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Abstract

The design of embankments on soft soils requires a reliable estimate of deformations
and stability ot the embankment. Natural soft soils are structured materials, and as a
consequence they exhibit anisotropy in their stress-strain-strength behaviour. The
complex nature of soft soil makes it very difficult for designers to estimate deforma-
tions during construction and over time. The properties of very soft clays, silts and
organic soils can be improved with deep mixing. Conventional design methods are
very limited and do not account for the complex stress-strain-strength behaviour of
the soft soil and/or the deep mixed soil. Numerical techniques, such as the finite ele-
ment method provide a powerful tool, given the complex stress-strain-strength behav-

iour of the soft soil and/or the deep mixed material can be taken into account using

advanced constitutive models.

The aim of the thesis 1s to investigate through 2D and 3D numerical simulations using
advanced constitutive models the behaviour of embankments constructed on soft
clays. In addition to embankments constructed on natural soils, embankments on deep
mixed columns are studied. Simulations investigate the effect of anisotropy, apparent
interparticle bonding and destructuration on the predicted response. It was found that
ignoring anisotropy and destructuration leads to underprediction of surface settle-
ments and horizontal displacements. However, although the effect of anisotropy was
more pronounced than the effect of destructuration, the latter i1s needed to represent
the measured remoulded and natural undrained strength in time. Constitutive models
with a hyperbolic stress-strain relationship give a good representation of the non-lin-
ear behaviour of deep mixed material. 3D simulations of embankments on deep
mixed columns showed that with increasing column spacing, differential settlements

occur between column and soil. The results furthermore demonstrate that floating col-

umns can be very effective in settlement reduction.

Glasgow, March 2008

Harald Krenn
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Chapter 1

Introduction

1.1 Background

Building embankments and other constructions on soft soil 1s still a major challenge
for geotechnical engineers. In the past it was thought that most soft soils were unsuit-
able for construction due to the associated high construction costs and uncertainties in
design. Nowadays designers and engineers can benefit from research on soft soils and
the development of advanced constitutive models. Important characteristics of soft
soils such as anisotropy, bonding and creep are now far better understood due to
intensive research in these fields. When correctly applied these developments can
contribute to safer and more economical designs than were produced in the past. The
recent developments ot advanced constitutive laws for soft clays have been made pos-
sible through intensive research work undertaken in the last two decades in soil
mechanics laboratories all over the world. European research projects such as the
SCMEP (Soft Clay Modelling in Engineering Practice) and the AMGISS (Advanced
Modelling of Ground Improvement in Soft Soils) projects have provided major con-

tributions to the recent advances in soft soil engineering and design.

Large settlements associated with soft soils create a lot of problems in foundation and
infrastructure engineering. Consequently, ground improvement methods, such as deep
mixing are greatly relied upon in such constructions. Deep mixing is a method which

involves mixing lime and/or cement with the in-situ soft soil to create columnar rein-
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forcements 1n the ground. The utilisation of deep mixed columns is often an economi-

cal and sustainable solution to improve the properties of very soft clays, silts and

organic soils.

The conventional methods used to design embankments on soft sotls with deep mixed
columns are based on rigid-plastic solutions to predict ultimate loads and empirical
(elastic) techniques to predict settlements. An alternative to the conventional design
methods is given by numerical techniques, such as the finite element analysis. With
the finite element method the true nature of the geometry of the problem and a realis-
tic stress-strain-strength behaviour of the embankment, soil and deep mixed columns

can be considered.

1.2 Aims and objectives

The overall aim of this thesis is to use the most advanced soil modelling expertise to
simulate the stress-strain-strength behaviour of embankments constructed on sott soil
or embankments constructed with deep mixed columns. The aim 1s to improve predic-
tions and gain improved understanding of the behaviour of normally consolidated or
slightly over-consolidated soft clays, and especially the pre-tailure behaviour. Two
cases of embankments have been considered. Embankments on natural soil and
embankments constructed on deep mixed columns. The specific objectives are as tol-

lows:

Undrained shear strength: The undrained shear strength of the soft soil is not a soil
constant as often assumed in conventional design. The strength is stress dependent
and changes with consolidation. Undrained strength is also affected by the inherent
and induced anisotropy, bonding and destructuration. This thesis presents a number of
studies of laboratory test simulations and numerical simulations of embankments with
different constitutive laws in which the influence of anisotropy and destructuration is

studied to assess their influence on the prediction of the undrained strength in triaxial

stress state and plane strain.

—_—
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Settlements and horizontal displacements of embankments on natural ground:

The objective 1s to assess the influence of anisotropy, bonding and destructuration of
soft soils with different constitutive formulations on the settlement behaviour of
embankments. The 2D finite element method is utilised to study the stress-strain
behaviour of embankment on natural soft soils. The findings are used to give recom-

mendations for numerical simulations of embankments and practical applications.

S-CLAY2S model: The findings of various studies and literature review are used to
propose a new constitutive model. The S-CLAY2S model 1s an improved version of
the S-CLAYIS model which accounts for large strain anisotropy, bonding and
destructuration. A condttional plastic potential is introduced to enhance the model
predictions of multistage triaxial tests simulations at different stress ratios n and the

predictions of horizontal displacements below the slope ot embankments.

Murro test embankment: The long term behaviour of the embankment is investi-
gated through numerical studies. The results of the finite element simulations are
compared with field monitoring results. The first part concentrates on the settlement
predictions by using four different constitutive models. The second study examined
the development of the undrained shear strength with time. The in-situ testing at
Murro in 2001 below the embankment showed that in the top 7 m there had been an
increase in the undrained strength, but below a depth of 7 m, the measured strength
decreased. A parametric study is performed using an advanced constitutive model
which accounts for anisotropy and destructuration to investigate the reduction in

strength with time. Simulations show that is quantitatively possible to simulate this

behaviour.

Embankments on deep mixed columns: The behaviour of embankments on deep
mixed columns i1s examined through numerical studies. The observed stress-strain
behaviour of deep mixed material is non-linear. 2D and 3D analyses using advanced
constitutive models for the soil and the deep mixed material are employed during the
research and predictions are compared to each other in terms of settlements and

stresses to examine the suitability of the models to simulate embankments on deep
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mixed columns. The influence of end bearing columns and floating columns on the

settlement behaviour of the embankment and the stresses in the columns is examined.

This improves our understanding of the soil column interaction.

The experience gained in the time of the research using the 2D and 3D PLAXIS finite
element codes are used for a number of innovative and useful developments and

improvements in terms of possible output.

1.3 Thesis Layout

In Chapter 2 as an introduction, the main characteristics ot soft soils are discussed.
This begins with the definition of the terms anisotropy, destructuration and creep.
Thereafter two well known constitutive models for soft soils are introduced and dis-
cussed. Special attention 1s given to the advanced constitutive models (S-CLAY1, S-
CLAY 1S and ACM), which account for anisotropy, destructuration and creep. This is
followed by the introduction of two constitutive models which suitably present the

stress-strain-strength behaviour of granular materials and deep mixed soils.

Chapter 3 discusses the construction of embankments on soft ground. In order to pro-

vide a better understanding of the problems encountered by building embankments on

soft soils three case studies are reviewed and the field measurements are discussed. A
review 1s presented regarding the modelling of embankments with the finite element

technique. Factors such as basic boundary conditions and other important aspects of

modelling embankments are considered.

In Chapter 4 the importance of selecting the constitutive model which simulates the
stress-strain-strength behaviour of the soft soil is evaluated. Two dimensional finite
element analyses were carried out with five different constitutive models for soft

soils. In particular 1t will be shown that accounting for anisotropy and/or destructura-
tion 1s important when modelling embankments on soft soils. A special section is ded-

icated to a parametric study on the effect of the geometry on the results. In the last
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part of this chapter a short study is undertaken to demonstrate the effect of anisotropy

and destructuration on the bearing capacity of soft soils.

Chapter S discusses practical developments of the Fortran subroutines for the imple-
mentation of the user defined soil models into the PLAXIS 2D and 3D finite element
code. Thereafter, a new plastic potential surface is proposed for the S-CLAY 1S model
to improve 1ts predictive capabilities. In order to validate the proposed plastic poten-

tial, model simulations of drained triaxial tests on Murro clay are presented. This is
followed by a two dimensional numerical simulation of an embankment constructed

on soft soils using the new model.

Chapter 6 1s dedicated to two-dimensional numerical simulations of the Murro test
embankment. The numerical predictions are compared to measured vertical settle-
ments, horizontal movements and pore pressures. Special attention is given to the
measured and predicted undrained shear strength, prior to construction and 8 years
after construction of the embankment. The results show that only a model that
accounts for anisotropy and destructuration is able to predict the development of und-

rained strength as a function of time during primary consolidation.

Chapter 7 discusses the ground improvement method of deep mixing. First the basics
of the method are introduced in terms of construction, design and material character-
istics. The tew case histories that can be found in the literature are reviewed. Further-
more, the stress-strain behaviour of the deep mixed material is described. Model
simulations of drained triaxial tests of deep mixed Vanttila clay using different consti-
tutive models are presented. Finally, the state-of-the-art in the two and three dimen-

sional finite element modelling of deep mixed columns installed below embankments

1S reviewed.

Chapter 8 deals with finite element modelling of deep mixed columns below
embankments. A two dimensional analysis of a single column and the surrounding
soil (unit cell) demonstrates the influence of anisotropy and destructuration on the set-

tlement behaviour of the soil column system. The column spacing is varied to study
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the effect of spacing on the predicted settlements. Furthermore, a three dimensional

model of a unit cell is developed and the simulations are compared to the axisymmet-
ric unit cell. In order to model the true geometry of an embankment constructed on
deep mixed columns, a full three dimensional model is then developed. The results by
the three dimensional models are compared with the predictions of the 2D and 3D unit
cell. In the last part of the chapter, simulations of an embankment constructed on
floating columns are compared to end bearing columns by utilising full three-dimen-

sional models. Both systems were found to be very effective in reducing the settle-

ments although the predicted behaviour in terms of mechanisms are very different.

Chapter 9 summaries the main conclusions reached in the previous chapters and

gives recommendations for future research.

1.4 Publications

This thesis has led to two journal publications and fourteen conference papers.

Journal publication I: Karstunen, M., Krenn, H., Wheeler, S.J., Koskinen, M. and

Zentar, R. (2005). The etffect of anisotropy and destructuration on the behaviour of
Murro test embankment. Int. J. for Geomechanics (ASCE), 5(2), p 87-97

Journal publication II: Karstunen, M., Wiltafsky, C., Krenn, H., Scharinger, F. and
Schweiger, H.F. (2006). Modelling the stress-strain behaviour of an embankment on

soft clay with different constitutive models. International Journal of Numerical and

Analytical Methods in Geomechanics 30(10): 953-982.

The journal publications and a list of the conference papers are appended at the end of

this thesis.
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Chapter 2

Constitutive modelling

This chapter gives an overview of the recent developments in the field of constitutive
modelling of soft soils. The soft soil features of anisotropy, bonding and destructura-
tion, and creep are introduced, and their importance in modelling realistically the
stress-strain behaviour of soft soils is discussed. The second part of the chapter

focuses on seven constitutive models and their formulations. The models covered in

more detail are:

 Modified Cam Clay model (Roscoe & Burland, 1968)
e Soft Soil model (Brinkgreve, 2002)

e S5-CLAY1 model (Wheeler et al. 2003)

e Multilaminate Model for Clay (Wiltafsky, 2003)

e S-CLAY IS model (Karstunen et al. 2005)

e Soft Soil Creep model (Vermeer et al. 1998)

e Amnisotropic Creep model (Vermeer et al. 2007)

These models were selected in order to represent widely and extensively used consti-
tutive models for soft soils, and models which incorporate recent developments and
improvements in realistic modelling of stress-strain-strength behaviour of soft soils.
The developers of the models enhanced their models while still keeping the formula-

tions simple to allow the models to be potentially widely used in engineering practice

on soft soils.

—_— oma
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Chapter 2: Constitutive modelling

At the end of the chapter, two more constitutive models are introduced namely, the

Hardening Soil model (Schanz, 1998) and the Matsuoka-Nakai Hardening Soil model
(Benz, 2000). These models are not applied to simulate the soft soil behaviour but

rather for granular type materials such as embankment fills, and for cohesive material

such as dry crust and deep mixed material.

2.1 Background

Modern soil mechanics often uses the term “structure” to describe the state of the nat-
ural soil. Following Mitchell (1976) and Burland (1990), the term “structure” means
the combination of fabric and interparticle bonding. Leroueil & Hight (2003) state
that structure consists even of three components, the fabric, bonding and lithification.

Lithification 1s the destruction of porosity through compaction and cementation.

Burland (1990) describes the fabric as the arrangement of the soil particles and the
interparticle contacts. The fabric can be split into the arrangement caused by natural
processes and any subsequent changes to fabric due to loading or unloading of the
soll. The arrangement of the fabric by natural processes was developed during geo-
logical deposition and one dimensional consolidation. The anisotropy associated with
these processes 1s referred to as induced anisotropy because the strains are a result of
the applied stresses (Zdravkovic & Potts, 1999). During one dimensional consolida-
tion in the field, the particles are arranged in such a way that the material properties
are difterent in the horizontal and vertical directions. This type of phenomena is
referred to as “cross-anisotropy”. The anisotropy of the soil can also be seen in the
yield characteristic of the natural soil. Diaz Rodriguez et al. (1992) summarised data
from several natural soils and showed that anisotropy is demonstrated in an inclined
yield surface 1n the p’-q -plane, where p’ is the mean effective stress and q the devia-
toric stress. During subsequent straining the particles are rearranged and the interpar-
ticle contacts will change. This causes the fabric anisotropy to change (Wheeler et al.
2003). Fabric anisotropy can influence the elastic and the plastic behaviour of natural

soil. For engineering problems such as embankments on normally or slightly overcon-
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Chapter 2: Constitutive modelling

solidated soft clays it is most likely that the plastic behaviour is dominant during load-

Ing of the soil. As discussed later, anisotropy of soft soils has an influence on the

stress-strain-strength behaviour and is as such an important feature to be considered in

the design of embankments and foundations on soft soils.

Burland (1990) and Leroueil & Vaughan (1990) indicated that most natural soils are
bonded (microstructured). Furthermore Leroueil & Vaughan (1990) concluded that

the microstructure of the soil is as important as any other initial state variable used to
determine or describe a realistic stress-strain-strength behaviour. Development of
bonds in the soil can be explained by several phenomena such as compression,
cementation and thixotropy (Leroueil & Hight, 2003). However, the initial bonding of
the soil can be destroyed during rearrangement of the fabric caused by straining. This
process was termed destructuration by Leroueil et al. (1979). The term destructuration
is often limited to describing the progressive damage of the bonds during plastic
straining and this 1s the context in which it is used in this work. Most bonded soils can
withstand higher yield stresses than the same unbonded material. It is best demon-
strated 1n a one dimensional compression test (oedometer test) by comparing the com-
pression curves of a natural sample with a reconstituted sample. Figure 2.1illustrates
the type of behaviour that would be observed by comparing a good quality natural
sample (with initial bonding) and a reconstituted sample (with no bonding) in an oed-
ometer test. In the v-In(p')-plane, where v is the specific volume and p’ the mean
effective stress, the reconstituted sample would follow the intrinsic compression line
with the gradient A;. In contrast the natural sample would follow a line with a very
low gradient until it reaches the yield stress, and the compression curve would then
converge with the intrinsic compression line as bonding is gradually destroyed. The
gradient A of the virgin compression line of the natural sample at the onset of yielding

s significantly greater than the gradient A; of the reconstituted sample and is also not

constant.

The consolidation process is divided into two parts, namely primary consolidation

and secondary consolidation. During primary consolidation the excess pore pressure
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Reconstituted
SOl

In p’

Figure 2.1: Influence of destructuration during oedometric loading

built up during undrained loading is transferred as load onto the soil skeleton, whereas
during secondary consolidation all stresses are constant but a soil specimen under
constant vertical stress would continue to strain. This process is also referred to as
creep. Continuous settlements caused by creep can impose damage to embankments if

not considered accordingly in the geotechnical design.

2.2 Modelling anisotropy, destructuration and creep

2.2.1 Modelling anisotropy

Tavenas & Leroueil (1977) indicated that the yield surface of natural clay samples is
inclined and has an elliptical shape in the t’-s-plane. It was also found that the yield
surface expands with time due to creep. Tavenas & Leroueil (1977) proposed a time
dependent model with an inclined yield surface to represent initial anisotropy. The
centre of the ellipse in their model is orientated around a stress path following the K
consolidation line (K is the earth pressure at rest). Sekiguchi & Ohta (1977) proposed
a constitutive model for normally consolidated clays which permits consistent
descriptions of both stress induced anisotropy and time dependent stress-strain

response of the soil. Diaz-Rodriguez (1992) reported similar findings to Tavenas &

Leroueil (1977) based on laboratory tests on several clays.
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Chapter 2: Constitutive modelling

The understanding of initial and plastic strain induced anisotropy led to the develop-
ments of enhanced constitutive model formulations. Nova (1986), Dafalias (1986 &
1987), Davies & Newson (1993) and Whittle and Kavvadas (1994) used a standard
elasto-plastic framework to incorporate initial and plastic strain induced anisotropy.
Rotational or distortional hardening laws were used in these models to describe the
change 1n anisotropy with plastic straining. Di-Prisco et al. (1993) were the first to
apply a kinematic (translational) hardening law instead of a rotational hardening law.
Some of the models above, using a rotational hardening law to simulate development
or erasure of the fabric, assume that the changes in the inclination of the yield surface
is entirely related to the development of plastic volumetric strains. The role of plastic
shear strains is 1gnored in the process of the change of fabric due to loading. Wheeler
et al. (2003) argue that this seems physically unlikely and can cause unrealistic pre-
dictions under certain stress path directions. The MIT-S1 model (Pestana and Whittle,
1999) and the S-CLAY1 model (Wheeler et al. 2003), introduced later in this chapter,
are some of the first to link the evolution and erasure of the fabric to both plastic vol-

umetric and shear strains. The MIT-S1 is a very complex general model for unce-
mented materials such as sands and is also capable of representing stitt clays. The S-

CLAY 1 formulation is far less complex and the model itselt was developed in parallel
with an intense experimental programme which investigated the stress-strain behav-

iour of soft clays.

An alternative to the standard elasto-plastic framework 1s to account for plastic
induced anisotropy by utilising the ideas of the so-called multilaminate framework.
Zienkiewicz & Pande (1977) originally proposed the multilaminate framework for
rocks and later 1t was extended to clays by Pande and Sharma (1983) and Pietruszczak
and Pande (1987). In the multilaminate framework a number of contact planes is asso-
ctated with each integration point. The orientation of the contact planes is defined by
an integration rule. On each contact plane a local microscopic stress-strain relation-
ship 1s formulated. The global strains are obtained by numerical integration of the
plastic strains from each sampling plane and the global elastic strain. Wiltafsky

(2003) developed an elasto-plastic constitutive model for soft clays (MMC) formu-
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lated using the multilaminate framework. The MMC model is introduced in Section

2.4.2.

2.2.2 Modelling bonding and destructuration

Gens and Nova (1993) developed a very simple idea to incorporate initial bonding
and destructuration in an isotropic elasto-plastic critical state model. In addition to the
yield surface of the natural material, a second yield surface was introduced. The sec-
ond yield surface, the so-called “intrinsic yield surface”, represents the material with
all its bonds destroyed or removed. It has the same shape as the natural yield surface
but is different in size. The bonding effect of the natural material is expressed through
the ratio of the different sizes of the yield surfaces. The increase in the size of the
intrinsic yield surface is linked to the plastic volumetric strains via a hardening law. A
second hardening law, often referred to as the destructuration law, is used to relate the
reduction of the bonding effect to the plastic strains. The influence of the plastic volu-
metric and plastic shear strains on the rate of destructuration is controlled via two soil

constants.

In the last two decades several different models have been developed and published.

which incorporate bonding and destructuration. The main difference in the models is

the form ot the destructuration law and the reference model used for unbonded mate-
rial. Rouainia and Muir Wood (2000) presented a “bubble” model based on the model
by Al-Tabbaa and Muir Wood (1989). The destructuration law used in their model is
similar to Gens and Nova (1993). The bonding effect due to the offset of the yield
curve from the origin leads to “some” anisotropy of the yield surface of the natural
material for large strains. The large strain anisotropy disappears once the bonding has
been completely destroyed as the yield surface becomes isotropic. This assumption is
In contrast to experimental evidence (Koskinen et al. 2002). The clay fabric orienta-
tion continues to change or evolve regardless if bonding is present or not. Kavvadas
and Amorosi (2001) published another type of very complex “bubble” model
accounting for bonding and destructuration. This model does not use an explicit

intrinsic yield surface as presented by Gens and Nova (1993). Baudet and Stallebrass
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(2004) introduced another model based on the 3-SKH model (Stallebrass and Taylor,
1997). The destructuration law implemented in their model is similar to Rouainia and
Mutr Wood (2000) but the influence of the plastic volumetric and plastic shear strain
on the rate of the destructuration is assumed to be equal. Gajo and Muir Wood (2001)
published a further development of a destructuration law by the inclusion of a third
so1l constant as an extra exponent. Many models incorporating bonding and destruc-
turation put emphasis on small strain behaviour and ignore 1nitial and plastic strain
induced anisotropy, which 1s very important when modelling soft so1l. A model which
accounts for bonding and destructuration, in addition to plastic anisotropy is the S-
CLAY 1S model (Koskinen et al. 2002a, Karstunen et al. 2005). The formulation of

this model 1s introduced 1n Section 2.5.

2.2.3 Modelling creep

Malvern (1951) introduced the so-called “overstress theory”, which was an innovative
development compared to the simplified rheological models and the 1sotache concept
proposed by Suklje (1957). The one dimensional constitutive model developed by
Malvern (1951) was enhanced by Perzyna (1966) to a three dimensional version. The
3D model forms the basis of most time dependent constitutive models developed in
recent years. It assumes that the time dependent behaviour in the elastic region is neg-
ligible. Two yield surfaces form the basic principles of the model: a so-called static
yield surface, similar to the yield surfaces used in the concept of time independent
plasticity, and a dynamic yield surface which is bigger in size than the static yield sur-
face. The area between the two yield surfaces is often referred to as the viscoplastic
regime (Liingaard et al. 2004). The overstress is defined as the distance between the
static and the dynamic yield surface. The total strain predicted is composed of an elas-
tic part and a visco-plastic part. The formulation of the models using the overstress
theory are mainly based on the isotropic Cam Clay model (Sekiguchi and Otha, 1977)
or on the Modified Cam Clay model (Adachi and Okano, 1974; Nova, 1984). In the
overstress models a change in the stress state does generate a visco-plastic strain. In

contrast, true creep models such as proposed by Vermeer and Neher (1999) and Yin
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Figure 2.2: Moditied Cam Clay model in the p’-q stress space

and Graham (2006) predict creep stresses even if there is no change in the stress state.
Neher et al. 2003 demonstrated the importance of accounting for time dependent
behaviour very sucessfully in the “Pisa Tower Stability” case study through the appli-
cation of an 1sotropic creep model. As mentioned earlier initial and large strain anisot-
ropy has an influence on the stress-strain-strength behaviour and as such it is also
important to account for it 1n constitutive models for soft soils. Vermeer et al. (2007)

published an advanced version of an isotropic creep model, the anisotropic creep

model (ACM). The ACM uses rotated yield surfaces based on the S-CLAY1 model

(Wheeler et al. 2003) as normal consolidation surfaces. The formulation of the ACM

can be found 1n Section 2.6.2.

2.3 Isotropic models

2.3.1 Modified Cam Clay model (MCC)

Roscoe and Burland (1968) introduced the isotropic MCC model, which is a variation
of the original Cam Clay model published by Roscoe and Schofield (1963). The
model uses the Critical State concept as the failure criteria. The Critical State Soil

Mechanics (CSSM) concept was developed by Roscoe et al. (1968) and Schofield and
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Wroth (1968). The basis of the concept was tormed mostly on tests conducted on

reconstituted 1sotropically consolidated clay samples. Therefore no influence of the
microstructure 1s present and the model thus describes an ideal soil. A soil element
which has reached a critical state stress ratio n continues shearing under constant vol-
ume. M 1s the value of the stress ratio n=q/p' at critical state. It is assumed that the
detormation at failure is so large that any possible bonding which might have led to
cohesion 1s broken down. The concept also defines a limited area where the soil

behaviour 1s elastic. The elastic domain is limited by the yield surface. MCC uses an

ellipse to describe the yield surface in a p'-q plane (triaxial) stress space. The yield

function of the MCC model is defined by:

2 ' f My —
f=q -Mp@,-p)=0 [2-1]
where the state parameter p',,, defines the size of the yield surface in the p’-q stress
space. The state parameter p',, can be evaluated based on the vertical pre-consolida-

tion stress. The MCC model uses a Drucker-Prager criterion as the failure criteria with

an associated tlow rule. For numerical analysis the model has to be formulated in gen-

eral stress space. The model was first generalised by Roscoe and Burland (1968).
They assumed that the yield surface and the plastic potential in the deviatoric plane is
a circle as shown 1n Figure 2.3 and hence the failure surface is a circle in the devia-
toric plane. It 1s known that a circle does not present very well the failure conditions
of soils in the deviatoric plane. In general stress space the yield surface has the form

of an ellipsoid. Changes in size of the yield surface is solely related to plastic volu-

metric strains de P as defined by:

. Vp'mdsi
A—K

dp', [2.2]

where v is the specific volume, « is the gradient of the (pre-yield) elastic swelling line
in the v:In(p’) plane. A is the gradient of the post-yield compression curve for a con-

stant 7 stress path in the v:In(p') plane. MCC assumes isotropic elastic behaviour for

stress states inside the yield surface.
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Figure 2.3: Drucker Prager criteria in the deviatoric plane

Inspection of Figure 2.2 reveals that an ultimate value of deviator stress q can be
defined in the MCC model. This implies q,,,x = Mp' and hence the peak undrained

shear strength ¢, can be defined by:

c =qmax_ﬂ_if£

’ 2 2.0

(23]

As p'in Egq. 2.3 1s not known in a numerical analysis it 1s necessary to combine it with
Eq. 2.1 to derive c,. Combining both equations results in a quadratic equation which

can be written as:

2 e -
2q —Mqgp, = 0. [2.4]

Applying the quadratic formula results in

_ Mp

u 5 qmax 2

2¢ L - [2.5]

One of the two solutions is zero and the second is qpa¢ Which represents the intercep-

tion of the critical state line with the MCC yield surface, see Figure 2.2. In the MCC
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Figure 2.4: Predicted stress path for undrained shearing in triaxial compression and extension and
plane strain compression and extension

model the ¢, in compression and extension is of the same order due to the assumed

shape of the yield surface.

For boundary value problems such as embankment simulations in plane strain condi-
tions the predicted undrained strength in plane strain compression and extension is of

interest. Triaxial compression TXC is predicted at a Lode angle of -30° (see

Figure 2.3), triaxial extension TXC at +30°, plane strain compression PSC between 0°
and -30° and plane strain extension PSE between 0° and +30°. To demonstrate the dif-
ference in the undrained strength in triaxial stress space and plane strain stress space
model simulations with a single gauss point programme have been undertaken. The
soil samples 1n the simulations represents Murro clay, a soft Finnish clay from Fin-
land. Details about Murro clay are presented in Chapter 6. The results of the predic-
tion are presented 1in Figure 2.4. The stress path is presented in the s'-t plane, where s’
is defined as (6’1t 6'3)/2 and t as (¢'(- 6'3)/2. The definition ignores the intermediate
stress ¢'5. The results show that the MCC model predicts a higher failure stress t in

compression under plane strain conditions than for triaxial conditions. This was found

r——
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Figure 2.5: The yield surface of the Soft Soil model in the p’-q stress space

to be the case for both compression and extension paths. The maximum stress at {ail-

ure is the same 1n extension and compression due to the assumed isotropic behaviour

and Drucker Prager failure criteria.

2.3.2 Soft Soil model (SS)

The SS model (Brinkgreve, 2002) is a modification of the MCC model. The yield sur-
face of the SS model 1s composed of two parts, the cap yield surface and the failure

yield surtace, as shown in Figure 2.5. The cap yield surface is defined by:

2 2
J=aqa -M (P, -p)p+cote)= 0. [2.6]

The size of the yield surface is defined by the state parameter p',, and can be evalu-
ated from the vertical pre-consolidation stress. The shape is described by the parame-
ter M*, the soil constants ¢' (effective cohesion) and ¢' (effective peak friction angle).

The parameter M* should not be confused with the M in the MCC model. It is a
parameter which is solely used to define the shape of the ellipse and not as a failure
criterion. Failure 1in the p'-q stress space is defined with the Mohr-Coulomb failure
criteria with a non associated flow rule as shown in Figure 2.5. The Mohr -Coulomb
criteria in the deviatoric plane is shown in Figure 2.6. In contrast to the critical state
criteria mentioned earlier the Mohr-Coulomb criteria assumes a failure condition on

the plane and simply accounts for minor and major principal stresses (c'3 and o')).
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Figure 2.6: The Mohr-Coulomb failure surface in the deviatoric plane
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The intermediate principal stress ¢'5 is ignored. By using M* to define the shape of
the cap surface, the yield surface is totally independent of the failure surface. On the
cap surface, the tlow rule 1s associated. For the special case of triaxial compression

the parameter M* can be calculated from Eqg. 2.7 (Brinkgreve, 1994).

TIo Ly i (1=K, O)(1=2v)(A*/k* - 1)
(1+2K,"C) (1+2K,"9Y1 -2v)(A*/x*) - (1 =Ky O)(1 + V)

|
I

M* [2.7]
where k* is the modified swelling index, A* is the modified compression index, both
are defined in the €,:In(p') plane and V' is the Poisson’s ratio. KONC 1s the coefficient

of lateral earth pressure at rest in the normally consolidated condition and can be esti-

mated using Jaky’s formula (Egq. 2.8).

NC_

K, "= (1-sing") 2.8]

From Eq. 2.7 1t can be seen that the shape of the cap yield surface, apart from KONC,
also depends on the compression ratio A*/x* and on Poisson’s ratio v'. By using
Ko values between 0.3 to 0.9 (Brinkgreve, 1994) the model predicts realistic stress
paths with stress ratios close to ng, for normally consolidated soils. This feature is a

substantial improvement when compared to the MCC model which is well known for
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its poor K predictions (Karstunen et al. 2006). Inside the yield surface the SS model

assumes isotropic elasticity. The SS model is a standard model implemented in the

commercial version of the PLAXIS 8 finite element code.

Similar to the MCC model a maximum ultimate deviator stress q,,., can be defined in
the SS model. The maximum possible q,,,, in the SS model is the interception point
between the Mohr-Coulomb line and the yield surface (Figure 2.5). In the following it

is assumed that the cohesion, ¢' is zero as would be the case for soft soils. With zero
cohesion the yield surface is shifted to the right in Figure 2.5 and the yield surface
intercepts with the apex point. The next step is to calculate the inclination M of the
Mohr-Coulomb line 1n the p'-q stress space from the friction angle ¢'. Knowing M and
combining Eq. 2.3 with the yield function (Eq. 2.6) of the SS model leads to:

2 2
0 = qz(%}_ T 1) T qw—ﬁ(cot(p' — D) — M"‘zpm coto'. [2.9]

Application of the quadratic formula results in:

The ultimate deviatoric stress qp,,, in the SS model needs to be interpreted with cau-
tion and has a different meaning compared to the q,,,, in the MCC model. During
undrained loading a soil element may possibly fail at a much lower stress ratio

because of the Mohr-Coulomb failure criteria used in the model.

As shown in Figure 2.6 the MC criteria and the DP criteria both predict the same max-
imum stress in undrained triaxial compression. As a consequence the MC criteria will
predict a lower failure stress under plane strain conditions than in triaxial compression

due to the shape of the MC criteria. It will also predict a lower stress at failure in plane

strain than the DP criteria.
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2.4 Anisotropic models

2.4.1 S-CLLAY1 model

The S-CLAY1 model (Wheeler et al. 2003) is an extension of the MCC model. The
anisotropy of plastic behaviour is represénted through an inclined yield surface and a
hardening law relates the development and evolution of the fabric of the soil to plastic
straining. Accounting for anisotropy in the models means that the model can no
longer be formulated solely in invariants. A so-called mixed formulation of the yield
surface is required which consist of tensors and invariants. The yield surface in gen-

eral stress space is defined as:

f= %[{Q'rp'gd}r{g'd —P'(ld}]"'[Mz—%{Q‘d}r{‘ld}]@'m -p)p =0 [211]

where g4 1s the deviatoric stress tensor and a4 is the so-called deviatoric fabric tensor.

The deviatoric stress tensor i1s defined as:

lin o o o
| ' 5(20'):-*0),—0'2)
C,=-p 1
c.ly _pl 3(— G|x+2cly_0lz)
' Glz_pl 1
o'y = = |3(-¢', -0, +20")| 2.12]
ﬁTxy 3( X y z

The fabric tensor 1s a dimensionless second-order tensor that is defined analogously to

the deviatoric stress tensor and is shown in Eq. 2.13.
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1
-(2a, -0, —O
3 X ) 4 Z ax—l
]
3(_ o, + 2ay—- a,) o,— 1
a 1 o, 1 [2.13]
d = |=(—a,—a, t+2a) = -
3 b y z «/iaxy

where the components of the fabric tensor have the property as defined in Eq. 2.14.

-31-(ax+ay+az) =1 [2.14]

M is the stress ratio at critical state and the state parameter p'y,, defines the size of the
yield surface. A general version of the yield surface is required for numerical analysis
of boundary value problems, where three dimensional stress states and rotation of the

principal axis occurs. Figure 2.7 shows the S-CLAY1 model in three dimensional

stress space for the case where the principal axes of the deviatoric stress tensor coin-
cide with the axes of the deviatoric fabric tensor in X, y and z direction. The yield sur-
face has the shape of an inclined ellipsoid. The special case shown represents for
instance a soil element which has been one-dimensionally consolidated. The compo-
nents ¢'yy, 'y, and o', of the deviatoric stress tensor g4 and the components oy, .y,
and a.,, of the deviatoric fabric tensor a4 are zero. It can be seen in Figure 2.7, how-

ever that the axis of the yield surface does not coincide with the hydrostatic axis due

to the initial anisotropy of the soil.
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Figure 2.7: Yield surface of the S-CLAY 1 model in 3D stress space

2.4.1.1 Hardening laws

The S-CLAY1 model incorporates two hardening laws. The first relates the change in
size of the yield surface to the plastic volumetric strain increment de,P. It is of the

same form as the equivalent hardening law in the MCC model and is defined by:

_ WP,
A—K

|

dp',

[2.15]

where v is the specific volume, x is the gradient of the (pre-yield) elastic swelling line
in the v:In(p') plane and A is the gradient of the post-yield compression curve for a

constant n stress path in the v:In(p') plane involving no change of the fabric anisot-

ropy (o4 1S constant).

The second hardening law (the “rotational hardening law”) describes the change of

the orientation of the yield surface with plastic straining, representing the develop-

ment and erasure of plastic anisotropy. The proposed form of the rotational hardening

law 1s:

dc_x_ﬁlf = p([l?- - (ﬁ’] (dely + [3[%] - ad](def,)) [2.16]

where n=c4/p', de4” is the increment of the plastic deviatoric strain increment and p

and [ are additional soil constants. Eg. 2.16 shows that positive volumetric strains
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attempt to drag the a4 towards an instantaneous target of 3n/4. This can be best illus-
trated by simulating stress paths of triaxial tests with low values of stress ratio nj=q/p'
(close to p'-axis), where plastic volumetric strains are dominant. At higher values of
n, plastic shear strains will be more dominant and a4 will approach asymptotically a
target value of /3. The soil constant 8 controls the relative effectiveness of the plastic
shear strain and plastic volumetric strain on the rate of rotation of the yield surface,
whereas the soil constant pn controls the absolute rate. The Macaulay bracket 1n
Eq. 2.16 ensures that the model predictions remain sensible for negative plastic volu-
metric strain increments on the dry side of the yield surface (see Wheeler et al. 2003
for details).

2.4.1.2 Triaxial stress space

For simplified conditions of a triaxial test on a previously one-dimensionally consoli-
dated sample, it can be assumed that the horizontal plane of the soil specimen in the
triaxial apparatus coincides with the plane of isotropy of the sample. In this case, the

fabric tensor can be replaced by a scalar parameter o, defined as:

2

o = ={a,;} {a,} [2.17]

NI 1L

which is a measure of the degree of anisotropy of the soil. In the triaxial stress space

the deviator stress can be defined as the scalar value q.

¢ = 3{c' }T(c) 218

The general version of the yield surface Eq. 2.1] can be simplified to a formulation

that is valid in triaxial stress space by using the scalar values as defined in Eq. 2.17
and Eq. 2.138.

f=@-ap)-(M2-a?)(p',-p)p =0 [2.19]
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Figure 2.8: The yield curve of the S-CLAY 1 model in triaxial stress space

The yield surface in the triaxial stress space has the shape of a sheared ellipse and is
illustrated in Figure 2.8. As shown in Figure 2.8, the yield surface in triaxial stress
space has an inclination of a and a maximum dimension of p',,. The proposed shape
of the curve is identical to the yield curve expressions proposed independently by
Dafalias (2006) and Korhonen and Lojander (1987). The yield surtace provides a
good match to experimental data for a wide range of natural soils (Wheeler et al.

2003). Koskinen (2002b) showed for four different natural Finnish clays, that the

yield curve expression (Eg. 2.19) is a reasonable fit to the experimental data, see

Figure 2.9. Karstunen and Koskinen (2007) also showed that the yield surface pro-
vides an excellent fit for yield points at different stress ratios n on reconstituted sam-

ples of soft Finnish clays.

The rotational hardening law was originally developed and validated on the basis of
an extensive testing programme on natural Otaniemi clay (Néitinen et al. 1999,
Wheeler et al. 2003). Otaniemi clay is soft clay from southern Finland. Further valida-
tion of the proposed hardening law was provided by simulations of natural and recon-
stituted samples of POKO clay, Vanttila clay and Murro clay, all clays from Finland
(Karstunen and Koskinen 2007, Koskinen et al. 2002b). In particular, model simula-
tions of drained triaxial tests on reconstituted samples with different stress path direc-

tions demonstrated excellent agreement with test results.

Sl ey _
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Figure 2.9: The initial yield curve for four natural Finnish clays (Koskinen 2002b)

The elastic behaviour of the S-CLAY 1 model is assumed to be isotropic similar to that
of the MCC model. It 1s a reasonable assumption for practical problems in soft clays

such as the construction of embankments where deformations are dominated by plas-

tic strains, in particular for cases under monotonic loading. The flow rule of the S-
CLAY1 model is assumed to be associated. The model simulation of reconstituted
samples of the Finnish clays demonstrated that an associated flow rule is a reasonable

assumption (Karstunen and Koskinen, 2007).
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2.4.1.3 Initial state parameters

Three state parameters are required to describe the initial state of the soil using the S-

CLAY1 model. These parameters are the initial void ratio ey, the initial size of the

yield surface p',,, and the initial inclination of the yield surface .

For high quality model simulations of laboratory tests it is very important to derive an
appropriate yield point from stress-strain curves. The yield stress is used to calculate
the 1nitial size of the yield surface p';,. Koskinen et al. (2003) reports that an aniso-
tropic model, such as the S-CLAY]1, predicts considerable curvature in the post-yield
compression curve 1f the anisotropy of the soil is changing (i.e. rotation of the yield
curve). The curvature 1s a result of the gradual rotation of the yield surface. Yield
points estimated from the intersection point of lines fitted to the elastic swelling and
post-yield compression curve in the €,:In(p') diagram overestimate the true yield
stress (Wheeler et al. 2003). Koskinen et al. (2003) proposed an alternative procedure
to estimate the yield stress. The idea is to plot the stress-strain curve in an g,.:p'-plot
instead of €,:In(p'). Again the yield stress is identified by the intersection point of two
straight lines. The first line represents the tangent to the elastic swelling line at the
point of the shallowest gradient of the elastic swelling line and the second 1is also a
tangent but the tangent to the steepest gradient of the post-yield compression curve.

This method results in a better prediction of the true yield stress (Koskinen et al.
2003).

The stress and strain history of the soil element determines not just the initial size of
the yield surface p'y, but also the initial inclination a of the yield surface. If the soil in
the past was restricted to one-dimensional straining and is in a normal or slightly

over-consolidated state then the initial inclination a can be estimated via the proce-
dure described by Wheeler et al. (2003). First the lateral earth pressure at rest, K, for
normally consolidated soil, can be estimated by Jaky’s formula (Ky=1-sin¢', ¢' is the
critical state friction angle). Knowing K, one can calculate the corresponding stress

ratio Ngo. Model simulations show that for simulations of stress paths with a stress

T S e el — ——
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ratio of Nk, the model predicts one value of o which corresponds to one-dimensional

straining. One-dimensional straining corresponds to:

ded_z

de 3

4

[2.20]

Assuming that elastic strains are negligible during one dimensional depositions, the

plastic strains can be estimated by:

12.21]

S, | S
e
4
WD

The associated flow rule of the S-CLAY 1 model leads to:

de’ _
._d == gm;"z) _ [2_22]
de?  M'-n
By combining Eg. 2.21with the associated flow rule (Eq. 2.22) the initial inclination
of the yield surface for normally consolidated soils can by derived by the following

expression.

2
+ 31 0 — M?
aKORﬂ,‘J-E-Q-——g-EQ_ [2.23]

Eq. 2.23 suggests that the ay, is related to the critical friction angle ¢' of the soil. In
the general version of the S-CLAY 1 model the ag is used to calculate the fabric ten-
sor oy (Eq. 2.28).

For a cross anisotropic soil, where the horizontal planes coincide with the plane of

isotropy, the following can be defined (y-axis is the vertical axis in the ground):

Olx = Oz, Olyy = COly,= Olys. [2.24]

This definition simplifies Eq. 2.14 to:

o, = 3-201,. [2.25]

Y
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By inserting Eq. 2.24 and Eq. 2.25 into Eq. 2.13 the deviatoric fabric tensor a4 can be

expressed 1n terms of a.,:

a, = | %=1 | [2.26]

To provide a relationship between o, and scalar parameter agg, the Eq. 2.24 and
Eq. 2.25 are inserted into Eq. 2.17:

=1-2 227
o . [2.27]

X

The derivation of Eq. 2.27 makes use of the fact that positive values of a refer to a

soil with a, > a,, in order to be consistent with the fact that positive values of q refer

y
conventionally to a stress with ¢'y > o'y (Zentar, 2004).

Inserting Eq. 2.27 into Eq. 2.26 gives the deviatoric fabric tensor in terms of the scalar

parameter for cross-anisotropic soil and for K, consolidated soil:

_a _ZKo
3 3

_2al. | 20k
3 3

%g0=| a|=| o . [2.28]

3 3
0 0
0 0
0 0

The theoretical background to the initial anisotropy holds for one-dimensional consol-
idation history of slightly overconsolidated soil with horizontal soil layers. In many

practical problems the ground surface is not horizontal, consider for example slopes,
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Figure 2.10: The influence of | on the apparent value of A and A;: a) Poko clay and b) Vanttila clay
(Koskinen and Karstunen, 2004)

but the underlying soil layers are. If the slope has been built by river erosion or wind

erosion, which 1s very often the case, one can assume that the above assumption will
be valid.

2.4.1.4 Model parameters

The S-CLAY1 model involves six soil parameters (constants). Four are conventional
parameters from the MCC model (x, A, M and Poisson’s ratio V') that can be deter-

mined from conventional laboratory tests.

Koskinen and Karstunen (2004) demonstrated using two different Finnish clays that
due to the presence of bonding and destructuration in natural soil, the value of the
apparent slope of the natural compression line A depends on the stress ratio 1 of the
stress path, see Figure 2.10. Koskinen and Karstunen (2004) argue that the stress path
direction influences the rate at which destructuration proceeds. For any model simula-
tions a representative average value of A is recommended. In simulations of boundary
value problems where loading is likely to dominate, a value should be used which

corresponds to the K, condition.

The two additional model parameters, pu and B, relate to the rotational hardening law.
The parameter u can not be derived through a direct method. A solution would be to

conduct several model simulations with different values of p and compare the pre-
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Figure 2.11: Equilibrium values of n/M for radial stress paths on Otaniemi clay. (Wheeler et al.
2004)

dicted behaviour with the observed behaviour. Alternatively, Zentar et al. (2002) sug-
gest, based on parametric studies, that a practical range of p lies somewhere between

10/A < p< 20/A. Néitinen et al. (1999) and Wheeler et al. (2003) showed that the

numerical simulations of triaxial tests with different stress path directions are not very
sensitive to p values within the proposed limits. With p within the proposed limits the

model predicts that a soil element must be subjected to an isotropic stress state three

times larger than the yield stress before the anisotropy of the fabric is totally erased.

The model parameter B defines the relative effectiveness of plastic shear strains and
volumetric strains in the rotational hardening (Eq. 2.16). Loading a soil element with
any constant stress ratio 7, the rotational hardening law will predict a final equilib-
rium value of o, as shown by Figure 2.11. Consequently, when loading the soil with a
normally consolidated stress ratio Nk, shows that only one value of § will result in a
value of a corresponding to ako. Wheeler et al. (2003) suggest that the soil parameter
B corresponding to the agg, can be calculated from a simple expression. By setting

do4 in the simplified triaxial version of Eq. 2.16 to zero it can be shown that just one

unique P value will correspond to agg. Combining Eq. 2.16 with Eq. 2.23 will lead to

the following expression:

. L
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2
_ 3(4M2 — Ao - 3nky)

B > .
8(Mko— (M?+21,))

2.29)

Eq. 2.29 suggests that [ 1s related to @' (given that both M and n, are related to ¢
(Wheeler et al. 2003)). By setting the constant u and the initial values of all terms of
the fabric tensor a4 to zero, the S-CLAY 1 model reduces to the isotropic MCC model.

2.4.1.5 Peak undrained shear strength

In the same manner as in the MCC model, a peak undrained shear strength c, is
defined in the S-CLAY1 model in the p' -q stress space. The peak is defined at the
interception point between the critical state line and the yield curve (Figure 2.8).

Inserting Eq. 2.3 1n the yield curve (Figure 2.19) leads to a quadratic equation:

2 ap,, 2o M
2 + (— L — ' ) — . .
779 M M P'm 0 12.30]

Applying the quadratic formula results in:

op, — Mp'
2C, = Qmax = _""'m_z_&: - [2.31}
The derived ¢, presented above 1s just a simple interpretation of the peak undrained

shear strength ¢, of the S-CLAY1 model in triaxial compression and not the true peak
strengths at undrained failure in compression. The predicted strength is only valid at
the moment the ¢, value is calculated. Under continuous undrained loading the yield
curve will continue to rotate and this will change the peak value continuously until the
stress ratio at critical state 1s reached. To calculate the strength in extension, M needs
to be replaced with the M at extension. In the S-CLAY1 model the M in extension is
the same as in compression as no Lode angle dependency is implemented. To calcu-
late the undrained shear strength in extension with Eq. 2.3/ the minus sign is replaced

with a plus sign. Due to the rotated yield surface (ellipse) the peak strength in exten-

sion is significantly lower than in compression.
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Figure 2.12: Failure surface of the S-CLAY'1 model on the deviatoric plane for initial state (K,

consolidation) and at the end of undrained shearing: a) Triaxial compression, b) Triaxial extension,
¢) Plane strain compression and d) Plane strain extension

The difference in the predictions of the S-CLAY1 model for triaxial conditions and

plane strain conditions are better observed on the deviatoric plane. Undrained triaxial
compression and extension tests and plane strain compression and extension tests

have been simulated to highlight the difference in the predicted undrained shear
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strength at failure. The sample was assumed to have the properties of Murro clay as at
a depth of -7 m. Murro clay is a soft Finnish clay and details can be found in Chapter
6. The sample was assumed to be normally consolidated and then sheared to failure
under undrained conditions. The simulations performed were strain controlled with a
single gauss point programme. The results of the simulations are presented in
Figure 2.12. The circle plotted as a thin line represents the predicted failure surface
(Drucker Prager circle) at the initial state. The circle plotted in bold, is the surface
after undrained shearing. The initial failure surface is off set from the origin due to the
initial anisotropy of the clay. In Figure 2.12a, triaxial undrained shearing in compres-
sion is presented. The circle predicted at failure in triaxial compression is marginally
shifted with its centre moved towards the origin. The yield surface is only slightly
rotated during undrained shearing in compression as its was sheared from a normally
consolidated state. In Figure 2.12b, the predicted failure surface in triaxial extension
is shown. The predicted failure surface is moved along the o' axis towards its final
position. The yield surface is heavily rotated to its new position during shearing in
extension and as a consequence the peak undrained strength in extension increases
and compression reduces. The result of the plane strain simulation in compression is
shown in Figure 2.12¢ and 1n extension in Figure 2.12d. During plane strain shearing
in compression the yield surface in the deviatoric plane is shifted upwards to its new
position. Due to the shift of the circle a greater peak undrained strength is predicted in
plane strain compression compared to the undrained strength in triaxial compression.
During undrained shearing in plane strain extension the yield surface is heavily
rotated to a new position in the deviatoric plane. Again the yield surface is centred
around a new position with the centre of the circle close to the axis of the Lode angle

of zero degrees.

The corresponding stress paths in the s'-t plane are presented in Figure 2.13. The pre-
dictions by the S-CLAY1 model are compared to the simulations using the isotropic
MCC model. In triaxial compression the S-CLAY1 model predicts an initial higher

stress level before finally reaching a stress level at critical state which is marginally

e — m il
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Figure 2.13: Predicted stress path for triaxial compression and extension, and plane strain
compression and extension by the S-CLAY 1 and MCC model

higher than that predicted using MCC. Similar behaviour is observed for plane strain
compression. In extension both models predict the same stress level at critical state
but the stress paths towards the final point are totally different. The S-CLAY1 path
diverges from the MCC path at a point where the S-CLAY1 model starts yielding in
extension. Once S-CLAY 1 reaches a stress level close to the critical state in extension
the stress path heavily bends and continues to move downwards to the failure line.
This is defined as the failure strength of the S-CLAY1 model in extension. At this
point of the stress path the corresponding strain level is very large and the sample has
failed. For practical applications and in boundary value problems this is the maximum
strength in extension. In the model simulations the yield surface continues to rotate

until the fabric is completely rearranged (ultimate strength in extension). Again it can

be seen that the maximum stress predicted in PSE is greater than in TXE.
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2.4.2 Multilaminate Model for Clay (MMC)

The multilaminate framework (Zienkiewicz and Pande, 1973) can be used to model

anisotropy of plastic behaviour. The framework was originally introduced to model
rocks with different joint directions. Pande and Sharma (1983) extended the basic
framework (Zienkiewicz and Pande, 1973) to model clays. A formulation that enables
the use of multilaminate models in combination with an elasto-plastic tangent stifi-
ness algorithm was first presented by Pietrusczak and Pande (1987). In the multilami-
nate framework each stress integration point is associated with a number of sampling
planes of different direction. On each sampling plane a local stress-strain relation 1s
formulated (microscopic level). The local stress on the sampling plane is derived from
the global stress state (macroscopic state) via a stress transformation. The elastic part
is formulated on the global level (macroscopic level). The total global strains, which
consist of an elastic strain plus a plastic strain, are obtained by numerical integration

of the plastic strains from each sampling plane and the global elastic contribution.

An anisotropic global stress state will produce a different combination of local stress
states on each sampling plane of the multilaminate model. Hence an anisotropic stress
history will result in different sizes of yield surfaces on each sampling plane. How-
ever, an isotropic global stress state will generate the same local stress state on each

sampling plane. Each yield curve on each individual sampling plane will have the

same Size.

Wiltafsky (2003) describes the Multilaminate Model for Clay (MMC). In the MMC,
the yield curve is based on a double hardening formulation by Vermeer (1978). The
yield curve is formulated in terms of ¢';, and 1 on the o', - T plane, where o', is the

effective normal stress and t the shear stress. It consists of three parts, an elliptical

volumetric cap (f,), a deviatoric hardening section (f) and a tension cut off (f,) section.
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Figure 2.14: Yield surface of the MMC on each sampling plane

Figure 2.14. shows the yield surface on the o', - T plane. The formulation of the volu-

metric cap is given by:

= (52 () -1 -0 e

'
O nc M(IG nc

where the normal preconsolidation stress o', defines the current size of the yield sur-

face and M, defines the aspect ratio of the yield curve. Note that M,, is not the same
as M at the critical state stress ratio. M, defines the shape of the yield curve and thus

influences the predicted global Ky-value, similar to the definition in the Soft Soil
model (Brinkgreve, 2002). The value of M,, is calculated as:

M_= a(sing'). [2.33]

where a is a material constant and can be estimated by a= 1-sin(2/3¢") for normally
consolidated clays (Wiltatsky, 2003). The parameter o should not be confused with
the parameter a 1n the S-CLAY1 model. Volumetric hardening is related to the incre-
ment of the plastic normal strain deP, .,, on the sampling plane. The volumetric hard-

ening law is given by:

vo' de’
do' = N¢ _mcap [2.34]

nc 'k—'K
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and is defined analogous to the volumetric hardening law of the MCC model
(Eq. 2.2). An associated flow rule is used for the yielding on the cap side and to give

the ratio for the plastic normal strain increment deP, .,, and plastic shear increment

deP

v,cap O0 €ach sampling plane.

The yield curve of the deviatoric hardening section is given by the following equa-

tion:

c'tan@'
tan@

f=1t-0o' tang', — = 0. [2.35]

where @', is the mobilised friction angle and a hardening parameter, c' is the effective
cohesion and ¢' the friction angle of the Mohr Coulomb failure line (Figure 2.14).
Hardening of the deviatoric section is related to the plastic shear strain increment

deP, cap O the sampling and given by:

' 't \2
(tang tan(Pm) de?

d(tang’,) = e I e

2.36]

where A is a soil constant controlling the rate of deviatoric hardening of the cone. The
parameter A is found by optimising model simulations with experimental data on tri-
axial tests reaching compressive failure. The influence of parameter A is best
observed in q-e, diagram (Wiltafsky, 2003). The value has a large influence on the
predicted stress strain behaviour and the results are very sensible against the A value.
Back calculation of triaxial tests of Finnish clays (Wiltafsky, 2003) showed that a
large number of tests at different stress ratios 1 are required to derive sensible values
for it. A non-associated flow rule is used on the deviatoric hardening section, using a

mobilised dilatancy angle , based on the stress theory of Rowe (1972).

The third part of the yield curve is the tension cut off criterion according to:

ff=ao',-c',=0. [2.37]

where &', is the maximum allowable tension stress on the sampling plane. An associ-

ated flow rule is assumed for the tension cut off.

A e e ————
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The parameters of the MMC are derived from conventional laboratory tests with the

exception of parameter A as mentioned above. The model was implemented as an
User defined soil model into the 2D PLAXIS 8 code by Wiltafsky (2003). Wiltafsky
(2003) presented numerical simulations, using the MMC model, of Vanttila clay and
POKO clay, both clays from Finland. Each test was performed at different values of
n. The results of the simulations showed high quality matches with the experimental
data, with yield points well predicted. In tests, where the second loading stage was
very different to the previous loading stage, MMC simulations resulted in progressive
yielding on the various sampling planes, and hence a gradual change in soil compress-
ibility. This leads to a significant curvature of the post-yield compression curve in a
g,:In(p") plot (Wiltafsky, 2003). The behaviour is similar to what is observed in

numerical simulations with the S-CLAY 1 model.

A global peak undrained shear strength similar to that which has been defined in the
MCC and S-CLAY1 model can not be described in the MMC model. The peak

strength is different on each of the integration planes and as such represents a local

peak on the individual plane.

2.5 Destructuration model: S-CLAY1S

The S-CLAY1S model (Karstunen et al. 2005) is an extension of the S-CLAY1
model, which incorporates large strain anisotropy via a rotational hardening law.

Additionally the S-CLAY1S model accounts for bonding and destructuration. The

yield surface of the natural soil is given by the same expression as in S-CLAY1,
Eq. 2.11 for the general stress state and Eq. 2.19 for the special case of the triaxial
stress state. The effect of bonding is described by an intrinsic yield surface (Gens and
Nova, 1993), which represents the equivalent unbonded soil. It is assumed that the
unbonded soil has the same fabric as the natural soil and hence the intrinsic yield sur-
face has the same shape and orientation as the natural yield surface (Figure 2.15). The
size of the intrinsic yield surface p'y; is related to the size of the natural yield surface

p'n, through the following expression:
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Figure 2.15: Yield surface of the S-CLAY 1S in triaxial stress space

p'm = (1 +x)p'm;‘ [2.38]

where x defines the current degree of bonding. In the S-CLAY 1S model not only the
size of the intrinsic yield surface is important for the formulation of the model but also
the rotation of the intrinsic yield surface. The intrinsic yield surface is not directly
used to derive partial derivatives for the direction of the plastic strains but it repre-
sents the remoulded soil and as such the maximum deviatoric stress qp,,, of the

remoulded soil.

Elastic behaviour inside the yield surface is provided with the same equations as 1n S-
CLAY1 and MCC. The model assumes an associated flow rule to derive the ratio of

the plastic volumetric stains and plastic deviatoric strains.

2.5.1 Hardening laws

The S-CLAY1S model incorporates three hardening laws. The first one is related to

the change in the size of the intrinsic yield surface. The size is related to the plastic
volumetric strain increment de. P by the hardening law for the unbonded (reconsti-

tuted) matenal:

dp', = —— [2.39]

m_

ﬁumerical modelling of embankments on soft soils 4?2




Chapter 2: Constitutive modelling

where A, is the gradient of the intrinsic normal compression line of a reconstituted soil
in the v:In(p') plane. The first hardening law is of the same form to that of the S-
CLAY1 model but with p',,, replaced by p',,,; and A replaced by A;. The second harden-

ing law, describing the rotation of the surface (i.e. evolution of anisotropy), is the

same as in the S-CLAY1 model (£q. 2.16).

The third hardening law of the S-CLAY 1S model, the so-called destructuration law,
describes the degradation of bonding with plastic straining. It is assumed that both
plastic volumetric strain and plastic deviatoric strain, whether positive or negative,

tend to reduce the bonding parameter x to zero:

dx = —ax(|de?| + blde?)). [2.40]

Soil constant, a, controls the absolute rate of destructuration and b controls the rela-
tive effect of plastic deviatoric strain increment deqp in destroying the bonding. As
discussed 1n Section 2.5 many of the previously proposed destructuration models

assume b = 1.

2.5.2 Initial state parameters

Four state parameters are required to describe the initial state of the soil using the S-
CLAY1S model. The first three, the initial void ratio ey, the initial size of the yield
surface p'y, and the initial inclination of the yield surface o, are the same as in the S-
CLAY 1 model. The fourth parameter required is the bonding parameter, x. Koskinen
et al. (2002a) suggest a procedure for determining the initial value of x. The value of x

can be best derived from the sensitivity S; measured from a fall cone test. S, provides

an estimate for the bonding parameter x.
X = S,-1 [2.41]

2.5.3 Model parameters

The S-CLAY1S model involves eight soil parameters. Five are the same as in the S-

CLAY1 model (x, M, V', n, B). The parameters a and b are derived via an optimisation
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procedure in doing model simulations of laboratory tests (Koskinen et al. 2002a).

First a value for parameter a is selected. This is best achieved by simulating a drained
triaxial test involving a low value of n, for example a stress path close to isotropic
compression, where the shear strains are small and hence the influence of parameter b
1s negligible. Once parameter a has been selected, a test involving a high value of n
should be modelled, where the contribution of shear strains to destructuration is dom-
inant. These simulations are then used to select an appropriate value for parameter b.
Model simulations of Finnish natural clays (Koskinen et al. 2002a) have indicated
that typically a=9-11 and b = 0.2-0.3. It seems to be the case that these values can be
used as default values for soft clays from Finland. Magnet (2006) reported similar
value of a and b based on back calculation of triaxial tests on Bothkennar clay. It was
found through an optimisation procedure that a = 10-12 and b = 0.4. Often specialist
stress path controlled tests are not available and then a typical default value could be
chosen for b (e.g. b = 0.2). Following that the value of a could be optimised by simu-

lating any compression test for which test data is available.

By setting the mnitial value of the state parameter x to zero and using an apparent value
of A from a natural sample, instead of A; from a reconstituted sample, the model

reduces to the S-CLAY'1 model, which accounts for anisotropy only. If in addition the

initial value of o is set to zero, and the soil constant p are set to zero, the model

reduces further to the isotropic MCC model.

The model was originally implemented by Zentar (2004) in the SAGE Crisp finite
element code using an explicit forward Euler algorithm. In 2003 Wiltafsky (2003b)
implemented the model into the PLAXIS 8 code as a user defined soil model using an

implicit backward integration scheme. During this work the model implementation by

Wiltafsky (2003b) was extended and further improved. As part of this work the model

was also implemented into the PLAXIS 3D foundation and a limited version has been

implemented into the PLAXIS 3D tunnel code.

Koskinen et al. (2002a) presented S-CLAY 1S simulations of natural POKO clay with

each test involving two loading stages at different 1 values. The simulations were
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Figure 2.16: Natural and remoulded peak undrained shear strength

generally a good match to the experimental data. In addition simulations have been
performed of experimental tests on natural samples of Otaniemi clay, Murro clay and
Vanttila clay (Koskinen et al. 2002d, Koskinen et al. 2004, Zentar et al. 2004). These

test simulations also show good agreement for a range of 11 values and over both load-

ing stages.

2.5.4 Peak undrained shear strength

The peak undrained shear strength of the natural material is defined in the same way
as in the S-CLAY1 model (Section 2.4.1.5). The definition of the natural peak
strength in the p'-q stress space is shown in Figure 2.16.

2.5.5 Remoulded peak undrained shear strength

Similar to the natural strength in the S-CLAY 1S model the remoulded strength can be
described in the p'-q stress space. The second yield surface, the intrinsic yield curve
smaller in size represents the unbonded material which has the same void ratio and the
same fabric as the natural material. The qp,,, ; of the unbonded material (the intercep-
tion point between the critical state line and the intrinsic yield surface) is smaller than
the qpax Of the natural material (see Figure 2.16). The qp,y ; of the unbonded material

describes the remoulded peak shear strength ¢, during undrained loading or consoli-

dation.
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For the mathematical definition of the remoulded strength ¢, the same principal as
used for the natural strength can be applied. Inserting Eq. 2.3 in the intrinsic yield

curve function (Figure 2.19) leads to a quadratic equation.

2 op ,.; 20 ' —
2q + q( M»’m_ -M_ ~p ,m) = () [2.42]
Applying the quadratic formula results in:
op,, : — Mp' .
2cur = qma.x-—.f = 2(:“ = qmax = __H.E..a___.’?i [2.43]

Eq. 2.43 is the same as Eq. 2.31 for the natural strength. Only the variable p',,, which
defines the size of the natural yield curve in the p'-q stress space is replaced with p'..;

the variable which defines the size of the intrinsic yield surface.

It is well known that during consolidation the remoulded and natural shear strength
will increase but in special circumstances a different phenomena is observed. A
change in natural and remoulded strengtﬁ means that both yield surfaces increase in
size and/or a rotation of the yield surfaces takes place. An increase in the remoulded
strength is not necessarily always linked to an increase of the natural strength. In

some circumstances an expansion of the intrinsic yield curve can be observed without

an increase of the natural yield curve. Thus the remoulded strength increases but the
natural strength does not. Another phenomena can be observed using the S-CLAY1S

model: an increase in the size of the intrinsic yield curve while at the same time the

natural yield curve undergoes a reduction in size.

The predicted stress paths in the s'-t plane for triaxial undrained shearing in compres-
sion and extension, and plane strain undrained shearing in compression and extension
using the S-CLAY1S model are shown in Figure 2.17. The samples are assumed to
represent natural Murro clay at a depth of -7 m. Details about the clay can be found in

Chapter 6. The simulations are performed with a single Gauss point programme. For

———— e S —— ——— T
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Figure 2.17. Predicted stress paths for triaxial compression and extension, and plane strain
compression and extension using the S-CLAY1S and S-CLAY1 model

comparison, the paths predicted using the S-CLAY1 model are also presented here.
Initial inspection of the stress paths reveals that the S-CLAY1S model predicts strain
softening once it reaches the critical state stress ratio. The S-CLAY1 model predicts a
marginally higher peak stress t in triaxial compression than the S-CLAY1S before
reaching the critical state stress ratio. This is more pronouced in plane strain compres-
sion. Both paths diverge after a certain amount of yielding. The S-CLAY1 predicts an
increase in the stress level t up to the critical state stress ratio but the S-CLAY1S pre-
dicts a reduction in t before reaching the critical state stress ratio. The same 1s
observed in extension but is less pronounced. In triaxial extension both models pre-

dict similar stress paths up to a point close to a stress ratio at critical state before they
diverge. The S-CLAY1 path is moving upwards to the failure line (ultimate strength
in TXE and PSE) whereas the path by the S-CLAY 1S turns, reverses the direction and

moves downwards as strain softening happens (residual strength in TXE and PSE).
Interestingly the path of the S-CLAY1S model swings outwards for triaxial extension
but inwards for plane strain before softening. Again the maximum t in extension for
the S-CLAY1S is lower than for S-CLAY1 model. Accounting for destructuration

reduces the maximum possible t in triaxial stress space and plane strain conditions.
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2.6 Creep models

2.6.1 Soft Soil Creep model (SSC)

The isotropic SSC model (Vermeer et al. 1998, Vermeer & Neher 1999, Neher et al.
2001) is a general three-dimensional creep model based on the isotropic Modified
Cam Clay ellipse. In the SSC model the total strain increment de is divided into two
components, namely the elastic part de, and the viscoplastic part de_, (creep compo-

nent).

de = def+de”’ [2.44]

In order to be able to conveniently describe the SSC in terms of stress invariants in the

p'-q plane the volumetric strain increment dg,, is introduced.

de, = de, +ds, [2.45]

v

For triaxial stress states Eq. 2.45 can be expanded to Eq. 2.46:

A* —x*

de, = ‘ﬂfﬂ' + P_*(p_fﬂ) W [2.46)
P t\p,

where the first term of the equation is the elastic volumetric strain increment
expressed by a simple hypoelastic law. x* is the modified swelling index, defined in
the €,:In(p') plane and dp' is the changé in mean effective stress. The elastic incre-
ment is directly linked to the rate of increase of the mean effective stress p'. The sec-
ond term in Eq. 2.46 1s the volumetric creep strain increment. p* is the modified creep

index, defined in a €,:In(t) plot. It can also be related to the conventional creep index
C, by:

C

_ o
(d+e)nlo 1247]

l..l*

T in Eq. 2.46 is the reference time which is usually taken as 1 day when the position of

the normally consolidation line is defined through 24 hour oedometer tests. The 1 day
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Figure 2.18: Idealised stress strain curve from an oedometer test

compression line is usually used to determine the preconsolidation pressure. A* 1s the
modified compression index and defines the gradient of the normal consolidation line
in the €,:In(p'), shown in Figure 2.18. The normal consolidation line in Figure 2.18
corresponds to a test where the reference time 1 for each load step has been held con-
stant. p', in £q. 2.46 and shown in Figure 2.18 is defined by reference to the normal
consolidation line. The projection of p'; on to the normal consolidation line can be

expressed via the following relation:

AEC!'
Pp = p'poexr)&* _"KJ [2.48]

where p'pg is the initial value of p', the intersection of the normal consolidation line
with the elastic swelling line, see Figure 2.18. The increase of p', with time is related
to the increase of the volumetric creep strain. Inspection of Eq. 2.46 and Figure 2.18
shows that the ratio of p'/p', determines the rate of creep strain. A stress state p' which
plots on the normal consolidation line would yield large creep strains. Creep strains
decrease exponentially for stress state p' with distance from the isotropic line, 1.e. all

stress states which plot above the normal consolidation line.

To represent the creep model in triaxial stress space (Figure 2.19), ellipses are intro-
duced similar to the ellipses used in the MCC model. The ellipses of the SSC model
are shifted off the apex point and the elastic domain is limited by Mohr-Coulomb fail-
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Figure 2.19: Soft soil creep model in triaxial stress space

ure criteria. The current stress state p' lies on the inner ellipse, which has a size of p'g,.
The shape of the ellipse is defined through the soil constant M* which is not the same
as the stress ratio M at critical state (see SS model for details). p'e, is given by:

Peg = P'———A— - [2.49)
M**(p' - ccotg)

The second ellipse, the viscoplastic surface, represents the stress state on the normal
consolidation line. The size of the viscoplastic surface is defined by p', and increases
in time as creep strain occurs, according to Eq. 2.48. p'eq presents the current stress
state. The ratio controlling the creep in the triaxial stress state is p'o/p', (Eq. 2.18).

The ratio:

E'_ej = _1 [2.50]
P, OCR* |

where OCR* is the apparent overconsolidation ratio, which should not be confused
with the overstress in Penzana (1962) type models. Unlike the overstress models the

SSC model predicts creep strains at any stress level thus there is no pure elastic state.

An associated flow rule is assumed to provide the magnitude of the deviatoric creep

strain. The model uses a Mohr Coulomb failure line with a non associated flow rule to

describe shear failure. No creeps strains occur on the failure line.

T bl o
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Figure 2.20: ACM model In triaxial stress space (Leoni et al. (in press))

The model was tested on drained and undrained compression tests using reconstituted
samples (Vermeer and Neher, 1999) and is able to represent the experimentally

observed time dependent behaviour, reasonably well.

2.6.2 Anisotropic creep model (ACM)

Vermeer et al. (2007) and Leoni et al. (in press) point out that the assumption of an
isotropic yield surface as used in isotropic creep models does not represent the
observed behaviour of natural soft clays. A more realistic model must account for the
initial anisotropy and changes in the fabric anisotropy due to plastic straining. Leoni
et al. (in press) at the University of Stuttgart developed an anisotropic creep model,

the so-called ACM in collaboration with the University of Strathclyde.

To define the ACM in the simplified triaxial stress state (where the axis of cross ani-

sotropy coincides with an axis of the specimen in the test apparatus), the model uses
the yield surface of the S-CLAY1 model (Wheeler et al. 2003) for the current stress
surface (CSS) and normal consolidation surface (NCS), see Figure 2.20. The two sur-

faces are assumed to have the same inclination, a.. The mean stress state p'c,, is
defined by:

$ovs el —ap')?
Vi ™ P +(19_ELW_G2)p' 2.51]
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where M is the stress ratio at critical state. By setting o to zero in Eq. 2.51 the model
would reduce to an isotropic creep model. p'p, the apparent pre-consolidation stress 1s
defined 1n analogy with p'c, and lies on the normal consolidation line. P'p 1s evolving
with the volumetric creep strain and is defined in the same manner as in the SSC
model (Eq. 2.48). The volumetric strain increment de,” is also defined according to

the SSC model (Eq. 2.46). An associated flow rule is assumed for the rate of the devi-

atoric creep strain deg°.

The rotation of the NCS and the CSS is controlled by the rotational hardening law,
similar to that proposed by Wheeler et al. 2003 for the S-CLAY1 model and is given
by:

do = m[(% — a) def, + ® d(gqﬁ - a) (def,)] [2.52]

where ® and w4 are soil constants that control the rate of rotation. Both parameters
fulfil a similar function in the rotational law to the parameters p and P used in the S-
CLAY1 model (Section 2.4.1.1). @y is defined similarly to the parameter 8 in the S-

CLAY1 model. For the estimation of the parameter ® the reader 1s referred to Leoni et

al. (in press).

Numerical simulations of undrained compression and extension tests of Hong Kong

clay show a good agreement with the experimental results (Leoni et al. (in press)) and

a notable improvement compared to the SCC model.

2.7 Comments about model implementation

In the subsequent chapters of this thesis not all the constitutive laws introduced here
were used in numerical simulations. For the majority of the 2D simulations the S-
CLAY models were used and only in simulations of the benchmark embankment in
Chapter 4 was the MMC utilised. In the following discussion only the models imple-

mented as user defined soil models into the 2D finite element code PLAXIS 8 are
considered. The S-CLAY models and the MMC model were originally implemented

“—
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by Wiltafsky (2003a, 2003b) into the PLAXIS 8 finite element code. Wiltafsky did

some pioneering work in 2003 as the first to implement the MMC into the code via
the user defined soil model interface. At that time there was not much documentation
available other than personal guidance by the software developers. At this point the
discussion will mainly focus on the original implementation and later in Chapter 5

new developments regarding the implementation are introduced.

2.7.1 User subroutine

When using a user defined soil model all the soil constants and state variables related
to the model are inputted via a so-called user defined model interface. The model
interface has a simple tabular layout with an empty box for the input next to the name
of the input parameter. The user defined subroutine is called by the calculation kernel
whenever information regarding the constitutive model is required. In the PLAXIS
code this information demand is split into different so-called ID tasks. In total there

are six tasks. In the following a general introduction to the ID tasks 1s given.

2.7.1.1 Initialise state variables (ID Task=1)

The initialisation is used to determine the initial values of the state variables such as
the size of the yield surface, the initial void ratio and any other state variable related to
the yield surface position or shape. The initialisation process will be activated only
once. Between ongoing calculation stages the state variables are transferred from one
stage to another. This initialisation stage is also used to calculate any other important
variables or constants stored as state variables which will be later used as a reference

in the output stage.

2.7.1.2 Calculating the constitutive stresses (ID Task=2)

This task contains the calculation procedure used to evaluate the constitutive stresses
corresponding to a given strain increment. As mentioned before the S-CLAY models
and the MMC model have been implemented using the implicit forward integration

scheme. In this scheme the trial stress is modified as long as convergence is satisfied.

E— T —— i ——p— R —— el e il A
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In general the convergence criteria is reached when the iterative stress state is

returned to the yield surface by using a stress return algorithm. For a comprehensive
summary and detailed discussion about the integration scheme and the return algo-

rithm the reader is referred to Potts and Zdravkovic (1999).

2.7.1.3 Create material stiffness matrix (ID Task=3&6)

As an implicit forward integration scheme is used for both model implementations the
ID Task 3 and 6 are the same. In both cases the elastic material stiffness matrix 1s
derived. For details when the ID Task 3 is different to ID Task 6 the reader is referred
to Brinkgreve (2002).

2.7.1.4 Number of state variables (ID Task=4)

This is a minor task which simply returns the number of state variables used in the

constitutive model to the calculation kernel. The maximum number of state variables
in the PLAXIS code is practically unlimited (Brinkgreve, 2002).

2.7.1.5 Matrix attributes (ID Task=5)

In this task the type of material stiffness matrix is defined. The matenal stiffness
matrix can be stress dependent, time dependent, symmetric or non-symmetric. Both

the MMC and S-CLAY models use a symmetric stress-dependent stifiness matrix.

2.7.2 Discussion of the implementation

In the S-CLAY 1S model user subroutines, 11 state variables are stored. The state var-
iables are the six components of the fabric tensor g4, the scalar value of the fabric ten-
sor o, the size of the intrinsic yield surface p',;, the bonding parameter x, the size of
the natural yield surface p',, and the void ratio e. The values of a and p',, are only
stored for output purposes. In the MMC model the storage requirements are much
more demanding due to the large number of integration planes. Four state variables
per integration plane are stored. Namely, the size of the local yield surface o'y, the

local mobilised friction angle @'y, the plastic shear strain increment deP, ... and the
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plastic volumetric strain increment deP), cap. Wiltafsky (2003a) uses a 33-plane inte-

gration rule and that means a total of 132 state variables are stored just for the local
information on the planes for each Gauss point. The rest of the state variables such as
the void ratio e are stored globally. This large number of state variables requires a sig-
nificant larger memory space than the S-CLAY1S model which 1s embedded in a
standard elasto-plastic framework. Consequently, MMC requires more run time than
the other models. For the simple benchmark embankment problem presented in Chap-
ter 4, the run time for the models implefnented in the standard elasto-plastic frame-
work 1s less than 10 min whereas the calculation time using the MMC model i1s at

least 3 hours.

The S-CLAY models and the MMC models are non-linear models. The accuracy of
the calculation results depends significantly on the size of the strain increment. The
size of the trial strain increment is controlled by the user via a sub-stepping procedure.
Through an input parameter called ‘step size’ the user can manually control the size of
the strain increment. The sub-stepping procedure has been implemented to avoid con-
vergence problems and inaccuracies. Further details about the substepping procedure

can be found in Section 5.2. For most boundary value problems a value of -0.01 1s

recommended based on the experience of the author.

2.7.3 Global iteration and control procedure

The iterative procedure at the global level needs to satisfy the constitutive relations
and the equilibrium conditions. PLAXIS uses a so-called automatic step-size proce-
dure (Brinkgreve, 2002). The size of the first load step is either chosen manually by
the user or automatically by the software. For each load step a series of iterations 1s
carried out. The number of iterations is limited to a so-called desired minimum and
maximum which 1s a default setting or can be changed by the user to an approprate
value. If equilibrium is reached in less iterations than the desired minimum the soft-
ware automatically increases the load step by two in the next calculation step. How-
ever, if the equilibrium 1s not reached within the maximum number of iterations the

load increment 1s divided by a factor of two. In the case of equilibrium being reached
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within a number of iterations which lies between the minimum and maximum, the

load size is kept constant for the next load increment.

Other important control parameters for the iterative procedure are the tolerated error,
the over-relaxation and the maximum number of iterations per calculation step. Any
non-linear analysis tends to drift from the exact solution (Potts and Zdravkovic,
1999). To keep the drift within an acceptable limit a tolerated error can be specified.
For most applications the default setting of 0.01 is recommended. In order to reduce
the number of iterations needed for convergence the software uses a so-called over-
relaxation procedure. For all calculation undertaken in this work a default value of 1.2
was used. The reader 1s referred to Vermeer and Van Langen (1989) and Van Langen
and Vermeer (1990) for more details about the over-relaxation parameter. The maxi-
mum number of iterations limits the number of iterations per calculation step to avoid
excessive running time. If the solution does not converge within the set limit the cal-
culation is aborted. A standard setting is 50 but it is recommend to use 100 when
highly non-linear models such as the S-CLAYIS are used in an analysis where large

strains are expected.

2.8 Review of soft soil constitutive models

The constitutive models discussed and introduced in this chapter are divided into four
main classes of models: isotropic models (MCC and SS model), anisotropic models

(S-CLAY1 and MMC), destructuration model (S-CLAY1) and creep models (SSC
and ACM model).

The two isotropic models are nowadays widely used in engineering practice for
numerical simulations for all sorts of boundary value problems in soft soils. Both
models have also been tested in drained and undrained compression tests by various
researchers, showing an overall good performance. Nevertheless, the assumption of
isotropic yield surfaces does not match the experimental data of natural and reconsti-
tuted soils. Inclined yield surfaces have been observed and reported for a wide range

of natural soft soils, which is an indication of initial anisotropy of the fabric of the
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so1l. For practical problems in soft soils, where loading is likely to be dominant, it is
important to account for large strain anisotropy, whereas anisotropy at small strains
may have a minor influence. Accounting for initial and strain induced anisotropy does
not just improve the quality of numerical simulations of laboratory tests but also has a

big influence on numerical predictions of the stress-strain-strength behaviour of soft

soil deposits in boundary value problems.

Two recently proposed advanced constitutive models accounting for initial and strain
induced anisotropy, namely S-CLAY! and MMC have been introduced. The S-
CLAY1 is an extension of a standard elasto-plastic model, with initial anisotropy
expressed via an inclined (sheared) ellipse in triaxial stress space. Erasure or develop-
ment of the anisotropy of the fabric is related to a rotational hardening law. In contrast
the MMC model is formulated and embedded in the so-called multilaminate frame-
work. Each stress integration point is associated with a certain number of sampling
planes at different orientations. The elasto-plastic stress-strain relation 1s formulated
locally on each plane and the global behaviour is obtained by numerical integration of
the plastic contribution from each sampling plane. Both models have been validated
by experimental data from laboratory tests on reconstituted and natural samples. Sim-
ulations of drained reconstituted tests are qualitatively better than those of the natural
samples. That can be explained with the existence of structure in the natural soils. The
MMC model has some advantages and disadvantage compared to the S-CLAY1
model. The benefit of the multilaminate model is that plastic amisotropy 1s a natural
outcome of the model formulation and no additional hardening law is required. How-
ever, there are some significant shortcomings. Computational the MMC i1s very
demanding and already needs a lot of run time for simple embankment problems
(Karstunen et al. 2006). Some run time consumption can be explained by the devia-
toric hardening law which is not accounted for in the other models. This feature 1s not
very important for embankment loadings but plays an important role in situations
such as excavations and tunnels. Another point is the shape of the global yield sur-

face, which does not represent the findings of the experimental data. Indeed, determi-
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Numerical modelling of embankments on soft soils 37




Chapter 2. Constitutive modelling

nation of an appropriate shape for the yield surface in the multilaminate framework 1s

not a trivial task (Reza and Karstunen, 2004).

Structure can be divided into the fabric and the bonding between the particles. The
bonding between the particles provides an additional resistance against yielding but
will be progressively destroyed during plastic straining. A constitutive model which
accounts for both, anisotropy and destructuration will improve the predictions of
drained tests on natural samples. The S-CLAY 1S model, a further development of the
S-CLAY1 model, accounts for anisotropy combined with destructuration. In addition
to the yield surface of natural clay, a rotational intrinsic yield surface is introduced, it
represents the soil without bonding. The difference in the size of the yield surfaces is
a measure of the amount of bonding. Reduction of bonding is related to the plastic
strain via a so-called destructuration law (hardening law). Simulations of laboratory
tests on natural samples of Finnish clays show an improvement compared to the S-
CLAY1 model. However, in numerical simulation some problems may arise with the
S-CLAY1S model. The model predicts strain softening during undrained loading

which may cause numerical problems during simulations.

The stress-strain-strength behaviour of soft soils is not just dependent on fundamental
features such as anisotropy and destructuration but also on creep (time-dependent).
Creep strongly influences the soil response under foundation loading. Constitutive
models incorporating creep are not explicitly used in this research but for the sake of
completeness and the importance for this subject, two creep models have been intro-
duced in this chapter. The choice of the models reflects the recent developments in
creep models and also covers a creep model widely used in practical applications by
geotechnical engineers all over the world. First an introduction to the 1sotropic SSC
model was given followed by a detailed description of the fundamental features of the
model. Then a new creep model, the ACM model, was presented. The model accounts
for initial anisotropy, via a sheared elliptical yield surface. The change in the fabric

anisotropy is related to volumetric creep strains and shear strains via a rotational hard-

ening law.
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The advanced models show substantial improvements to the well know isotropic
models. All of the advanced models above, with the exception of MMC have one
important aspect in common, the additional features do not make the models to over-
complicated and most additional parameters have either a physical meaning, can be

derived by numerical simulations or a default value can be used. This gives the mod-

els great potential for widespread practical application.

2.9 Constitutive models for granular and cohesive material

So far constitutive models for soft soils have been introduced and discussed. In the
following two more isotropic constitutive models will be introduced, as they are not
standard models for granular material or stiff cohesive material, such as the well
known Mohr-Coulomb model. The two models are called the Hardening Soil model
(Brinkgreve, 2002) and the Matsuoka-Nakai Hardening model (Benz, 2006). Both

models will be used to describe the stress-strain behaviour of granular type embank-

ment fills and deep mixed material.

2.9.1 Hardening Soil model

The Hardening Soil model (HS model) is a non-linear double hardening model which
aims to describe the soil behaviour in the pre-failure state. The model adopts a stress-

dependent stiffness formulation following the basic ideas by Ohde (1951). The stiff-

ness either increases or decreases with increasing or decreasing pressure.

2.9.1.1 Hyperbolic stress-strain relatiohship

Soil which is subjected to deviatoric loading follows a stress-strain curve similar to

the one shown in Figure 2.21. Kondner (1963) formulated a stress-strain relationship
for the special case of a drained triaxial test. Later Duncan and Chang (1963) pre-

sented a hyperbolic model which was able to replicate the curve observed in the triax-
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Figure 2.21: Hyperbolic stress strain relationship observed in a drained triaxial test (Brinkgreve,
2002)

ial test. The HS model uses the following hyperbolic stress-strain formulation to

describe the behaviour observed in the drained triaxial test:

g, = I EHEEE [2.53]
2Esg q9,— ¢

where q, is the asymptotic deviatoric failure stress and Es is the secant stiffness mod-
ulus at 50% of the g When soil is subjected to primary deviatoric loading, plastic
strains develop and a stiffness decrease is observed as shown in Figure 2.21. Eq. 2.53
describes such a non-linear behaviour up to the Mohr Coulomb failure stress qy. gy is

defined by:

dr = R q,. [2.54]

R¢ is found to be 0.9 for most soils. The detailed formulation of q, is as follows:

= (c'cot@' + o',) - ﬂ—@'— 2.55
2 o) R/(1 - sing') gt
The above relationship is derived from the Mohr-Coulomb failure criteria. The stress

dependent Esg used in Eq. 2.53 1s defined as:

——

Nl-lmerical modelling of embankments on soft soils 60



Chapter 2: Constitutive modelling

B o= g c¢'cos@' + o'ysing' |”
S T [2.56]
c'cos@' +p “sing'

ref :

where E5o'~ is a reference stiffness modulus, corresponding to the reference stress

p"ef. The amount of stress-dependency is given by the exponent m. A value of 0.5 is

typical for sands and soft clays tend to have m = 1.0. The value m can be determined

in the oedometer test or in a drained triaxial test.

E,, in Figure 2.21 1s the unloading/reloading modulus. The E,; is also stress depend-

ent and given as:

c'cos@' + o',sin@' )"
E = E’e/(____‘p___ii__‘f_J 2.57]

ur ur
c'cos@' + p""ﬁ"Jr sin ¢

ref : : :
where E, " is a reference stiffness modulus, corresponding to the reference stress

P

ref_

2.9.1.2 Hardening laws and yield functions

The HS model distinguishes between two types of hardening, shear hardening and
compression hardening. The yield function adopted for the shear hardening formula-
tion 1s:

f=f+y [2.58)

where:

1
f — _L — 21 .
* Egql-q/q, E 2591

ur

The hardening parameter y® is the measure of the plastic shear strain according to:

Y = 2¢," —ef~2e” . [2.60]
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Figure 2.22: Yield surface of the Hardening Soil model in p’-q stress space

Plastic volumetric strains €,P will never be zero, but for hard soils or granular materi-
als plastic volume changes tend to be small compared to the axial strain (Schanz
1998).

To make the model suitable for modelling soft soils and over-consolidated soils, a
compression hardening law has been introduced. The compression law is linked to a

cap type yield surface as shown in Figure 2.22. The yield function of the yield surface

is formulated as:

2
fe = );1/1—2 +(p'+ ccot') - P+ ccot(p")2 [2.61]
where:
M= SSne 2.62]
3 —sing’

The size of the cap yield surface is defined by the pre-consolidation pressure p'p. The
change of the size of the cap yield surface is linked to the plastic volumetric strain g,P
and defined by:
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-0':

Figure 2.23: Yield surface of the Hardening Sml model in the general stress space for the special
case ¢’=0 kPa (Brinkgreve, 2002)

' | —m
g = —p—[ﬂﬂ) | 2.63)

l —m

The parameter [ is linked to the oedometer stiffness E 4. In the HS model the oed-

ometer stiffness is also stress-dependent and is defined according to:

2.64]

ref .

E,ef(c cos@' + o', sing )m
c'cos@' +p " sing'

where E .4 is the reference modulus for the axial reference stress p™!. An associ-
ated flow rule is used to determine the plastic strains on the cap yield surface. The
model also includes a so-called tension cut off criterion with a yield surface fi
(Figure 2.22). For details on the tension cut off, the reader is referred to Brinkgreve
(2002). The yield surface of the HS model in general stress space for cohesionless soil
is presented in Figure 2.23. The model is implemented as a standard model in the
PLAXIS finite element code. For more detailed information on the formulation of the

model the reader is referred to Schanz (1998) and Brinkgreve (2002).
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Figure 2.24: Yield surface of the Matsuoka-Nakai Hardening model in the p’-q stress space

2.9.2 Matsuoka-Nakai Hardening model

The Matsuoka-Nakai Hardening (MNhard) model is similar to the HS model which
has been introduced in Section 2.9.1. It follows the same principle of stress-dependent
stiffness and hyperbolic stress-strain relationship as the HS model (Section 2.9.1.1
and Figure 2.21). The model is a single hardening model with a shear hardening crite-
rion implemented to model irreversible plastic strains due to primary deviatoric load-

ing (see Figure 2.24). Instead of using the well known Mohr-Coulomb criteria it
adopts the failure criteria after Matsuoka (1974) and Matsuoka-Nakai (1982).

Lade and Duncan (1973) showed that the failure surface of Monterey sand does not
coincide with the Mohr-Coulomb failure surfaces in the deviatoric plane except at the
corner points of the principal stresses (see Figure 2.25). The shear capacity in triaxial
compression and extension 1s greater than anticipated in the Mohr-Coulomb criteria.
Matsuoka (1974) and Matsuoka-Nakai (1982) introduced a failure criterion which
accounts for the intermediate principal stress and is in better agreement with experi-
mental results in the deviatoric plane than the Mohr-Coulomb criterion. They intro-

duced the so-called Spatial Mobilised Plane (SMP) concept which is defined in the
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Figure 2.25: Failure surface for dense and loose Monterey sand in relation to Mohr-Coulomb
failure surface (Lade & Duncan, 1973)

Figure 2.26: Spatial Mobilised Plane concept in general stress space

general stress space (Figure 2.26). The SMP defines the plane of maximum spatial

averaged particle mobilisation. For each principal stress combination (o',-6"5, 6'5-0'3,
o'3-6';) the mobilised Mohr-Coulomb friction angle is derived. The SMP is the pro-

jection of the three planes into the general stress space, as shown in Figure 2.26.

In the Matsuoka-Nakai criteria (MN) the failure stress is defined by limiting the aver-

aged ratio of spatial normal stress to averaged spatial shear stress.

e ——
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In the MN criteria the failure stress ratio is simply defined as a function of the first,

second and third stress invariant [, I, and I; and shown in Eq. 2.65.

I.1 9 — (sino’ 2
fMN = "'}""2' - ——ﬁn—(&Lz [2.65]
3 —1+(sing")
where
Iy =0,
_ 1
f = 5(0,0;—0,0)) | [2.66]

3 B -(Gu JJ zcjcjkckl - 3Gchk:Gkk)

In principal space these invariants simplify to:

Iy =o'y +0d',+ 0
I, =00, + ¢',0'y +0'50", [2.67]
— ! !
Iy =¢'0',0';

For the implementation of the MN yield function, the function is reformulated in

terms of mobilised friction angle ¢',,. The Mohr-Coulomb criterion in triaxial condi-

tions can be written as:

Sin(p' = Gl — 03 [2 6
" ©,+0;+2ccotq 68]
and combining it with Eq. 2.54 yields to:
j( ~ s1n9)( SingQ', ) 269
sing' /\1-sing' / '

The yield function of the MNhard model can be written as:
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Figure 2.27: Matsuoka-Nakai criterion compared to Mohr-Coulomb criterion on the deviatoric
plane
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where @'y, is the friction angle in triaxial compression and y,P is the hardening param-

eter. By rearranging Egq. 2.65 the mobilised friction angle ¢',, can be expressed
through the MN criteria.

Il ' 12
]3

1_{1_'.'._1_2.
I

9

sing', = [2.71]

In Figure 2.27 the MN criterion is compared to Mohr-Coulomb criterion. The MN

failure criterion has a rounded shape in the deviatoric plane. For further details on the
MNhard model the reader is referred to Benz (2006). The MNhard model was origi-
nally implemented by Benz as a user defined soil model in the 2D finite element code

PLAXIS 8 code. For this work the model was also implemented in PLAXIS 3D foun-
dation.
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2.9.3 Summary

Two advanced constitutive models for granular and cohesive material have been
introduced. The HS model is a standard model in the 2D PLAXIS and PLAXIS 3D
foundation finite element code. In this work the HS model is used to represent the
stress strain behaviour of embankment fill and deep mixed materials. The MNhard
model was developed by Benz (2006) and is implemented as a user defined soil model
in the PLAXIS finite element codes. The model is used in this work to represent the

stress-strain behaviour of deep mixed material in simulations of embankments con-

structed on deep mixed columns.

T s ot R ——————
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Chapter 3

Embankments on soft soils

In this Chapter the behaviour of embankments constructed on soft soils are reviewed
and discussed. At the beginning a short overview summarises the type of embank-
ments built, the various functions of embankments and the difficulties that geotechni-
cal engineers encounter during design and construction. In the second part some well
documented case histories are revisited. The discussion on the case histories focuses
on the monitoring results. At the end of the chapter the modelling and design 1s cov-

ered with special emphasis on numerical modelling.

3.1 Overview

Embankments have been built for centuries by engineers for different purposes.
Constructions of embankments are required for road networks, motorways, railways,
water retention, flood control works and airports, just to list a few of the many
different purposes. One of the oldest embankments mentioned in history is the Sadd-
el-Kafara embankment (www.simsience.org). It is estimated that it was built around
2600 BC. The embankment i1s 14 m high and has a 113 m long crest. The purpose of

the embankment was to retain water from floods.

Embankments are best built on sites with good ground conditions, in order to reduce

and avoid stability problems during construction, large settlements and costs associ-
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ated with technical difficulties. It is often found that regions along the coast and river
estuaries are covered with young, shallow to deep deposits of soft clays, muds and
compressible silts. The ever growing population in urban areas, along rivers and coast
lines pushes city boundaries outwards to areas with low quality land. In the last 50 to
60 years more and more structures have been built on highly compressible soils par-

ticularly for transport, housing and industrial projects.

3.2 Design considerations

Design and construction of embankments on soft compressible soils is a challenge for
geotechnical engineer. The main problems are the high compressibility and low per-
meability of the underlying deposit together with very low undrained shear strength
c,. The low ¢, can cause stability problems during the undrained construction of the
embankment and the designer has to use adequate care to address this issue in the
design. In cases where the designer can not achieve the required factors of safety
(FoS) for stability or limit the settlements to an acceptable degree, different ground
improvement or reinforcement methods can be used. The acceptable degree of settle-
ments and required minimum FoS depends on the function of the structure. For details
on minimum FoS and limits of settlements, the reader is referred to national codes or
any recommendations by authorities such as national railway or highway standards.
In the United Kingdom the design of embankments on soft soils has to be undertaken
in accordance with British Standard 6031 (BS 6031:1981). In 2010 the BS 6031 will
be replaced permanently with the European standard number 7 part 1 (EC7, EN1997-
1:2004), in practice this is often referred to as Eurocode 7. Up to 2010 both codes can

be used in parallel but in 2010 the use of Eurocode 7 will become compulsory.

The high compressibility of soft soil makes it difficult to ensure that deformations are
within the acceptable limits, which have to be defined to account for the entire work-
ing or design life of an embankment. Understanding the influence of the soil proper-
ties and fundamental characteristics on the primary and secondary consolidation is
crucial for an adequate serviceability limit state (SLS) design. For embankment on
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soft soils it can be expected that the majority of the settlements will occur after con-
struction as the excess pore pressures dissipate. Special attention should always be
paid to time dependent creep. A suitable SLS design will contribute to minimise the
long term maintenance costs of a structure which can be substantial for big structures.
Creep is often just associated with the SLS design of an embankment but it may also
influence the ultimate limit state design (ULS). If there is a build up of excess pore
pressures Au as creep continues under constant load, the mean effective stress p' will

be reduced as Au increases. The allowable deviatoric stress qp,,, can be reached as the

effective stress state is pushed towards the undrained shear limit of the soil. Once the
undrained shear limit is reached along a potential slip surface the resisting shear
forces do not continue to provide resistance and failure can occur. Bauduin et al.
(1999) performed a back analysis of an embankment dyke and showed how the creep
effects contributed to the instability of the embankment. It was concluded that the
pore pressures continued to grow after the end of the undrained loading stage and this

phenomenon was most likely, partly the cause of the failure.

3.3 Case histories

In the past 40 to 50 years numerous case histories of constructed embankments were
reported in journal papers, conference papers or special reports by authorities or
research institutions. Trial embankments have been constructed in different countries
all over the world, including Canada, Finland, Sweden, France, Malaysia, China, US,
Brazil and Japan. Some are well known by researchers, such as the Haarajoki (Aalto
et al. 1998) and Vaasa test embankments (Vepséldinen et al. 1991) in Finland, Boston
trial embankment (Davies and Poulos, 1975) in the United States, Cubzac A and B
trial embankments (Magnan et al. 1982) in France, Muar Flats embankments (Nakase
and Takemura, 1989) in Malaysia and Ska-Edeby (Larsson and Mattsson, 2003) in

Sweden.

The quality and usefulness of the information on the trial embankments for research-

ers or geotechnical engineers can be categorised from not useful to highly recom-
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mended. Limited access to high quality site investigations, laboratory testing and data
monitoring alongside poorly documented data do not make all published cases valua-
ble. However, in the last two decades more and more case histories have been utilised
to verify the use of constitutive models for soft soils (e.g. Cudny et al. 2003, Kars-
tunen et al. 2005, Neher et al. 2001, Nakai and Matsuoka, 1987) and test the constitu-
tive models in difterent boundary value problems (e.g. Krenn & Yildiz, 2006, The et
al. 1998, Sun et al. 2001). The majority of trial embankments have been built to study
either the maximum failure height (ULS) or the long term behaviour (SLS). The
embankments constructed to investigate the long term behaviour can be divided into
two groups. Most have been monitored for 250 to approximately 2000 days after
completion of the embankment (Mestat et al. 2004) and just a few cases reported have
been monitored up to 50 years or more (e.g. Larsson & Mattsson, 2003). Monitoring
embankments for such a long time is difficult and costly. Measurements are usually
frequent in the first couple of years after construction but often less frequently taken
over later years (Larsson & Mattsson, 2003, Karstunen et al. 2005). In the past many
technical difficulties with monitoring devices have been reported, particularly related
to piezometers and the instruments used to measure lateral deformations (Larsson &
Mattsson, 2003). Improvement and developments of modern monitoring devices will

certainly help in the future.

A practical source for information about trial embankments and case histories 1s the
MOMIS database (Mestat, 2001; Mestat et al. 2004). MOMIS has been developed by
the French Public Works Research Laboratory (LCPC) for several years. The database
was collated for numerical modelling of boundary value problems and the compari-
sons between computational results and in-situ measurements (Mestat, 2001). Up to
86 embankments built on natural soft soils and 35 embankments on improved soils

are recorded in this data base. The information available includes measurements com-

pared to predictions, geometry details, statistical information about model geometries,
the quality of the predictions, constitutive models applied etc.
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Studying all the information available on embankments, Mestat (2004) concluded that
in the last 10 to 15 years the trend has gone towards using more advanced constitutive
models for soft soils. Recent developments of advanced constitutive models for soft
soils and the implementation of some of the models into commercial finite element
codes make them more available to more engineers and researchers working in geo-
technical engineering. Models used included the Matsuoka-Nakai model (Nakai and
Matsuoka, 1987), Sekiguchi and Ohta model (Nakase and Takemura, 1989), Melanie
model (Magnan et al., 1982), extended Cam Clay model (The et al. 1998), anisotropic
Sekiguchi and Ohta model (Sun et al. 2001) and Soft Soil Creep model (Neher et al.
2001).

The quality of the long term predictions of the settlements at the centre line is far bet-
ter than the short term predictions (after the completion of construction). Simplifica-
tion of the construction process in the model and poorly documented construction
procedures might well contribute to less accurate short term predictions. However, it
has been found that the lateral displacements at the toe of the embankment are gener-
ally poorly predicted for both, long term and short term predictions. This agrees with
findings by other researchers (e.g. Karstunen et al. 2005, Koskinen & Karstunen,
2006). The shape of the yield surface and the shape of the plastic potential of the con-

stitutive model will influence the prediction of the horizontal displacements.

3.4 Selected Case histories

The selected case histories reviewed and discussed are chosen because of their quality
and detailed documentation in the literature. More importantly some of the embank-
ments chosen have been monitored for over 50 years and this is extraordinary and out-
standing for trial embankments, Furthermore the embankments selected are of similar
height to the Murro test embankment (Koskinen et al. 2002¢), which will be exten-

sively investigated in Chapter 6.

%
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3.4.1 Lilla Mellosa test site

From 1945 to 1947 three test embankments were built at the farm of Lilla Mill6sa
(Larsson & Mattsson, 2003) in Sweden. The test embankments were constructed to
investigate the suitability of the site for a new airport runway just outside the city of
Stockholm. Two out of the three embankments were constructed on natural ground;
the other was built on ground improved using vertical drains. One of the embank-
ments on natural ground was made out of a low weight fill. In the following, only the
embankment built on natural ground with the standard fill material will be discussed.
The embankment base measures 30 m by 30 m. It is 2.5 m high and the slopes have a

gradient of 1:1.5. The total time of construction was approximately 25 days.

The ground consists of a 10 to 15 m deep soft soils deposit. At the top of the deposit a
2 m deep dry crust can be found. The ground water level is estimated to be at a depth
of 0.8 m.

The embankment was instrumented with settlement devices and piezometers to record
the excess pore pressures. Over the years the measurements have continued but only
limited information about the settlements is available. The piezometers have ceased to
function with time. However, in 2002 retractable piezometers were installed tempo-
rally for two months in conjunction with a site investigation (Larsson & Mattsson,
2003).

At the end of the undrained construction the measured settlements were in the order of
0.05 m. In 1966, the measured ver