enough user-friendly. However,
this short-coming implies that the input files must be edited and altered as an intermediate step
between the pre-processor and the execution of the calculational module. It takes some time for
the user to realise what everything in the input file means, but after some time and with help
from the manual to interpret all codes, it becomes an easier task.
Also the operation of the post-processor is guided through menus and sub-menus in a logical
sequence. The post-processor permits the drawing of traditional output graphs and plots, e.g.
deformed mesh, countours of stresses, deformations, and pore pressures. An additional very nice
feature is what could be called 'fill options' where stresses, deformations, flux, pore pressures
etc. can be presented as coloured fields. It is also possible to build sections through the structures
by clickig along a path through the mesh with the mouse and present parameter values for this
path.
The main emphasis should be put on the calculational module, i.e. the finite element program.
Like most other similar programs, this is built up in groups of modules, each taking care of a
certain amount of information and processing. There is for example a first group taking care of
and processing input data. Modules within this group are for example ILIG (which writes data in
the output files), COMT (which inserts comments in the output files), and COOR (which defines
the coordinates of all nodes). After completion of this group of modules the program continues
to a group of so called executable modules. All calculations are carried out within these modules.
Hence, there is one excutable module for each kind of problem type which can be analysed by
the program, Table 3.1. As can be concluded from the table, the program package is rather
complex and gives the possibility to analyse a wide range of different types of problems.
However, only a few of the executable modules are normally of interest for geotechnical
applications. Only the modules CSL! and MCNL have been used within this project.

Table 3.1

Executable modules representing different problem types which can be
analysed with the CESAR program, Version 3.2.

Module

Type ofproblem

AXIF

Axisymmetric elastic structure (rotational symmetry) .

CSLI

Linear elastic consolidation.

DTLI

Transient linear diffusion, solved by use of direct integration.

DNTL

Transient non-linear diffusion.

DYNI

Response to a dynamic loading, solved by means of direct integration.

LINC

Linear problem expressed in complex variables.
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LINE

Linear elastic or linear diffusion.

MCNL

Mechanical solution for materials with non-linear constitutive behaviour.

MODE

Analysis of eigenvalues and eigenvectors.

MPLI

Linear thermo-mechanical behaviour of porous materials.

MPNL

Non-linear thermo-mechnaical behaviour of porous materials.

NAPP

Determination of transient or stationary groundwater levels.

NSAT

Drainage of a porous non-saturated material.

SSTR

Determination of the stiffness matrix of a sub-structure.

SUMO

Response to a dynamic loading, solved by means of modal superposition.

SURF

Drainage of a porous material with a free water level in the stationary case.

TACT

Contact problem between elastic rigid bodies.

TCNL

Contact problem between rigid bodies with non-linear constitutive
behaviour.

TEXO

Determination of the temperature field in a concrete body during hardening.

Some executable modules are listed under a section denoted 'Modules under development' in
Version 3.2, and are not yet avialable for use. These modules are presented in Table 3.2.

Table 3.2

Executable modules not available but listed as 'Modules under develop
ment' in Version 3.2 of the CESAR program.

Module

Type ofproblem

MECR

Rupture mechanics.

CSNL

Non-linear elastic consolidation.

CSNS

Non-saturated consolidation.

DMGE
PROB

Probabilistic analysis.
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Several different kinds of elements to build up the geometry of the problem are provided in the
program package, ranging from two-dimensional to three-dimensional. These are however not
described in detail in this report. Interested readers are referred to the User's Manual.

3.2

Material models

3.2.1

General description

There are several sets of material models implemented in Version 3.2 of the CESAR program, all
of them reflecting the different executable modules described in Section 3.1. They range from
the simple linear isotropic and anisotropic elastic models to more sophisticated models. The
following models are available for use:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Linear isotropic elastic.
Linear orthotropic elastic.
Mohr-Coulomb without hardening.
Von Mises without hardening.
Von Mises with hardening.
Drucker without hardening
Drucker with hardening.
Parabolic criterium.
Vermeer.
Nova.
Modified Cam-Clay.
Prevost and Hoeg.
Oriented criterium (freely translated from French).
Melanie (in plane deformation).
Mohr-Coulomb with hardening, orthotropic elasticity.
Tresca, anisotropic (in plane deformation).
Elasticity with isotropic dilatancy.

Furthermore, analyses can be carried out for plane deformation and stress cases and for
axisymmetric symmetry cases. From the listing above it is obvious that some models can only be
applied in the case of plane deformation.
For the calculations in this project, the linear isotropic elastic model (in connection with
consolidation analysis), the modified Cam-Clay model, and the Melanie model have been used.
There are numerous books, conferences, and articles in which the traditional material models for
soil behaviour are described, e.g. Chen and Mizuno ( 1990). In this report, only the Melanie
model is therefore briefly described. This model has been extensively described by e.g. Kattan
(1990), Lepidas and Magnan ( 1990) and the reader is referred to these references for a more
thorough presentation.
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3.2.2 The Melanie model
The Melanie model has been developed taking into account results from work carried out at
Cambridge University (Cam-Clay models), from work carried out under Profs. Tavenas and
Leroueil at Laval University in Quebec, and from work carried out under Dr. Mouratidis and
Prof. Magnan at LCPC concerning the behaviour of soft natural clays.

Basic assumptio1ts in the Mela1tie model
The Melanie model basically is a development of the modified Cam-Clay model and the reader
is suggested to study the basic features of this model, e.g. Schofield and Wood (1968), Chen and
Mizuno (1990), as an introduction to Melanie.
The Melanie model is expressed in terms of the reduced deviator and mean effective stresses, t
and s' respectively, defined by

t

= cr\ -cr\

0'1 -c,'3

s'=--2

(3-1)

(3-2)

where cr' 1 and cr' 3 is the to the numerical value largest respectively smallest principal stress.
Identical to the the modified Cam-Clay model, the shape of the yield surfaces (and also the
failure surface) is in the Melanie model assumed to have an elliptical shape in the s' -t plane.
However, different from the Cam-Clay model, the ellipse is assumed to be centered along the
K 0-line and is further assumed to pass through the origin of the coordinate system. The ellipse
cuts the O-s' axis at a point s 'p, corresponding to the preconsolidation pressure determined for an
isotropic stress state, defined by

s' p = 0.3(1 + 2 · K Onc L,
JJ p

cr' P is the preconsolidation pressure determined in an oedometer test and Kone is the earth
pressure coefficient for the normally consolidated clay. These assumptions are visualised in
Figure 3.1.

(3-3)
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t

0

s'

Figur 3.1

In the Melanie model the yield surface is assumed to have an elliptic
shape and be centered along the K0 -line.

In the CESAR program, however, it is assumed that the earth pressure coefficient for normal
consolidated clays can be determined by means of Jaky's expression

K~

0

= 1- sin~•

(3-4)

where~' is the effective friction angle. ~' is usually assumed to be 30° for clay soils, why the
value of Kone would be 0.5. Expression (3-3) has therefore in the CESAR program been
simplified to

s'P

= 0.6·a\

(3-5)

However, this is to a certain extent in contradiction with empirical findings for Swedish soft
clays. This will be elaborated in the following sections where the calculations carried out in this
project are discussed.
As can be seen from Figure 3.1 the shape and the location of the initial elliptical yield surface in
the s' -t plane can be completely defined by the further assumption that the end point of the
ellipsoid along the Ko-line is obtained by detecting the intersect between a line sloping 45°
originating at a value on the s' -axis corresponding to the preconsolidation pressure (cr' p) and the
Ko-line. Finally, the slope of the Ko-line 0 is given by

tan0

=

l-K 0110
l+K 0110

(3-6)
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Limit state surface

The equation for the limit state surface in the Melanie model, which defines the boundary
between elastic and plastic states for the soil, is analogous to the one in the modified Cam-Clay
model, apart from being expressed in the s'-t-e space rather than in the p'-q-e space, Figure 3.2.

, s

,

,,'
«

,/

s·

PA

,/

---t·

..,;':---,..,.:--__
-_~.t.•6t

~;c::;::::::.=:=~~~~-::::;:-

l

"
Figur 3.2

Limit state surface of the Melanie model for clay.

The intersection of the limit state boundary with the s'-e plane gives the equation for the
isotropic consolidation line

(3-7)

where e is the void ratio. e"- and A are model parameters and the other parameters can be found
from Figure 3.3.
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e

e

p

,.

s'

Figur 3.3

s'

Definition of parameters describing the isotropic consolidation line in the
s'-t plane.

The slope of the unloading-reloading curve is denoted by a, and is defined by the expression

e = er - a(s'-s' 1 )

(3-8)

Associated or non-associated plastic flow
According to research carried out at LCPC, clays in general do not conform to associated plastic
flow, that is, following the normality law in the Cam-Clay model. A material is showing
associated plastic flow properties if the plastic increment strain vector i::;P is normal to the yield
surface.
The model for the direction of the plastic strain vector used in the Melanie model is based on
empirical observations showing that this direction is found to be somewhere between the
direction of the normal to the yield surface ni and a direction corresponding to the prolongation
of a line drawn from the origin of the coordinate system through the stress point located on the
yield surface. It is therefore assumed in the Melanie model that the actual direction is the
bissectrice Di of these two directions. The concept is shown in Figure 3.4. The CESAR program
offers however the possibility to choose between associated plastic flow and non-associated
plastic flow following the Melanie concept when carrying out calculations.
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t

y

0

Figure 3.4

s',

e:

The direction of the plastic increment strain vector tf is assumed to follow
the direction D; in the Melanie model,

Summa,y ofmodel parameters in the Melanie model

The following parameters are used in the Melanie model:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Unit weight [y].
Elasticity modulus in the vertical direction [Ev].
Elasticity modulus in the horizontal direction [Eh).
Poisson's ratio in the horizontal direction under horizontal loading [v°hh).
Poisson' s ratio in the vertical direction under horizontal loading [v' vh].
Shear modulus in the vertical plane [Gv11J.
Slope of the Ko-line in the s'-t plane [8).
Slope of the isotropic consolidation line in the e-s' plane [A).
Initial void ratio [e0).
Vertical in-situ stress level [cr' vo].
Pre-consolidation pressure [cr' rl
Earth pressure coefficient for the normal consolidated state [Kone).
Earth pressure coefficient for the over-consolidated state [Ko oc].
Normality index (0 = associated plastic flow; 1 = non-associated plastic flow) [TJJ.
Tolerance to be used applying the plasticity criterium [TOLC].

The elastic moduli, i.e. E and G, are assumed to be correlated to each other via Poisson's ratio v,
so in fact only one of them along with v would be necessary. The approach in the CESAR-LCPC
program package allows for the compression and the shear deformations to be handled
independently from each other.
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4. CALCULATIONS

4.1

Introduction

A major part of the project time has been spent to make the software work and yield relevant
results. For example, it has been found that in order to get correct output data from the
calculations, the option to let the execution module of the program create maximum output
information always must be used. It appears as if the vectors and matrices where output data are
to be stored to some extent are filled with erroneous information if options with fewer output
data are used. These erroneous data are later read instead by the post-processor leading to
unreasonable results being presented. The conclusion is that this is primarily a communication
problem between different modules of the program and not a direct sign of malfunction.
A simple example (consolidation of a single lime cement column) was used for calibration.
1
Calculations were carried out using the linear elastic model (uncoupled analysis ) and the linear
elastic consolidation model (coupled analysis). Once this rather simple example appeared to be
solved properly, the work was focused on more complex examples.
Calculations were made for embankments at two of SGI' s test fields, Lilla Mellosa in Upp lands
Vasby (between the cities of Stockholm and Uppsala), and Ska Edeby about 20 km outside of
Stockholm. The intention was to use the Melanie model and coupled analysis including creep
and to compare the result from CESAR with both field measurements and calculated results
using EMBANKCO. However, when the calibration example (the lime cement column) was
finished, it was found that this option is not included in Version 3.2 of the program. Only the
linear elastic consolidation model is available for coupled analysis. Choosing the Melanie model,
only uncoupled analysis can be made. However, at this stage, it was necessary to bring this part
of the project to an end. There was thus no time to try to get the current version of the program
extended. Implementing such extensions would take a considerable time. Simultaneously the
whole computer environment at SGI was changed with an upgrading of the operative system on
the UNIX server. Making substantial changes to the CESAR program, which functions in the
way it is presently installed, was umealistic knowing that the whole program package would
soon have to be reinstalled and it could be expected that the new operative system might limit the
function of the program. This made the choice to carry out the calculations uncoupled natural.
Unfortunately, it was never possible to solve the problems with printing facilities, so all
presentation of results is therefore in the form of screen dumps.

1
Coupled analysis means that the interaction between the water phase and the soil skeleton phase is taken into
account during the calculations. Uncoupled analysis means that the hydrological part of the analysis is carried out
separately from the mechanical part.
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Calibration example

4.2.1 Geometry and geotechnical conditions
A single lime cement column installed in clay was analysed (unit cell approach). The problem
was modelled as axisymmetric. The length of the column was assumed to be 6 m and the
diameter 0.5 m. The influence area of the column was asssumed to 1.5 m 2 • The groundwater
level was assumed to be located at the upper boundary of the column and the pore pressure
distribution Was assumed to be hydrostatic. The model was built up of two groups of elements,
one group representing the clay and one group representing the lime cement column. The
geometry is shown in Figur 4.1.

Permeable boundary

Surface load 50kPa

·· ·······
· ···
······
~: ::,
.'
' . ...... :
i "E ..•........• . .•.. :
Clw, i :,: (}/CcO) . .. .

... ..

Two columns of
elements / lime
cement column

Three columns of
elements / clay

Impermeable
boundary

Permeable boundary

Figure 4. 1

Geometrical conditions in the calibration example - a single lime cement
column installed in clay, axisymmetric case.
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4.2.2 Input parameters
The calibration example was calculated using the CSLI module of the CESAR program, that is,
coupled analysis, linear elastic consolidation. The model parameters are:
•
•
•
•
•
•
•

Unitweight[y].
Elasticity modulus [E].
Poisson' s ratio [v].
Unit weight of pore liquid (water) [YwJ.
Porosity [n].
Compressibility of pore liquid (water) [aw].
Permeability coefficient in horizontal and vertical directions [kx] resp. [ky] and in interaction
between them [kxy] for saturated soil.

Parameters for the lime cement column
y = 16.0 kN/m

3



M = 5000 kPa

kx = 0.00864 rn/day



kx = l.0· 10-7 rn/s

ky = 0.00864 rn/day



ky = 1.0· 10-7 rn/s



M = 500 kPa

E

= 3714 kPa

V

= 0.3

Yw = 10 kN/m 3
n= 0.67

kxy = 0.0 rn/day

Ni= 0.7
Parameters for the clay
y = 16.0 kN/m

3

E = 371.4 kPa
V

= 0.3

Yw = 10 kN/m 3
n = 0.67

SGI
Varia
March
1999476

SGI

kx = 8.67-10-5 m/day



kx

ky = 8.67-10- 5 m/day



ky = 1.0· 10-9 m/s

Dnr: 1-9303-094

20 (44)

1.0· 10-9 m/s

kxy = 0.0 m/day

Ko= 0.7

In order to roughly model the actual loading sequence, the surface load (50 kPa) was applied in
steps of 20% per day for five days. Thereafter the surface load remained constant. The applied
load would in reality be a sand fill.

4.2.3 Results

The maximum final settlement after all excess pore pressures caused by the external loading
have dissipated was determined analytically to just above 0.3 m. The final settlements calculated
with the CESAR program are shown in Figure 4.2. The figure shows the original undeformed
mesh drawn with dashed lines and the deformed mesh drawn with full lines. There is some
information about the calculation to be read in the left set of frames. The uppermost frame tells
that the result is shown after totally 179 days, including the five days of loading. Below are three
columns of data to be read; U, V, and h, respectively. U denotes the displacement in the
horizontal direction, and V in the vertical direction, while h denotes the hydraulic head (in m
water).
The conclusion which can be drawn is that the calculated settlements are almost the same in the
clay and in the lime cement column, and that the size corresponds well to the analytical
(uncoupled) analysis.
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Line order corre
sponds to the
node numbers in
the mesh

Figure 4.2

Calculated settlements 174 days after the completion of the loading
sequence.

For the excess pore pressure, expressed as hydraulic head in meter water, the corresponding plot
after 179 days is shown in Figure 4.3. From this figure it is evident that the upper and lower
boundaries are free-draining, and the hydraulic head is zero. As expected, the remaining excess
pore pressure is higher in the clay portion of the geometry than in the part representing the lime
cement column. This is due to the difference in permeability properties. The highest remaining
excess pore pressure is found in the centre of the clay layer at its undrained boundary. The
hydraulic head is approximately 0.4 m, corresponding to an excess pore pressure of 4 kPa.
The structure of the output plot resembles the one showing the deformed mesh in Figure 4.2.
Within the upper left frame can be found the total calculation time, and below this a legend
explaining what data ranges the colours in the plot represent.
The conclusion from the plots in Figure 4.2 and in Figure 4.3 is that the used parts of the CESAR
program are working properly as installed on the SGI server.
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Calculated hydraulic head (m) 179 days after completion of the loading
sequence.

4.2.4 Comments and remarks

It should be observed that this calibration example is chosen deliberately simple and to be
straight forward. The modelling of the lime cement column in the clay is not done as elaborately
and as correctly as would be possible. Neither has the choice of input parameters been optimised.
The example has merely been used to ensure that the CESAR program is working satisfactorily
at the same time as te process of working through a complete input file was tried out.
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General description

The test field at Lilla Mellosa is located in Upplands Vasby between between the cities
Stockholm and Uppsala. The original ground surface is rather flat and the soil profile consists of
about 14 meters of highly compressible soils on top of a thin layer of sand, resting on bedrock. A
generalized soil profile is shown in Figure 4.4.
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Generalized soil profile with basic geotechnical parameters for the test
field at Lilla Mellosa (Larsson, 1986).

As can be seen from Figure 4.5, the uppermost part of the profile consists of organic clay. The
ground water level is located about 0.8 m below ground surface and the pore water pressure
conditions are hydrostatic. A 2.5 m high fill was placed on top of the soil profile after the
uppermost 0.3 m had been removed. The fill had bottom dimensions of 30 x 30 m 2 and slopes
1: 1.5. Gravel with a unit weight of 17 kN/m 3 was used as fill material.
Consolidation properties have also been determined (Larsson, 1986) and these are presented in
Figure 4.6.
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o<s max. %

-9

1002lO

Consolidation parameters for the test field at Lilla Mellosa (Larsson, 1986).

Modelling ofthe problem

An element mesh was built up with layers showing different properties based on the soil
properties shown in Figure 4.5 and 4.6.
In order to simplify the input sequence, certain assumptions were made, and some of these
deviated from the real situation. The most important assumptions are
•

The fill was modelled as a surface load instead of a soil material.

•

The groundwater level was assumed to be located at the ground surface.

•

Anisotropy was not taken into consideration.

•

The choice of moduli does not optimally reflect the real moduli in relation to the stress level
in the soil.

•

The soil parameters were assumed to be constant within each layer.

The element mesh used in the calculations was built up from quadrilateral elements with eight
nodes and i shown in Figure 4.7.

SGI
Varia
March
1999476

SGI

'

~

_·

I

• • • • • • • • • • • •

25 (44)
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1st soil layer 2 element
rows. All subsequent
soil layers 1 element
row. Totally 6 layers.
Ground water located at ground surface

Figure 4. 7

Element mesh used for the analysis of the test embankment at Lilla
Mellosa.

In the coupled analysis (linear elastic consolidation), the following hydraulic boundary
conditions were assumed:
•

Boundary L and Boundary R: impermeable.

•

Boundary U and Boundary B: permeable (free drainage).

4.3.2 Input parameters
In the previous section it was mentioned that the choice of numerical values of the deformation
moduli were not optimally chosen with respect to the effective stress level in the soil. This
comment is based on the fundamental properties of soft clays, e.g. as demonstrated in a CRS
oedometer test.
A typical result from a CRS oedometer test, expressed as oedometer modulus M vs. effective
stress level if yet schematic, is shown in Figure 4.8. For stress levels below the preconsolidation
pressure, the clay behaves stiffly with deformations governed by a constant value of the modulus
M0 • At a stress level corresponding to the preconsolidation pressure, the value of the modulus
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decreases dramatically to a level ML. The value of the modulus remains fairly constant until the
stress level reaches the value cr\ whereby it increases linearly with increased stress level.

M

Mo
Slope M'

_______________________

....._

Figur4.8

(J

I

Typical result from a CRS oedometer test on soft clays expressed as
oedometer modulus vs. effective stress level.

In order to model the behaviour correctly, it would be necessary to update the values of the
moduli in all elements following the change of effective stress level. Another possibility would
be to study the final effective stress level in each element at the end of the calculation and use a
value of the deformation modulus corresponding to this. However, this is a very tedious and time
consuming task, unless the process of updating parameter values can be carried out in an
automatised way. In addition, there might be problems to find actual values explicitly written in
the output files.
An extreme option would, thus, be to choose an 'initial value' of the modulus corresponding to
M0 . This value would represent elastic behaviour (as it is only valid for stress levels describing
an overconsolidated state), leading to a substantial underestimation of the total deformations. On
the other hand, for the initial loading of the soil profile while the embankment is constructed, Mo
would probably be a fairly good approximation, since the loading procedure can be looked upon
as undrained. The other extreme option would be to choose a value of the deformation modulus
representing the behaviour at stress levels just above the preconsolidation pressure. Such an
assumption would lead to an overestimation of the total deformations. If the modulus is to be
represented by a single value for each soil layer, the 'correct' value would be found somewhere
between these two extremes. In the calculations carried out in this project a 'representative
value' of the modulus has been chosen in such a way. There is however no elaborate analysis
behind the choice of values.
Calculations were carried out using the CSLI module (linear elastic consolidation), and the
MCNL (non linear mechanical analysis), adopting the Modified Cam-Clay model and the
Melanie model, respectively.
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Linear elastic consolidation

As the linear elastic case is not really appropriate for this application, calculations were carried
out for two values of the oedometer modulus; Mo and ML.

y
Layer I
Layer 2
Layer 3
Layer 4
Layer 5
Layer 6

[kN/nz3J

EolEL
[kPaj

14.0
14.8
15.4
16.0
16.8
17.5

3930 / 149
4457 / 149
5371 / 149
6292 / 193
7079 / 238
7867 / 282

V

Xv

It
3

[kN/m j

0.3
0.3
0.3
0.3
0.3
0.3

10.0
10.0
10.0
10.0
10.0
10.0

0.67
0.72
0.69
0.67
0.67
0.67

aw

kx

ky

[kPa- 1/

k.9•

[m/dayj

[m/dayj

[mldayj

1.0-10-4
1.0· 10-4
1.0· 10-4
1.0-10-4
1.0-10-4
1.0· 10-4

2.6-10-4
3.5· 10-4
l.7· 10-4
8.6· 10-5
8.6-10-5
8.6· 10-5

2.6·10-4
3.5· 10-4
l.7·10- 4
8.6· 10-5
8.6· 10-5
8.6-10-5

0.0
0.0
0.0
0.0
0.0
0.0

The transformation of the oedometer modulus M to the elasticity modulus E has been done using
the expression

E

= M (1 + v X1 - 2v)
(1-v)

(4-1)

A value of v of 0.3 gives E ~ 0.74-M.

Modified Cam-Clay model

In order to establish the basic parametres in the critical state model, a 'fictious triaxial' test was
carried out numerically. The value of the deformation modulus was calculated as a 'weighted
average' of Mo, ML, and M, respectively, based on the final stress state estimated from the
assumption of one-dimensional load case. This is not an optimal assumption, but one possible
way among many.
The elasticity modulus was determined on the basis of the oedometer modulus using expression
(4-1). A is the slope of the virgin isotropic consolidation line and K the slope of the unloading
reloading curve in an e-ln(p') plane.
A list of input parameters for the different soil layers is found in the table below.
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E
[kPaj

V

[kN/m 3]

14.0
14.8
15.4
16.0
16.8
17.5

1201
683
1092
1300
1768
2354

0.3
0.3
0.3
0.3
0.3
0.3

y
Layer 1
Layer 2
Layer 3
Layer4
Layer 5
Layer 6
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eo

a\
[kPaj

0.92
1.0
1.34
1.11
1.1
1.04

0.015
0.021
0.026
0.025
0.029
0.03

1.2
1.2
1.2
1.2
1.2
1.2

2.53
2.4
2.39
2.12
2.25
2.12

25
34
50
64
84
103

Melanie model

The same kind of 'fictious triaxial test' as for the Cam-Clay model was used to establish the
basic parameters of the Melanie model. Instead of determining the deformation modulus by a
weighted average, a value was subjectively estimated on the basis of the total information
available. However, this way of estimating the values of the deformation parameters is not
claimed to be superior to any other.
The elasticity modulus was determined on the basis of the oedometer modulus using expression
(4-1 ). A is the slope of the virgin isotropic consolidation line.
Input parameters used in the calculations are shown in the table below. For simplicity Layer I has
been abbreviated to Ll, Layer2 to L2, and so on.

y
[kN/111

Ll
L2
L3
L4
LS
L6

3
]

14.0
14.8
15.4
16.0
16.8
17.5

ExlEy
[kPaj
2500 I 2500
3000 I 3000
4500 I 4500
550015500
6500 I 6500
7000 I 7000

i:1:I Vy

0.3
0.3
0.3
0.3
0.3
0.3

I
I
/
I
I
I

6

G
[kPaj

[1

962
1154
1731
2115
2500
2692

18.4
18.4
8.5
11.2
14.0
14.0

0.3
0.3
0.3
0.3
0.3
0.3

eo
0.92
1.0
1.34
1.11
1.1
1.0

2.53
2.4
2.39
2.12
2.25
2.12

a'o

a'c

[kPaj

[kPaj

10
25
35
46
59
70

25
34
50
64
84
103

Ko"c Ka°c
0.5
0.5
0.74
0.67
0.6
0.6

0.86
0.6
0.91
0.81
0.74
0.75

In addition, a tolerance criteria for the plastic model is given. This value is assumed to be 0.01
and constant for all layers.
The earth pressure coefficient for normally consolidated soil Nine is estimated from the empirical
relationship (Larsson, 1977)

K~c = 0.31 + 0.71(w L -0.2)

(4-2)
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where wL is the liquid limit. However, higher values on Kone than 0.75 have not been assumed,
even ifrelation (4-2) would indicate so. For clay containing organic matter showing values of the
liquid limit of around 100%, a value of Kone of 0.5 has been assumed. Assumptions according to
relation (4-2) differ from e.g. from practical engineering assumptions in France, where a value of
Kone of 0.5 is usually assumed without any further investigation.
The earth pressure coefficient for overconsolidated clay can on basis of empirical experience be
assumed as (Schmidt, 1967)

Koc
0

= K 0nc . OCR sin(l.2·f)

(4-3)

where OCR is the overconsolidation ratio ( cr' 0 /cr'c) and~' is the angle of internal friction.
The other model parameters are defined in Section 3 of this report.

4.3.3

Results

The CESAR-LCPC software gives the possibility to present results from analyses in a number of
different ways. The presentation in this repo1i is limieted to
•
•
•

Total displacements (deformed mesh in comparison with undeformed mesh)
Shear stresses after the completion of the final loading step
Hydraulic head after long time (only for the linear elastic consolidation case).

Larsson (1986) presented results from settlement calculations carried out both with consideration
taken to consolidation and with as well as without creep effects. Since it was not possible to
carry out coupled analysis for more than the linear elastic case with the CESAR program
installed at SGI, the calculated maximum settlements from pure mechanical analyses are
compared, that is, without coupled effects. Larsson calculated the final 'mechanical' settlement
to 1.2 m. The results from the calculations with CESAR-LCPC are shown in Figures 4.9 - 4.11
(Linear Elastic Consolidation), 4.12-4.13 (Modified Cam-Clay model), and 4.14-4.16 (Melanie
model).
The load reduction due to parts of the fill sinking below the groundwater level during the
settlement process has not been considered in the calculations with the CESAR program.
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Figure 4.9

~

Settlement (m)

Total settlements calculated under the assumption of values of the
deformation moduli corresponding to ML (see Figure 4.8). Linear elastic
consolidation model.

Figure 4. 10 Shear stresses after 'long time ', that is, after all excess pore pressure has
dissipated. Linear elastic consolidation model.
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Figure 4.11 Hydraulic head after 'long time'. Linear elastic consolidation model.
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Figure 4.12 Total settlement after completion of the loading sequence. Modified Cam
Clay model.
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Figure 4. 13 Shear stresses after completion of the loading sequence. Modified Cam
Clay model.

Line number corresponds
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Figure 4.14 Total settlement after completion of the loading sequence. Melanie model.
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Figure 4. 15 Shear stresses after completion of the loading sequence. Melanie model.

4.3.4 Comments and remarks
One of the key parameters when it comes to calculating soil displacements (settlements) is the
deformation modulus. As has been described in previous sections the most correct assumption
regarding the numerical value of the moduli would be to check the stress situation in all elements
and apply an appropriate value of the moduli corresponding to this stress level. This will for
natural reasons be an iterative operation, since the deformation moduli will interact with stress
distribution and vice versa. However, this operation can for practical reasons not be carried out
unless the software used offers a possibility to accomplish this modulus update in an automatic
way. In the CESAR program this is not possible. Therefore, it is necessary to assume a value of
the moduli which are constant throughout the calculations and which are chosen using the the
operator's best ability to judge the stress situation we believe we have in the different elements.
For the calculations carried out in this project no optimization of the input parameters was made.
Parameters were chosen on the basis of available information, and no adjustments of the
parameter values were done with reference to the results from the calculations. The reason for
this approach is that it has been desired to show the performance of the CESAR program
following traditional engineering judgments. However, this means that it can not be expected to
have complete agreement between e.g. calculated settlements and measured settlements in field
or which have been calculated with other softwares allowing for variable values of the
deformation moduli.
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As a general conclusion, the CESAR program appears to give acceptable results in analyzing the
test embankment at Lilla Mellosa. The results from the linear elastic consolidation model are less
releveant, because the model can not describe the real behaviour of the soil under the actual
conditions in this example. The Cam-Clay model and the Melanie model appear to roughly give
similar results - however, the two different approaches applied for the choice of values of the
deformation moduli should be born in mind.

4.4

Ska Edeby

4.4.1 Geometry och geotechnical conditions
General description

Ska Edeby is located on an island approximately 25 kilometers west of Stockholm City. The soil
in the test field consists of soft clay with a thickness varying between 12 and 15 meters on top of
till or rock. The soil conditions within the test area are not homogeneous, e.g. a ceratain variation
can be noticed of water contents and liquid limits in the uppermost two meters of the soil profile
throughout the area. A generalized soil profile from Ska Edeby is shown in Figure 4.16.
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Figure 4. 16 Generalized soil profile with basic geotechnical parameters for the test
field at Ska Edeby (Larsson, 1986).

SGI
Varia
March
1999 476

SGI

Dnr: 1-9303-094

35 (44)

The uppermost part of the soil profile consists of slightly organic clay and, thus, shows relatively
high liquid limits. The groundwater level is located 1 m below the ground surface and the pore
pressure situation has been found to be hydrostatic. A circular fill with a height of 1.5 m and
35 m bottom diameter was placed on top of the ground surface. The total load increase was 27
kPa. No changes have been made to the test area after this.
Consolidation parameters have been determined for the soil beneath the test fill (Larsson, 1986),
Figure4.17.
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Figure 4. 17 Consolidation parameters for the test field at Ska Edeby (Larsson, 1986).

Modelling oftfte problem

On basis of the geotechnical data shown in Figures 4.16 and 4.17 an element mesh was
constructed and built up of totally seven layers given different properties.
For practical reasons it was not possible to model the problem in detail. Certain simplifying
assumptions had to be done. The most important of these are:
111

•

111

The fill was modelled as a surface load instead of a soil material.
The calculations were carried out in plane strain, although making use of the axisymmetry
might have been more appropriate. The reason for this assumption was that the Melanie
model was only applicable to calculations in plane deformation, and the calculations using
different material models should be carried out in a similar way in order to enable a relevant
comparison of the result.
The ground water level was assumed to be located at the ground surface.

SGI

SGI Varia 476
March 1999

Dnr: 1-9303-094

36 (44)

•

Anisotropy was not taken into consideration.

•

The choice of numerical values of the deformation moduli does not optimally reflect reality
in relation to the stress level in the soil.

•

Soil parameters were assumed to be constant within each layer.

The element mesh used in the calculations was built up of quadrilateral elements with eigh nodes
and is shown in Figure 4.18.

1st and 2nd soil layers
2 element rows. All
subsequent soil layers
1 element row. Totally
7 layers
Ground water located at ground surface

Figure 4. 18 Element mesh used for the analysis of the test embankment at Ska Edeby.
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4.4.2 Input parameters

Calculations were carried out using the modified Cam-Clay model and the Melanie model.
In Section 4.3.2 the choice of numerical values of the deformation moduli for the test field at
Lilla Mellosa was discussed. The same considerations apply also for Ska Edeby, and the reader
is referred to this previous section.

Modified Cam-Clay model

The basic parameters for the Cam-Clay model were determined by carrying out a 'fictious'
triaxial test numerically. Numerical values of the deformation moduli for the different soil layers
(the elasticity moduli) were determined as weighted average values ofM0 , ML, and M,
respectively, based on the final stress state estimated from the assumption of a one-dimensional
load case. As pointed out describing the input parameters for the test embankment at Lilla
Mellosa, this is not an optimal assumption.
Values of the elasticity modulus were determined on the basis of the oedometer modulus using
expression (4-1 ). A is the slope of the virgin isotropic consolidation line and K the slope of the
unloading-reloading curve in an e-ln(p') plane.
A list of input parameters for the different soil layers is found in the table below.

E
[kPaj

V

[kN/111 3/

20.0
14.0
14.0
16.0
15.0
17.0
20.0

7332
350
300
290
230
290
371

0.3
0.3
0.3
0.3
0.3
0.3
0.3

y
Layer 1
Layer2
Layer3
Layer4
Layer 5
Layer 6
Layer 7

K

M

eo

de
[kPa/

0.65
0.5
0.7
0.7
0.6
0.55
0.47

0.016
0.021
0.02
0.02
0.02
0.02
0.02

1.2
1.2
1.2
1.2
1.2
1.2
1.2

2.2
2.25
2.25
1.86
1.72
1.59
1.46

50
23
28
40
50
64
75

Melanie model

Once again, a 'fictious' numerical triaxial test was carried out to establish the basic parameters
for the Melanie model. The numerical values of the deformation moduli were estimated as a
weighted average of M0 , ML, and M, respectively, with reference to the final effective stress
level in the soil profile estimated assuming a one-dimensional load case.
The values of the elasticity moduli were determined on the basis of oedometer tests using
expression (4-1). A is the slope of the virgin isotropic consolidation line in the e-s' plane.
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Values of the input parameters chosen in the calculations are shown in the table below. For
simplicity Layerl has been abbreviated to L1, Layer 2 to L2, and so on.

y

Ll
L2
L3
L4
L5
L6
L7

ExlEy
[kPa]

Vxl Vy

[kN/11z3J

20.0
14.0
14.0
16.0
15.0
17.0
20.0

7330 I 7330
350 I 350
300 I 300
290 I 290
230 I 230
290 I 290
371 / 371

0.3 I 0.3
0.3 I 0.3
0.3 I 0.3
0.3 I 0.3
0.3 I 0.3
0.3 I 0.3
0.3 I 0.3

G
[kPa]

!1

2820
135
115
112
88
112
143

18.4
14.0
10.0
14.4
15.8
17.5
17.5

6

eo

0.65
0.5
0.7
0.7
0.6
0.55
0.47

2.2
2.25
2.25
1.86
1.72
1.72
1.46

do

<Tc

[kPaf

[kPaj

15
20
28
40
50
64
75

50
23
28
40
50
64
75

K/c K/c

0.5
0.75
0.75
0.67
0.63
0.59
0.56

1.0
0.82
0.75
0.67
0.63
0.59
0.56

In addition, a tolerance criteria for the plastic model is given. This value is assumed to be 0.01
and constant for all layers.
The earth pressure coefficients for nom1ally consolidated soil Kone and overconsolidated soil K0°c
have been determined using expression (4-2) and (4-3), respectively.
A description of the remaining soil parameters can be found in Section 3 of this report.

4.4.3 Results

Only uncoupled analyses have been carried out in which no consideration has been taken to the
counteraction between the liquid phase (pore liquid) and the solid phase (soil skeleton) during
the settlement process. All results are presented after the loading sequence has been completed.
The following results from the analyses are presented in this report:
•
•

Total displacements (deformed mesh in comparison with undeformed mesh)
Shear stresses.

Within the CESAR program package there are numerous other alternatives to present results
from calculations and analyses.
The final settlement without creep or consolidation effects ('mechanical settlement') has been
determined to about 0.75 m (Larsson, 1986). Results from the analyses with the CESAR program
are presented in Figures 4.19 -4.20 (Modified Cam-Clay model) and 4.21-4.22 (Melanie
model).
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Figure 4. 19 Total settlement after completion of the loading sequence. Modified Cam
Clay model.

Figure 4.20 Shear stresses after completion of the loading sequence. Modified Cam
Clay model.
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4.4.4 Comments and remarks
An exact agreement between calculations made with tools enabling adjustment of the
defomrntion moduli with the effective stress level in the soil and calculations with the CESAR
program, in which a constant value of the moduli is assumed, can not be expected. Instead, a
qualitative comparison should be carried out.

It can be concluded from the results presented in the figures in the preceeding section that the
calculated settlements with the CESAR program exceed those calculated with EMBANK.CO.
The difference is at most about 0.3 m. However, no optimization of the parameters have been
performed, neither has consideration been taken to anisotropic properties, such as different shear
strength, deformation properties, and hydraulic properties in different directions in the soil.
Another difference is that consideration has not been taken in the calculations using the CESAR
program to the load reduction occuring when parts of the fill sinks below the groundwater level
when settling. The deformation pattern obtained in the calculations with the CESAR program
appears to be reasonable when compared to the distribution of settlements obtained from field
meausurements, Figure 4.23 (cf. Figures 4.19 and 4.21 ). The larger settlement beneath the ends
of the fill (the 'hang') compared to beneath the centre of the fill is detected also in the
calculations using the CESAR program, cf. Figure 4.23. The total settlements should however
not be compared as the analysis with CESAR-LCPC did not involve creep and consolidation
effects.
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Figure 4.23 Distribution of settlements at Ska Edeby (Larsson, 1986).

The calculated shear stresses using the modified Cam-Clay model (Figure 4.20) appear to be
somewhat strange, because there is a 'bulb' /zone with shear stresses also outside the
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embankment. The stress pattern more resembles to a case with the vertical symmetry line located
where the limit of the fill is modelled. The reason for this has not been further investigated.
Apart from this, the agreement between calculations carried out with the Modified Cam-Clay
model and the Melanie model, respectively, seems to be satisfactory. It is however at this stage
impossible to say which of the models gives the best prediction. In order to draw such
conclusions, calculations including creep and consolidation must be carried out and the result be
compared with field measurements.
Once again, it should be pointed out that the numerical value of the calculated settlement is
directly dependant on the values of the deformation moduli which have been assumed in the
calculations. It is not claimed that the best possible assumptions have been made when carrying
out the analyses presented in this report, neither has the aim of the project been to optimize the
input data.
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CONCLUSIONS

The tools up till now used for the analysis of consolidation settlements and creep in e.g. soft clay
have been based on the assumption of one-dimensional soil displacement and water flow
conditions. This may often be an enough accurate assumption for points in the soil located
beneath the centre of an embankment. At the sides of the embankent however, it is obvious that
both the water flow the soil displacements are two-dimensional. Making use of numerical
methods gives a possibility to take into consideration these two-dimensional effects when
analysing consolidation problems.
A severe limitation with the version of the CESAR program which was finally installed and
running on the SGI server is that the creep and non-linear consolidation modules are not
included. It has therefore only been possible to carry out non-linear elastic and elastoplastic
analyses as uncoupled. Only linear elastic consolidation analyses could be done as coupled, but
without consideration taken to creep effects. The comparisons with field measurements are thus
not relevant when it comes to the size of the settlements.
Some conclusions can however be made from the calculations, even if a number of
simplifications have been made. It is evident from all calculations that one-dimensional
conditions in principle prevail below the centre part of the embankments. The assumption of
slightly larger displacements at the edges of the fill area compared to beneath the centre
('hangs') appears to have been verified in the calculations. These 'hangs' have also been verified
by field measurements. Despite the limititations under which the calculations have been carried
out, the results are promising. The deforn1ation patterns such as they have been measured in the
fie ld have been mirrored in a satisfactory way by the CESAR program.
It is not possible to conclude from the calculations presented in this report whether the Melanie
model would in a better way reflect the soil behaviour than the modified Cam-Clay model. The
calculated deformation patterns of the soi l become slightly different using the two soi l models,
and so do also the magnitudes of stresses and sizes of soi l displacements. Further calculations
including creep and consolidation must be carried out to enable more detailed conclusions to be
drawn concerning the merits of the two soi l models . It should be emphasized though, that the
creep models that are implemented in both the modified Cam-Clay model and the Melanie model
are not completely verified. They cover the first phase of the creep process. Therefore, analyses
including creep effects must be interpreted with great care.

As a general conclusion, the operation of the CESAR program is rather straight forward. After an
initial 'learning period', the handling and operation is fairly simple and easy. The pre-processor
yields a practical procedure to give input data for the calculations. However, certain types of
indata must be completed afterwards since they are not covered by the input menus. It has thus
been necessary to edit the input files for all problems analysed within this project.
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