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Abstract 

The design of embankments on soft soils requires a reliable estimate of deformations 

and stability of 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 is 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 is 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 is 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 of 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 in 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 soils 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 soft soil 

or embankments constructed with deep mixed columns. The aim is to improve predic- 

tions and gain improved understanding of the behaviour of normally consolidated or 

slightly over-consolidated soft clays, and especially the pre-failure behaviour. Two 

cases of embankments have been considered. Embankments on natural soil and 

embankments constructed on deep mixed columns. The specific objectives are as fol- 

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 is 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 is an improved version of 

the S-CLAYIS model which accounts for large strain anisotropy, bonding and 

destructuration. A conditional plastic potential is introduced to enhance the model 

predictions of multistage triaxial tests simulations at different stress ratios rl and the 

predictions of horizontal displacements below the slope of 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 7m 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 is 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 of 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 is given to the advanced constitutive models (S-CLAYI, S- 

CLAYIS 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 is 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 it will be shown that accounting for anisotropy and/or destructura- 

tion is 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 5 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-CLAYI S model 
to improve its 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 is 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 few 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 
is 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 effect 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) 

" Soft Soil model (Brinkgreve, 2002) 

" S-CLAY I model (Wheeler et al. 2003) 

" Multilaminate Model for Clay (Wiltafsky, 2003) 

" S-CLAYIS model (Karstunen et al. 2005) 

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

" Anisotropic 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. 
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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, 2006). 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 is 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 

soil. The arrangement of the fabric by natural processes was developed during geo- 
logical deposition and one dimensional consolidation. The anisotropy associated with 

these processes is 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 different 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 in 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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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 is 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 in a one dimensional compression test (oedometer test) by comparing the com- 

pression curves of a natural sample with a reconstituted sample. Figure 2.1 illustrates 

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-ln(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 X;. 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 ? of the virgin compression line of the natural sample at the onset of yielding 
is significantly greater than the gradient X; 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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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 KO 

consolidation line (Kp 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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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 in 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 ignored 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-CLAYI 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 stiff clays. The S- 

CLAY1 formulation is far less complex and the model itself 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 is 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 it 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- 

ciated 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 is 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 of 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 

Muir 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 

soil constant as an extra exponent. Many models incorporating bonding and destruc- 

turation put emphasis on small strain behaviour and ignore initial and plastic strain 

induced anisotropy, which is very important when modelling soft soil. 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 is introduced in 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 isotache 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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q 

Figure 2.2: Modified 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 isotropic 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 in 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-CLAYI model 
(Wheeler et al. 2003) as normal consolidation surfaces. The formulation of the ACM 

can be found in 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 formed mostly on tests conducted on 

reconstituted isotropically consolidated clay samples. Therefore no influence of the 

microstructure is present and the model thus describes an ideal soil. A soil element 

which has reached a critical state stress ratio il continues shearing under constant vol- 

ume. M is the value of the stress ratio rl=q/p' at critical state. It is assumed that the 

deformation at failure is so large that any possible bonding which might have led to 

cohesion is broken down. The concept also defines a limited area where the soil 
behaviour is 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: 

f= q2-M2p'(p'm-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'm 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 flow 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 in Figure 2.3 and hence the failure surface is a circle in the devia- 

toric plane. It is 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 dc ' as defined by: 

vp'md' dp, 
m X-x 

[2.2] 

where v is the specific volume, x is the gradient of the (pre-yield) elastic swelling line 

in the v: ln(p') plane. X is the gradient of the post-yield compression curve for a con- 

stant il stress path in the v: ln(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 

)=0° 

Inspection of Figure 2.2 reveals that an ultimate value of deviator stress q can be 

defined in the MCC model. This implies 
max = Mp' and hence the peak undrained 

shear strength c� can be defined by: 

C= max 
u22 

[2.3] 

As p' in Eq. 2.3 is not known in a numerical analysis it is necessary to combine it with 

Eq. 2.1 to derive c,,. Combining both equations results in a quadratic equation which 

can be written as: 

2q2 - Mgp'm = 0. [2.4] 

Applying the quadratic formula results in 

2.5 2Cu-gmax 
MP'm 

[2 
. 51 

One of the two solutions is zero and the second is max 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 c� 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 00 

and -30° and plane strain extension PSE between 00 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 in 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 in Figure 2.4. The stress path is presented in the s'-t plane, where s' 

is defined as (6'I+ 63)/2 and t as (a'1- 6'3)/2. The definition ignores the intermediate 

stress a'2. 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 
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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 fail- 

ure is the same in 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 is composed of two parts, the cap yield surface and the failure 

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

q2 - M*2(p'm -P')(P + Cot(p')= 0. [2.6] 

The size of the yield surface is defined by the state parameter p'm and can be evalu- 

ated from the vertical pre-consolidation stress. The shape is described by the parame- 
ter M*, the soil constants c' (effective cohesion) and (p' (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 in 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 (3'3 and o', ). 
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Figure 2.6: The Mohr-Coulomb failure surface in the deviatoric plane 

The intermediate principal stress 6'2 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 flow rule is associated. For the special case of triaxial compression 

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

M* =3 
(1 -KONG)z + 

(1 -KONC)(1 -2v')(ß*/K* - 1) 
[2.7] 

(1 +2KONC) (1+2 KONC)(I -2v')(ß, */K*)-(1 -KoNC)(1 +v') 

where x* is the modified swelling index, ?, * is the modified compression index, both 

are defined in the ev: ln(p') plane and v' is the Poisson's ratio. KONC is the coefficient 

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

mated using Jaky's formula (Eq. 2.8). 

KoNC= (1 - sin (p' ) [2.81 

From Eq. 2.7 it can be seen that the shape of the cap yield surface, apart from KONC, 

also depends on the compression ratio X*/x* and on Poisson's ratio V. By using 
KONC values between 0.3 to 0.9 (Brinkgreve, 1994) the model predicts realistic stress 

paths with stress ratios close to r1KO 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 K0 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 qn,. can be defined in 

the SS model. The maximum possible max 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, c' 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 in the p'-q stress space from the friction angle cp'. Knowing M and 

combining Eq. 2.3 with the yield function (Eq. 2.6) of the SS model leads to: 

*2 2 
0= q2( +I) +qf (cot(p' - pm) - M* pm 

cotcp'. [2.9] 

Application of the quadratic formula results in: 

gmax = 

M*2(cotýP-Pm) 
ý 

J(_. 
(cot' -pm)) 

2- 
4( M*2 + 1)(m* pmcotcp') 

[2.10] 

2(f2 + 1) 

The ultimate deviatoric stress gmax in the SS model needs to be interpreted with cau- 

tion and has a different meaning compared to the gmax 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-CLAY1 model 

The S-CLAY! model (Wheeler et al. 2003) is an extension of the MCC model. The 

anisotropy of plastic behaviour is represented 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= 
2[{g'ýp'ad}T{g'a-P'(Cd}]-[M2- 

d}T{OCd}](Pým-Pl)P, _ [2.11] 

where gd is the deviatoric stress tensor and ad is the so-called deviatoric fabric tensor. 

The deviatoric stress tensor is defined as: 

ef 
ßx-p 

ß'y-p' 
al _ p1 

a' =z= 
, J/ý `Txy 

f2tyz 

3(2a', 
r-a'y-a'Z) 

I 
(- 6'x + 26'y - 6'z) 

3(-a'x-a'y+2ß'Z) 

, JGtixy 

, 
F2tiyZ 

, 
F2 

Tx 

[2.12] 

The fabric tensor is 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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ad = 

3(2ax-ay-az) 
az-1 

3 (- aX +2 ay - a2) ay -1 

3(-ax-ay+2aZ) aZ-1 
= Lr2axy 

axy ayz 
ayz azx 

AJ2aZx 

[2.13] 

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

3(ax+ay+aZ) =1 [2.14] 

M is the stress ratio at critical state and the state parameter p',,, 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-CLAY! 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 ß', ty, a',, and a'zx of the deviatoric stress tensor g. and the components aXy, ayz 

and azx of the deviatoric fabric tensor ad 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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6 

Figure 2.7: Yield surface of the S-CLAY I model in 3D stress space 

2.4.1.1 Hardening laws 

t 

The S-CLAY 1 model incorporates two hardening laws. The first relates the change in 

size of the yield surface to the plastic volumetric strain increment d£vp. It is of the 

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

vp'�ýde dp'm 
Xi -x 

[2. I 5] 

where v is the specific volume, x is the gradient of the (pre-yield) elastic swelling line 

in the v: ln(p') plane and X is the gradient of the post-yield compression curve for a 

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

ropy (ad is 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 is: 

dad =9 
(r 4- 

adl (dc) + ßL3 - ad1(dc )) [2.16] 

where rn=ad/p', dcdp is the increment of the plastic deviatoric strain increment and p 

and ß are additional soil constants. Eq. 2.16 shows that positive volumetric strains 
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attempt to drag the ad towards an instantaneous target of 3rß/4. This can be best illus- 

trated by simulating stress paths of triaxial tests with low values of stress ratio rl=q/p' 

(close to p'-axis), where plastic volumetric strains are dominant. At higher values of 

il, plastic shear strains will be more dominant and ad will approach asymptotically a 

target value of 111/3. The soil constant ß 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 µ controls the absolute rate. The Macaulay bracket in 

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 a, defined as: 

a2 ={ad}T{ad} [2.17] 

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. 

q2 = 
3{ ' }T{ } 
2 

ad ad [2.1 s] 

The general version of the yield surface Eq. 2.11 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. 2.18. 

T= (9-ap')2-(R2-a2)(p'm-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'm. 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 surface 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 (Eq. 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 71 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 (Näätänen 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. 

Numerical modelling of embankments on soft soils 27 



Chapter 2: Constitutive modelling 

50 

40 

30 

20 

1o 

0 

-10 

-20 

20 

10 

0 

-10 

b) POKO clay M=1.2 

i=0.46 
pm 49 kPa 

40 

30 

zo 
10 

0 
10 20 30 50 60 70 

-1o 

-zo " 

P' (kP ) 

20 

10 

0 

-10 
W (kPa) p' (kPa) 

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

D 

The elastic behaviour of the S-CLAY1 model is assumed to be isotropic similar to that 

of the MCC model. It is 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). 

a) Murro clay M=1.6 
i=0.63 

7<Pm49kPa 

p' (k Pa) 

c)Otanlamiclay 
M=1.3 

il=0.50 
p'n, =19.5 kPa 

d) Vantqla clay M=1.35 
il=0.52 
p'-=18.5 kPa 
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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 e0, the initial size of the 

yield surface p'm and the initial inclination of the yield surface a. 

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 initial size of the yield surface p'm. Koskinn et al. (2003) reports that an aniso- 

tropic model, such as the S-CLAY!, predicts considerable curvature in the post-yield 

compression curve if the anisotropy of the soil is changing (i. e. rotation of the yield 

curve). The curvature is 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 ev: ln(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 ev: p'-plot 

instead of ev: ln(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 is 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'm 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, K0 for 

normally consolidated soil, can be estimated by Jaky's formula (K0=1-since', q' is the 

critical state friction angle). Knowing KO, one can calculate the corresponding stress 

ratio rigg. Model simulations show that for simulations of stress paths with a stress 
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ratio of r1KO, the model predicts one value of a which corresponds to one-dimensional 

straining. One-dimensional straining corresponds to: 

dcd 

dcv 3 
[2.20] 

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

plastic strains can be estimated by: 

LF-pd 2 
[2.21] 

d6P 3 

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

dF-pd 
=2r -a [2.22] 

dc M2-112 

By combining Eq. 2.21 with 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 

_ 
1KO + 3T1KO - Af2 

[2.23] aKO 
3 

Eq. 2.23 suggests that the aKO is related to the critical friction angle cp' of the soil. In 

the general version of the S-CLAY 1 model the aKO is used to calculate the fabric ten- 

sor ad (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): 

ax = az, an ,= ay= a,. [2.24] 

This definition simplifies Eq. 2.14 to: 

ay = 3-2ax. [2.25] 
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By inserting Eq. 2.24 and Eq. 2.25 into Eq. 2.13 the deviatoric fabric tensor ad can be 

expressed in terms of ax: 

ax -1 
2(1 -(xx) 

ad = ax -1 [2.26] 
0 
0 
0 

To provide a relationship between aX and scalar parameter aKp, the Eq. 2.24 and 

Eq. 2.25 are inserted into Eq. 2.17: 

ax = 1-3. [2.27] 

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

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

conventionally to a stress with ß'y > a',, (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 KO consolidated soil: 

a a'KO 
_3 3 

2a 2aKO 
_3 3 

ad, 0_ a 
__ 3 
0 
0 
0 

axo 
3 

0 
0 
0 

[2.28] 

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 il on the apparent value of. % and ?. i: 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 is 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, X, 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 X depends on the stress ratio r) 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 ?, is recommended. In simulations of boundary 

value problems where loading is likely to dominate, a value should be used which 

corresponds to the KO condition. 

The two additional model parameters, µ and ß, relate to the rotational hardening law. 

The parameter .L can not be derived through a direct method. A solution would be to 

conduct several model simulations with different values of µ and compare the pre- 
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Figure 2.11: Equilibrium values of rI/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 µ lies somewhere between 

10/7, < p< 20/X. Näätänen 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 .t values within the proposed limits. With µ 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 ß 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 q, the rotational hardening law will predict a final equilib- 

rium value of a, as shown by Figure 2.11. Consequently, when loading the soil with a 

normally consolidated stress ratio rIKo, shows that only one value of ß will result in a 

value of a corresponding to ago. Wheeler et al. (2003) suggest that the soil parameter 

P corresponding to the aKO, can be calculated from a simple expression. By setting 

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

unique ß value will correspond to ago. Combining Eq. 2.16 with Eq. 2.23 will lead to 

the following expression: 
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ß- 
3(4M2 -4 i o-3'IKO) [2.29] 
8(1 12 

Eq. 2.29 suggests that ß is related to cp' (given that both M and 71KO are related to cp' 
(Wheeler et al. 2003)). By setting the constant g and the initial values of all terms of 

the fabric tensor ad to zero, the S-CLAY1 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 cu 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 in the yield curve (Figure 2.19) leads to a quadratic equation: 

2q2 + q(- - 
2a 

- Mp'm) =0 [2.30] 

Applying the quadratic formula results in: 

apm - Mp'm 
2Cu = qmax -4 [2.31] 

The derived c� presented above is just a simple interpretation of the peak undrained 

shear strength c� of the S-CLAY 1 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 c� 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 is reached. To calculate the strength in extension, M needs 

to be replaced with the M at extension. In the S-CLAY 1 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. 2.31 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-CLAYI model on the deviatoric plane for initial state (K0 
consolidation) and at the end of undrained shearing: a) Triaxial compression, b) Triaxial extension, 
c) 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 

i' 
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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 al' 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 2.12c and in 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 
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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-CLAYI path 

diverges from the MCC path at a point where the S-CLAY1 model starts yielding in 

extension. Once S-CLAY1 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 stiff- 

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 is 

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 ß,, and ti on the a'n -t plane, where ß'� is the 

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

volumetric cap (Q, a deviatoric hardening section (f) and a tension cut off (ft) 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 a'. -i plane. The formulation of the volu- 

metric cap is given by: 

nc 

)2-1 
=0. [2.32] f0-()2(M' 

an+ a nc 

where the normal preconsolidation stress a'nc defines the current size of the yield sur- 
face and Ma defines the aspect ratio of the yield curve. Note that Ma is not the same 

as M at the critical state stress ratio. Ma defines the shape of the yield curve and thus 

influences the predicted global Ka-value, similar to the definition in the Soft Soil 

model (Brinkgreve, 2002). The value of Ma is calculated as: 

Ma= a(sinq'). [2.33] 

where a is a material constant and can be estimated by a= 1-sin(2/3(p') for normally 

consolidated clays (Wiltafsky, 2003). The parameter a should not be confused with 

the parameter a in the S-CLAY1 model. Volumetric hardening is related to the incre- 

ment of the plastic normal strain depn, cap on the sampling plane. The volumetric hard- 

ening law is given by: 

- 
vß'ncd, cap d0 

nc - [2.34] 
, %-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 dcpn, cap and plastic shear increment 

depy, cap on each sampling plane. 

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

tion: 

f=T- a'ntan(p'm 
c, (pl m=0. [2.35] 

tmýP 

where cp'm is the mobilised friction angle and a hardening parameter, c' is the effective 

cohesion and cp' 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 

depy, cap on the sampling and given by: 

(fig' - tang'm)2 
d(tan 9 m) =Aq, d 

cone 
[2.36 

tan y, 

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-eq 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 rj 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 yr, based on the stress theory of Rowe (1972). 

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

fr=a'n-a'ý=0. [2.37] 

where a't is the maximum allowable tension stress on the sampling plane. An associ- 

ated flow rule is assumed for the tension cut off. 
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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 

71. 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 

&,: ln(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-CLAYIS 
The S-CLAYIS model (Karstunen et al. 2005) is an extension of the S-CLAY! 

model, which incorporates large strain anisotropy via a rotational hardening law. 

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

yield surface of the natural soil is given by the same expression as in S-CLAYI, 

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'mi is related to the size of the natural yield surface 

p'm through the following expression: 
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rve 

Figure 2.15: Yield surface of the S-CLAY IS in triaxial stress space 

Pam =C1 xýPými [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 qm. of the 

remoulded soil. 

Elastic behaviour inside the yield surface is provided with the same equations as in 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-CLAY1 S 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 deep by the hardening law for the unbonded (reconsti- 

tuted) material: 

d 
VP'midý 

P mi- K 
[2.39] 

%, 
i- 

Numerical modelling of embankments on soft soils 42 



Chapter 2: Constitutive modelling 

where ki is the gradient of the intrinsic normal compression line of a reconstituted soil 
in the v: ln(p') plane. The first hardening law is of the same form to that of the S- 

CLAY1 model but with p'n, replaced by p'mi and X replaced by X;. The second harden- 

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

same as in the S-CLAY 1 model (Eq. 2.16). 

The third hardening law of the S-CLAYIS 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(l dl+ bl dcl) . [2.40] 

Soil constant, a, controls the absolute rate of destructuration and b controls the rela- 

tive effect of plastic deviatoric strain increment degP in destroying the bonding. As 

discussed in 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- 

CLAYIS model. The first three, the initial void ratio e0, the initial size of the yield 

surface p'm and the initial inclination of the yield surface ap, are the same as in the S- 

CLAY1 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 St measured from a fall cone test. St provides 

an estimate for the bonding parameter x. 

x= St-1 

2.5.3 Model parameters 

[2.41 1 

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

CLAY! model (K, M, v', µ, ß). 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 il, for example a stress path close to isotropic 

compression, where the shear strains are small and hence the influence of parameter b 

is negligible. Once parameter a has been selected, a test involving a high value of il 

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 initial value of the state parameter x to zero and using an apparent value 

of 2, from a natural sample, instead of a,; from a reconstituted sample, the model 

reduces to the S-CLAY1 model, which accounts for anisotropy only. If in addition the 

initial value of a is set to zero, and the soil constant µ 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-CLAYIS simulations of natural POKO clay with 

each test involving two loading stages at different il values. The simulations were 
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Natural peak strength 

Remoulded peak streng 

Figure 2.16: Natural and remoulded peak undrained shear strength 

rve 

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 rj 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-CLAY! 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 IS 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 qmm ; of the unbonded material (the intercep- 

tion point between the critical state line and the intrinsic yield surface) is smaller than 

the qn,. of the natural material (see Figure 2.16). The q, r, i of the unbonded material 
describes the remoulded peak shear strength cur during undrained loading or consoli- 
dation. 
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For the mathematical definition of the remoulded strength cur, 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. 

22+ aP1 mi _ 
2a 

=0 [2.42] 4 4(M M -P mi) 

Applying the quadratic formula results in: 

2Cur = q...,.,, = 2c = qmax 
aPmi-MP'mt 

-4 [2.43] 

Eq. 2.43 is the same as Eq. 2.31 for the natural strength. Only the variable p'm which 

defines the size of the natural yield curve in the p'-q stress space is replaced with p'mi 

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 strength 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-CLAY 1S 

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-CLAY1 S 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 
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Figure 2.17: Predicted stress paths for triaxial compression and extension, and plane strain 
compression and extension using the S-CLAY 1S and S-CLAY 1 model 

comparison, the paths predicted using the S-CLAY1 model are also presented here. 

Initial inspection of the stress paths reveals that the S-CLAY 1S model predicts strain 

softening once it reaches the critical state stress ratio. The S-CLAY 1 model predicts a 

marginally higher peak stress t in triaxial compression than the S-CLAYIS 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-CLAY IS pre- 

dicts a reduction in t before reaching the critical state stress ratio. The same is 

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-CLAY! path is moving upwards to the failure line (ultimate strength 

in TXE and PSE) whereas the path by the S-CLAY IS turns, reverses the direction and 

moves downwards as strain softening happens (residual strength in TXE and PSE). 

Interestingly the path of the S-CLAY 1S model swings outwards for triaxial extension 

but inwards for plane strain before softening. Again the maximum t in extension for 

the S-CLAYIS is lower than for S-CLAY1 model. Accounting for destructuration 

reduces the maximum possible tin 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 dee and the viscoplastic part dccr (creep compo- 

nent). 

de = dee + decr [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 dc is introduced. 

dcv = dcv + dcvr [2.45] 

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

X* - K* 
dsv =K+IIµ [2.46] 

where the first term of the equation is the elastic volumetric strain increment 

expressed by a simple hypoelastic law. ic* is the modified swelling index, defined in 

the cv: ln(p') plane and dp' is the change in mean effective stress. The elastic incre- 

ment is directly linked to the rate of increase of the mean effective stress p'. The sec- 

and term in Eq. 2.46 is the volumetric creep strain increment. µ* is the modified creep 
index, defined in ac : ln(t) plot. It can also be related to the conventional creep index 

Ca by: 

µ* = 
Ca 

(1 +e)ln10 
[2.47] 

ti 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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C, 

Figure 2.18: Idealised stress strain curve from an oedometer test 

compression line is usually used to determine the preconsolidation pressure. a, * is the 

modified compression index and defines the gradient of the normal consolidation line 

in the c : ln(p'), shown in Figure 2.18. The normal consolidation line in Figure 2.18 

corresponds to a test where the reference time i for each load step has been held con- 

stant. p'p in Eq. 2.46 and shown in Figure 2.18 is defined by reference to the normal 

consolidation line. The projection of p'p on to the normal consolidation line can be 

expressed via the following relation: 

QC 
p'p = p'poexp [2.481 

X* - K* 

where p'pp is the initial value of p'p, the intersection of the normal consolidation line 

with the elastic swelling line, see Figure 2.18. The increase of p'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'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, i. 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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C'-Cot cps 

P'eq 

Figure 2.19: Soft soil creep model in triaxial stress space 

P, 

ure criteria. The current stress state p' lies on the inner ellipse, which has a size of p'eq. 

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'eq is given by: 

2 
Peq' = p' -2q [2.49] 

M* (p' - ccotcp) 

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'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'eq/p'p (Eq. 2.18). 

The ratio: 

, eq 

Pip OCR* 
[2.50] 

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. 
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q 

P' 

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-CLAYI 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'eq, is 

defined by: 

_ 
(9 - aP )2 

peq P, + 
(M2-a2)P' 

[2.5º] 
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where M is the stress ratio at critical state. By setting a to zero in Eq. 2.51 the model 

would reduce to an isotropic creep model. p'p, the apparent pre-consolidation stress is 

defined in analogy with P'eq and lies on the normal consolidation line. p'p is 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 dcvc 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 dcdc 

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-CLAY 1 model and is given 
by: 

da = w[( 
p 

-a)dsv+wd(3p -a)(dsd)1 [2.52] 

where a and wd are soil constants that control the rate of rotation. Both parameters 
fulfil a similar function in the rotational law to the parameters .t and ß used in the S- 

CLAY1 model (Section 2.4.1.1). 0d is defined similarly to the parameter ß in the S- 

CLAY1 model. For the estimation of the parameter w the reader is 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 is 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. 
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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 is 

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 material stiffness 

matrix can be stress dependent, time dependent, symmetric or non-symmetric. Both 

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

2.7.2 Discussion of the implementation 

In the S-CLAY IS model user subroutines, 11 state variables are stored. The state var- 
iables are the six components of the fabric tensor ad, the scalar value of the fabric ten- 

sor a, the size of the intrinsic yield surface p'mi, the bonding parameter x, the size of 

the natural yield surface p'm 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 &�c, the 

local mobilised friction angle cp'm, the plastic shear strain increment depy, cone and the 
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plastic volumetric strain increment don 
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-CLAY 1S model which is 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 implemented in the standard elasto-plastic frame- 

work is less than 10 min whereas the calculation time using the MMC model is 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 is 

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 is 

carried out. The number of iterations is limited to a so-called desired minimum and 

maximum which is a default setting or can be changed by the user to an appropriate 

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 is not reached within the maximum number of iterations the 

load increment is 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 is 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-CLAY! and MMC), destructuration model (S-CLAY! ) 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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soil. 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 is 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 anisotropy is a natural 

outcome of the model formulation and no additional hardening law is required. How- 

ever, there are some significant shortcomings. Computational the MMC is very 
demanding and already needs a lot of run time for simple embankment problems 

(Karstunen et at. 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 is 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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nation of an appropriate shape for the yield surface in the multilaminate framework is 

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 IS 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-CLAY 1S 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 isotropic 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 relationship 

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: 

e= 
9u 

.q 2E50 qa-9 
[2.53] 

where qa is the asymptotic deviatoric failure stress and E50 is the secant stiffness mod- 

ulus at 50% of the qf. 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 qf. qf is 

defined by: 

qf = Rf"ga. [2.54] 

Rf is found to be 0.9 for most soils. The detailed formulation of qa is as follows: 

qa = (c'cot(p'+6'3). 2since' [2.55] 
Rß(1 - sin (p') 

The above relationship is derived from the Mohr-Coulomb failure criteria. The stress 

dependent E50 used in Eq. 2.53 is defined as: 
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e C'COS(p'+&3Sif(P' 
E50 =p [2.56] 

C' Cos 9, +p ref situp' 

where E50'f is a reference stiffness modulus, corresponding to the reference stress 

pref. 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. 

Eur in Figure 2.21 is the unloading/reloading modulus. The E�r is also stress depend- 

ent and given as: 

e C'cos9'+a'3since' m 
Eur =r [2.57] 

C'Coscp' +pre/sin(p 

where Eurref is a reference stiffness modulus, corresponding to the reference stress 

pref 

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 is: 

f= fs +7p 

where: 

[2.58] 

fs =1q- 2J . [2.59] E501- 9/9'Q Eur 

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

= 2810-EPm2c, p. [2.60] 
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Figure 2.22: Yield surface of the Hardening Soil model in p'-q stress space 

Plastic volumetric strains E7 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 
_+ (p' + CCOt(p') - (p'P + CCOt(p')2 [2.61] 

where: 

M=6 sing ' 
3-sincp'* 

[2.62] 

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 e�p 

and defined by: 
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Figure 2.23: Yield surface of the Hardening Soil model in the general stress space for the special 
case c'=0 kPa (Brinkgreve, 2002) 

1 -m 
cp _1 [2.63] 

"I-m 
pref 

The parameter ß is linked to the oedometer stiffness Eoed. In the HS model the oed- 

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

_ 
ref c'Cos(p'+6' sin(P' m 

Eoed = Eoed [2.64] 
C, Cos (P' + pYef sin cp' 

where Eoed ref is the reference modulus for the axial reference stress p`ef. 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 ft 

(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 is 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) 
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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 (a'1 -a'2, a'2-a'3, 

ß'3-G'0 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. 
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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 I1, I2 and 13 and shown in Eq. 2.65. 

fMN = 
It12_ 9-(sin cp')2 [2.65] 
13 

-1 + (sin(q')2 

where 

I1 - aii 

12 
l(CyijaY 

- aiißjj) [2.66] 

13 
((aii6jj 

+ 2aij(yjkßki - 3Qijajkißkk) 

In principal space these invariants simplify to: 

ii =a'1+at 2+a13 
12 = a' 1 a' 2+ Cr ' 2a' 3+ a'3a' 1 

[2.67] 

13 = a'I a'2a'3 

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

terms of mobilised friction angle cp'm. The Mohr-Coulomb criterion in triaxial condi- 

tions can be written as: 

sin 
v1-a3 C2.68l cp, ý = 

Q1 + CF3 + 2ccotcp' 

and combining it with Eq. 2.54 yields to: 

_R 
(1- sincýJ 

l 
sýý, 

J' [2.69] 
qa 1ý since' 1- sincp'm 

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 

1- sin(p'm 
sing' f-31 ºº+ 3ý-' [2.70] 

2E2E 

sin(p 

S 
', 

7f. sin(p' 

where cp'm is the friction angle in triaxial compression and ysP is the hardening param- 

eter. By rearranging Eq. 2.65 the mobilised friction angle (pm can be expressed 

through the MN criteria. 

9-It 
I2 

sin 9'M -3 (2.71] 
1-It 

13 

13 

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. 

Numerical modelling of embankments on soft soils 68 



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 is 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 is 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 c� 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, EN 1997- 

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 qmm 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 at. 

(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 (Vepsäläinen 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 Ski-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 different 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 modem monitoring devices will 

certainly help in the future. 

A practical source for information about trial embankments and case histories is 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. 2002e), which will be exten- 

sively investigated in Chapter 6. 
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3.4.1 Lilla Mellösa test site 

From 1945 to 1947 three test embankments were built at the farm of Lilla Millösa 

(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 

2m 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 vertical settlements at the centre line of the embank- 

ment were 1.4 m and the maximum excess pore pressure Du were of the order of 30 

kPa at a depth of 6 m. In the next ten years the settlements increased to maximum of 

1.65 m and Du decreased to approximately 22 kPa at a depth of 7m. The latest meas- 

urements were taken in 2002. The settlements have been report to have reached 

approximately 2m and the Du has decreased to 12 kPa. Nowadays, the embankment 

still settles an average rate of 10mm per year. 
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The large compression measured causes overconsolidation in the top layers (Larsson 

& Mattsson, 2003) and slows down the settlements of the upper layers. Hence, the 

compression of the deeper layers is more recognisable, and this is also visible in the 

undrained shear strength profile. In the past the shear strength increased primarly in 

the shallow layers, where as in the last years the shear strength also increased in the 

deeper layers (see Larsson & Mattsson, 2003 for further details). 

3.4.2 Ski-Edeby test site 

In 1957 the Swedish Geotechnical Institute was commissioned to construct a test field 

at Skä-Edeby to investigate the possibility of the construction of another airport run- 

way (Larsson & Mattsson, 2003). The site consists of 10 to 15 in soft clay above a 

bedrock formation. Four circular test fills with a diameter between 35 and 70 in were 

constructed. Only one out of the four test fills was placed on natural ground and will 

be discussed in the following. The embankment was constructed with a diameter of 

35 in and to maximum height of 1.5 in. Slopes were built with a gradient of 1: 1.5. The 

average load at the top of the ground surface due to the weight of the fill was 27 kPa. 

The monitoring devices installed included settlement markers, piezometers and verti- 

cal pipes to measure horizontal deformation. In 2002, retractable piezometers were 

installed temporally for two months. After completion of the construction of the 

embankment the measured vertical displacements were approximately 0.06 m. 25 

years after construction in 1982, the measured settlements at the centre of the fill were 

0.95 m and the Au had decreased to 20 kPa. In 2002,45 years after construction, the 

total settlements have reached 1.45 m and the Au has further decreased to approxi- 

mately 12 kPa. Larsson and Mattsson (2003) report that the fill continues to settles by 

an average rate of 5 to 6 mm per year. The dry crust and part of the fill are largely sub- 

merged. Over the years it has been observed that the settlement rate varies seasonally 

and between the layers. Snow fall, temperature variation, ground freezing and ground 

water level variation are almost certainly the reasons for these observed variations in 

settlement rates (Larsson and Mattsson, 2003). 
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The importance of the findings from these test fields for research and construction of 

road projects led to the construction of another test embankment. In 1961, four years 

after the construction of the original circular test fields at Ski-Edeby, another 

embankment was constructed (Larsson and Mattsson, 2003). The trial embankment 

was built with a crest width of 4m and total length of 40 m. The slopes were 1: 1.5 and 

the height of the fill was 1.5 m. The maximum total load at the ground surface was 27 

kPa. 

At the end of construction the settlement reached 0.06 m similar to that which was 

observed at the circular fill. For the first time the importance of the shear deformation 

was reported. It was recognised that due to the undrained stress-strain behaviour after 

construction or beginning of consolidation the horizontal displacements at the toes are 

related to vertical displacements. This phenomenon becomes less relevant with ongo- 

ing consolidation as the vertical displacements become dominant. Larsson and Matts- 

son (2003) reported that the total settlements at the centre line of the fill in 2004 had 

reached 1.0 m with a maximum Au of 6 kPa. 

3.5 Modelling of embankments 

By designing an embankment the engineer takes on responsibility and reliability for 

its stability during construction and must prove that the embankment will not suffer 

damage or collapse during its working life. Thus, modelling the reality is necessary in 

order to predict the behaviour of the embankment during its construction and over its 

life time. Design methods and recommendations have been developed in almost every 

country. Before modelling can actually begin, a considerable amount of information 

must be assembled, regarding e. g. geometry, loading conditions, geology and soil 

properties. 

Design models for predicting settlements and overall stability which have been devel- 

oped for the use in geotechnical design, include a variety of closed form solutions, 

limit equilibrium, stress field solutions, limit analysis and numerical analysis. Analyt- 

ical solutions have to be simple and as such a number of simplifications such as 
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homogeneous ground conditions or simple cross sections are introduced in the mod- 
els. Elastic settlement calculations are an example of a closed form solution. To 
increase the accuracy of the predictions the engineer will necessarily turn to more 
complex solutions which allow them to account for soil features such as over-consoli- 
dation, more soil layers and consolidation, e. g. Larsson (1997). The engineer will use 
a software package or spreadsheet program to support them. 

Stability assessments of embankments are commonly undertaken by programmes 

which utilise the limit equilibrium meth od. Most programmes have a user friendly 
interface which make it easy to use and have almost no limit in terms of geometry or 

structural parts. An alternative design model is the full numerical analysis of an 

embankment. This category of analysis attempts to satisfy all theoretical require- 

ments, including realistic stress-strain modelling and boundary conditions. There are 

a wide range of full numerical tools available: e. g. Finite Element Method, Finite Dif- 

ference Methods, and Boundary Element Method, etc. Approaches based on Finite 

Element Method and Finite Difference Methods are the most widely used by geotech- 

nical engineers. The present thesis uses the Finite Element Method. For detailed 

description about the Finite Element Method the reader is referred to literature. (e. g. 
Zienkiewicz and Taylor (1991), Smith (1993), Potts and Zdravkovic (1999)). All 

results from numerical simulations presented in this thesis have been obtained by 

using the two - and three- dimensional versions of the Finite Element code PLAXIS. 

3.6 Modelling aspects of embankments in plane strain 
Finite element modelling of an embankment constructed on soft soil requires some 
judgement regarding the size of the geometry of the model, the coarseness of the 

mesh, the in-situ stress conditions, the boundary conditions, the constitutive model, 

simplification of the construction process etc. Modelling will always involve some 

engineering judgement and more importantly experience is required as to how to 

apply the above and what is relevant to each individual boundary value problem. 
Some of the aspects listed above are covered in the literature (e. g. Potts et al. 2004, 
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Chai 1993) others are not and it is recommended that the influence of each aspect on 

the result is illustrated via trial and error runs. In the following some of the issues are 

discussed in more detail. 

3.6.1 Boundary conditions 

Boundary conditions relevant for models of embankments on soft soils can be divided 

into two categories, the deformation boundaries and the so-called consolidation 

boundaries. Both types of boundaries have to be defined for the vertical and 

horizontal boundaries of the proposed finite element model. 

3.6.1.1 Deformation boundaries 

At the horizontal deformation boundaries, often referred to as lateral boundaries, the 

horizontal displacement u, { is restrained and the vertical displacement uy is left free. 

This boundary condition, allowing only for normal stress and no shear stress, also 

satisfies the symmetry conditions which are commonly applied along the centreline of 

symmetrical embankments. The upper boundary formed by the embankment and the 

existing ground surface are left free to displace. In contrast, the bottom boundary is 
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usually fully restrained in both direction, ux =0 and uy =0. Hence normal and shear 

stress may occur. The above boundary conditions are a default setting in the PLAXIS 

code (Brinkgreve, 2002) as shown in Figure 3.1. However, if the bottom boundary is 

rock, overlain by a soft soil layer, the boundary conditions should allow for 

displacements in the horizontal direction u,, (Azizi, 2000). To investigate the 

influence of the bottom boundary on the settlement behaviour, two simple models 

were developed. The model consists of a2m high embankment with a crest width of 

16 m. The gradient of the embankment slope is 1 to 3. The embankment itself is 

assumed to be constructed on a (a) 12 m deep and (b) 36 m deep soft soil deposit. Just 

one half of the embankment was considered due to the symmetry conditions applied. 

The S-CLAY IS model was utilised to simulate the stress-strain behaviour of the soft 

soil and the elasto-plastic Mohr Coloumb model to represent the embankment fill. 

Parameters for the soft soil correspond to the so-called POKO clay (Koskinen et al. 

2002a, Koskinen et al. 2002b). Embankment fill and clay parameters are listed in 

Chapter 4, Table 4.1 to 4.4. The construction of the embankment was simulated as 

fully undrained followed by a consolidation stage to allow the excess pore pressure to 

dissipate. 

The predicted vertical displacements versus time at the centre line of the embankment 

are presented in Figure 3.2. In Figure 3.2a, the results for the 12 m deposit are shown. 

It can be seen that the model with the nodes free to move in the horizontal direction at 

the bottom predicts notably higher vertical displacements with time. For the 36 m 

deposit, presented in Figure 3.2b, the difference between the two time settlement 

curves is negligible. The importance of the correct choice of bottom boundary can 

also be illustrated by examining the horizontal displacements at the toe of the 

embankment. Figure 3.3 shows the horizontal displacements at the end of the 

consolidation stage. For the 12m deposit (Figure 3.3a) the model with free boundary 

conditions predicts significant larger horizontal displacements at the top and at the 
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Figure 3.2: Time settlement curve: a) 12 m and b) 36 m deep deposit 
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Figure 3.3: Horizontal displacements underneath the toe of the embankment after 100 years of 
consolidation: a) 12 m and b) 36 m deep deposit 

bottom of the model. In fact the displacements at the bottom of the model are even 

bigger than the maximum displacements predicted by the model with the fixed 

conditions. Both models predict a substantially different straining behaviour. The 

influence of the bottom boundary conditions is less significant for the 36 m deposit, as 

shown in Figure 3.3b. The significant difference in the predictions for the shallow 
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Figure 3.4: Time settlement curve: Influence of the interface 

deposit implies that the modeller has to think carefully about which boundary 

conditions needs to be applied along the bottom of the model. 

An alternative method to the fixed and free bottom boundary conditions is an 

interface along the rock surface. Direct soil-rock interaction can be simulated by a 

Mohr-Coulomb interface implemented into the PLAXIS code (Brinkgreve, 2002). 

The strength properties of the interface are related to strength properties of the soil 

layer. Each interface has an associated strength reduction factor R; nur For the 

reduction of the friction angle cp' of the soil the following rule is applied: 

tang'i = Rintertancl'soii [3.1] 

where cp' is the friction angle of the interface. For the detailed formulation of the inter- 

face the reader is referred to Brinkgreve (2002) and Satibi et al. (2007). 

The interface has been applied in the model with the soft soil to a depth of 12 m to 

simulate the boundary between the soft soil and the rock. Different values of Rinter 

were applied to study the influence of the interface on the strain behaviour of the soft 

soil. 
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consolidation 

In Figure 3.4 the time settlement curve for a point at the centre line at the bottom of 

the embankment is shown. The results of 6 simulations are compared, one without an 

interface at rock surface, four with an interface and different Rioter values and the 

model with free boundary conditions in the horizontal direction. The different Rinter 

values can be interpreted as a variation of the roughness of the rock surface. A smaller 

value represents a smoother surface. It can be seen that the interface has a negligible 

influence on the predicted vertical displacements. Horizontal displacements with 

depth under the toe of the embankment after 100 years of consolidation are illustrated 

in Figure 3.5. An influence of the interface on the predicted shape of the profile with 

depth can be seen. The magnitude of the horizontal displacements is similar at the sur- 

face but different at the bottom of the soft soil. Small movements at the interface 

between soft soil and rock surface seems to be more realistic considering the small 

embankment simulated compared to larger movements predicted by the model with 

the free boundary condition. A reduction of the Rioter value results in a small increase 

of the horizontal displacements at the top of the rock. 

Instead of an interface along the bottom boundary one can also increase the depth of 

the model and explicitly model the underlying rock. The horizontal displacements at 
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the bottom of the soft clay will then be influenced by the apparent ratio of rock/soil 

stiffness and the Poisson's ratio of the rock. 

3.6.1.2 Hydraulic boundaries and finite elements for consolidation analysis 

In the finite element code, two different types of finite elements are available, the con- 

solidating elements and non-consolidating elements. It is the degree of freedom which 

distinguishes the two elements and not the shape. A non-consolidating element has 

just two displacement degrees of freedom at the nodes. With such an element only a 

drained analysis or an undrained analysis in terms of total stress can be performed. 

Real soil behaviour is normally time dependent, with the excess pore pressure 

response dependent on the soil permeability. To account for such behaviour another 

degree of freedom must be added to the elements used. A consolidating element has 

in addition to the two displacement degrees of freedom a pore fluid pressure degree of 

freedom. The non-consolidating element would be used for drained material behav- 

iour such as sand (bulk modulus of water set to zero) and the consolidating element 

for clays (bulk modulus of water activated). When using the PLAXIS software, the 

user does not choose between the element type. The user just chooses a material 

behaviour (drained or undrained) for each soil layer and the software will automati- 

cally use the correct element type for the layer. 

After the definition of the elements for the different layers, the hydraulic boundary 

conditions for the consolidation analysis at the nodes along the model boundaries and 

the interfaces between the different layers need to be set. Depending on the drainage 

condition required, the excess pore pressure at the nodes along the boundaries can be 

set to zero. In the PLAXIS software Du is set to zero by default at the boundaries and 

at the interface between a drained and undrained layer. By applying special condi- 

tions, the so-called consolidation boundary, this setting can be changed by the user. 

When applying a consolidation boundary, the boundary is practical impermeabable 

and no pore pressure can dissipate through the boundary (Au is greater than zero). 
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Figure 3.6: Geometry of the finite element mesh (Azizi, 2000) 

3.6.1.3 Concluding remarks on the boundaries 

The results of a study on the boundaries have been obtained with a particular set of 

parameters, constitutive model and geometry. No doubt all the factors have an influ- 

ence and a detailed and thorough investigation into the effect of the interface would 

be required to provide solid recommendations on the subject. It can be summarised 

that for a shallow deposit, the 12 m deposit simulated in the model, and a2m high 

embankment (h/H=2/12=0.16) the application of the interface at the surface of the 

rock resulted in a more realistic horizontal displacement profile than the free bound- 

ary conditions. The horizontal displacements at the surface or within a few meters of 

the ground surface were not noticeably affected by the interface. The relation between 

the height of the embankment and the depth of the deposit is an important factor. 

3.6.2 Geometry of the finite element mesh 

The mesh dimension is an important component in finite element analysis but it is not 

well documented in the literature. Ideally the mesh should cover the areas where the 

stress increases and displacements are generated. According to Azizi (1999) the mesh 

should be characterised by a lateral dimension L which should be at least four times 
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the embankment width B and a minimum depth h of five times the height of the 

embankment H for a homogeneous soil (see Figure 3.6). The recommendations com- 

pare well with conclusions and recommendations given by Mestat et al. (2004) based 

on research on modelling embankments on soft soil. According to Mestat et al. 

(2004), the model needs to have a minimum geometry, three times the embankment 

width L and a minimum depth h of four times the embankment height H. These 

dimensions are slightly smaller than those proposed by Azizi (1999). Based on the 

experience gained during this research project it can be summarised that the docu- 

mented horizontal geometries are well justified but the depth recommendation should 

be applied with caution. It is recommended that several trial and error runs are carried 

out to investigate the depth at which the increase of the vertical stress due to embank- 

ment loading extends in combination with the volumetric strains. This is best 

achieved through inspection of contour plots. 

3.6.3 Coarseness of the finite element mesh 

As it is difficult to describe the ideal coarseness of a finite element mesh, Mestat et al. 

(1997) recommend using a mesh with approximately 1500 nodes for a symmetric 

embankment. This recommendation is a bit vague. In order to demonstrate the influ- 

ence of the finite element mesh coarseness four different simulations using the S- 

CLAY1 S model with different degrees of coarseness are presented. The mesh coarse- 

ness for plane strain simulations of embankments on soft soil, which are not close to 

failure, does not have an influence on the predicted vertical displacements, as shown 

in Figure 3.7. It can be seen that the time settlement curve does not diverge at any 

point. However, it is recommended that the mesh should be sufficiently refined in 

areas of high stress and stress rotation. The degree of necessary refinement will be 

dependent on the type of element used. Elements with more nodes, such as a 15- 

noded triangular element, allow for a coarser mesh compared to a mesh generated 

with 6-noded triangular elements in the areas of interest. 
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Figure 3.7: Influence of the finite element mesh coarseness on the time settlement curve 

3.6.4 Large strain versus small strain analysis 

Construction of embankments on soft soil is no doubt a large deformation problem. 
The SkA-Edeby trial embankment with a construction height of just 1.5 m settled 

approximately 1.4 m in 45 years (Larsson and Mattsson, 1993). Nowadays most of 

the fill is submerged. This embankment is relatively small compared to the trial 

embankment of Muar in Malaysia reported by Brand and Premchitt (1989) which had 

a total height of 8 m. It settled excessively 1.5 m during the construction period of 398 

days (Chai and Bergado, 1993). For both cases the deformation had a significant 

influence on the shape and geometry. 

For most geotechnical problems a small strain formulation is used. This means that 

the integration processes are made with respect to the initial geometry and changes in 

the dimension of the geometry are not taken into account. However, in situations like 

those mentioned above, it is not appropriate to use a small strain formulation as the 

geometrical changes are ignored. Thus, a large strain formulation has to be used (Potts 

and Zdravkovic, 1999; Chai and Bergado, 1992; Chambon, 1994). In a large strain 
formulation some additional terms in the stiffness matrix need to be included to 

Numerical modelling of embankments on soft soils 86 



0.0 
-0.2 

-0.4 C 

-0.6 

-U. 8 

-1.21- 0 6000 12000 18000 24000 30000 36000 42000 48000 54000 60000 

Time [days] 

Figure 3.8: Influence of analysis type on the time settlement curve 

account for large distortions. Secondly, attention must be given to the stress tensor. As 

the body configuration changes, the stress tensor must be continuously updated with 

respect to the deformed body. 

In the PLAXIS code a so-called "updated mesh" calculation can be used to account 
for large strains (Brinkgreve, 2002). The method is based on an updated Lagrangian 

formulation (Bathe, 1982) with a Kirchhoff stress tensor. It is recommended to com- 
bine the large strain analysis with a so-called "updated water pressure" analysis 

(Brinkgreve, 2002) for embankment simulations on soft clay. The "updated water 

pressure" analysis continuously recalculates the water pressures at the new nodal 

position as the node settles below the water level. For further details about the large 

strain formulation in the PLAXIS code the reader is referred to Van Langen (1991). 

The influence of the analysis type on the time settlement predictions is illustrated in 

Figure 3.8. The simulated embankment is 2m high and constructed on a slightly over- 

consolidated POKO clay deposit. Performing an updated mesh analysis without 

updating the pore pressure has no influence on the predicted time settlement behav- 

iour, as shown in Figure 3.8. Combining both an "updated mesh" and an "updated 

water pressure" analysis, results in a shorter consolidation time and a lower settle- 
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ment, as inspection of Figure 3.8 demonstrates. Koskinen & Karstunen (2006) pub- 

lished numerical simulations of the Murro test embankment using the updated mesh 

and water pressure analysis. The importance of large strain analysis was also demon- 

strated by Krenn & Yildiz (2006) in back calculations of the Vaasa trial embankment. 

Most embankment simulations on soft soils in the literature have been modelled as 

small strain analyses. As they are large strain problems modelled as small strain prob- 

lems usually a good match between model predictions using isotropic models and 

field measurements is achieved. 

3.6.5 Embankment construction 

When modelling embankments, a realistic simulation of the construction of the 

embankment fill is important, particularly for simulations of embankments of sub- 

stantial height. The significance of realistic simulation of the construction was shown 

by Chai & Bergado (1993). 

Basically three different methods are available for modelling construction processes. 

A very simple method is to replace the embankment fill by surface loads. The method 

does not account for the stiffness of the fill and as such the lateral load spread, 

observed in embankment fills (Chai & Bergado, 1993), is ignored. Nowadays, the 

method is seldom used due to the development of easy to use finite element codes. 

Another method is to include the full height (geometry) of the embankment fill in the 

finite element mesh. The weight of the embankment fill is gradually increased until 

the full load is reached. Applying the load in small increments has the advantage that 

a constitutive model can be used to model the stress strain behaviour of the embank- 

ment fill. In this method the practical construction steps (e. g. fill layer heights) are 

ignored as in the first method. The most relevant and recommended method to model 

the construction of the fill layers, is placing or activating the fill layers according to 

the construction of the embankment. In this method the embankment fill is also 

included in the finite element mesh. The mesh of the fill is divided into several sec- 

tions according to the construction and geometry of the embankment. The layers of 

the embankment are activated per calculation phase according to the construction 
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schedule of the embankment. With this method it is also possible to account for the 

time between the construction of each embankment layer or section. Chai and Ber- 

gado (1993) compared the last two methods with field trials, and showed that the lat- 

ter method results in a much more realistic settlement trough. 

3.6.6 Initial stress field 

For any finite element analysis, a reasonable assumption of the initial vertical and 
horizontal stress profile over depth is needed. For normally consolidated ground, a 

soil which has never been subjected to a higher loading than the present condition, the 

coefficient of lateral earth pressure at rest Kp is best estimated using Jaky's formula 

(Knc=1-since'). cp' is the critical state friction angle and superscript nc stands for nor- 

mally consolidated. 

In overconsolidated ground, a soil which has been unloaded in the past, or soil which 
has been subjected to intensive creep (Bierrum, 1967), the KO is usually higher. An 

empirical formula to estimate the Ko of an overconsolidated soil was proposed by 

Mayne and Kulhawy (1982). 

Koo =0- sin(p')OCRS'fl(P' [3.2] 

where OCR is the Overconsolidation ratio of the soil, which is defined as the ratio 
between the vertical preconsolidation stress a'vp and the initial vertical stress a'. 

The initial size of the yield surface of the constitutive models discussed in Chapter 2 

is related to the overconsolidation of the soil. In PLAXIS the overconsolidation of 

each soil layer can be defined by OCR or alternatively with the so-called Pre-Over- 

burden Pressure (POP). The POP is defined as the difference between the vertical pre- 

onsolidation stress ß'vp and the initial vertical stress a'v: 

POP = a',, p-a'v. 
[3.3) 

It can be seen from Eq. 3.3 that POP is a constant which is independent of depth. The 

difference between the two definitions of vertical preconsolidation stress a�p is illus- 
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Figure 3.9: Preconsolidation pressure as a function of depth a) defined with OCR and b) with POP 

trated in Figure 3.9. In many cases it is convenient to use a combination of OCR and 

POP with depth to simulate realistically the preconsolidation state of the soil. As seen 

from Figure 3.9, OCR and POP are constant with depth. Ideally the definition of both 

would be a function of depth. To model a smooth change of OCR or POP with depth, 

the user can introduce very shallow soil layers of the same material. 

3.7 Summary 

A short overview has been given about case histories and about modelling aspects of 

embankments constructed on soft soil. The discussion of the three case histories high- 

lighted the long term problems associated with building and maintaining embank- 

ments on soft clays. Extensive vertical and lateral movements with time are the main 

issues which are difficult to predict with conventional methods. Numerical modelling 

can be a useful tool to predict settlements with time. The basics of modelling in terms 

of boundaries, modelling of the construction of the embankment fill and in-situ 

ground conditions were discussed. 
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Chapter 4 

Benchmark embankment 

This chapter studies the influence of constitutive models on the predicted response of 

an embankment constructed on soft clay. In the investigation five constitutive models 
have been used: the Modified Cam Clay model (MCC), Soft soil model (SS), S- 

CLAYl model, S-CLAYIS model and the Multilaminate Model for Clay (MMC) all 

of which have been introduced in Chapter 2. The soft clay is assumed to have the 

properties of POKO clay from Finland. In the second part of this chapter the influence 

of the depth of the deposit, the width of the crest, the slope gradient and the constitu- 

tive model of the embankment fill on the predicted settlement behaviour of the 

embankment is discussed. 

4.1 Benchmark 

The original benchmark embankment was developed for a Benchmark Exercise as 

part of the SCMEP research project (Wiltafsky et al. 2003). The benchmark was used 

to investigate the influence of the different constitutive models on the settlement 
behaviour of the embankment during construction and subsequent consolidation. 
Wiltafsky et al. (2003) highlighted the effects of the different methods of modelling 

advanced soft soil features such as anisotropy and destructuration on the soft clay 

response. Karstunen et al. (2006) considered these issues which are related to the 

stress-strain behaviour on a slightly modified version of the original benchmark 
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embankment in much greater detail. Both studies concluded that anisotropy and 

destructuration increase the predicted settlements of the embankment. Furthermore, 

Karstunen et al. (2006) showed that the ratio between the predicted maximum hori- 

zontal displacement below the toe of the embankment and the maximum vertical dis- 

placement at the centre line of the embankment is to a certain degree dependent on the 

constitutive model. Obviously, the shape of the yield surface of the constitutive model 

influences the predicted ratio of displacements in simulations of normally or slightly 

overconsolidated soft clays. The benchmark presented in this chapter is a modifica- 

tion of the benchmark presented by Karstunen et al. (2006). In the original benchmark 

the constitutive models used for the dry crust were the same as for the soft clay 

deposit. Therefore, it was possible that the predicted behaviour of the dry crust influ- 

enced the overall predictions. For this set of simulations the dry crust was modelled 

with a so-called Hardening Soil model (Brinkgreve, 2002) which is a more realistic 

model to represent the dry crust. The dry crust was divided into two layers, a drained 

and an undrained layer. This is a simplified method used in order to simulate the 

change from an unsaturated soil at the top, to a fully saturated soil towards the bottom 

of the dry crust. 

4.2 Numerical model 
The geometry of the embankment is shown in Figure 4.1. Due to symmetry of the 

embankment just half of the geometry is presented in Figure 4.1. The embankment fill 

is 2m high and is constructed with slopes of a gradient of 1: 3. The groundwater table 

is assumed to be located at a depth of -2 m. Zero initial pore pressures are assumed 

above the water table. Fully drained ground conditions (no excess pore pressures are 

generated) using non-consolidating finite elements are applied to a depth of -0.5 m 

and fully undrained conditions (excess pore pressure generated) using consolidating 

elements are applied to each layer deeper than -0.5 m. The embankment has been ana- 

lysed under plane strain conditions extending 50 m horizontally from the symmetry 

axis and 36 m vertically. A mesh with 298,15-noded triangular elements has been 

used in all simulations, consisting of non-consolidating and consolidating elements. 
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Figure 4.1: Embankment geometry and assumed soil profile 

Drainage boundaries (hydraulic boundaries) are simulated by setting the excess pores 

pressure to zero at the corner nodes at a depth of -0.5 m and at the bottom of the 

model during the consolidation analysis. 

The construction of the embankment was simulated in two stages, with layers of 1m 

each. It was simulated under fully undrained conditions not allowing for any excess 

pore pressure dissipation. This was followed by a consolidation phase simulated via a 

fully coupled static consolidation analysis. Instead of applying a maximum number of 

calculation steps or time, a maximum excess pore pressure of I kPa was applied as the 

simulation end criterion. When the excess pore pressure in the soil dissipated to the 

applied maximum, the calculation was stopped. All simulations were modelled with 

an "updated mesh" and "updated water pressure" analysis (Brinkgreve 2002). 

4.3 Input values 

4.3.1 Embankment fill and dry crust 

The embankment fill was assumed to be made of granular material and was modelled 

with the simple Mohr Coulomb model, assuming the parameters shown in Table 4.1. 

Numerical modelling of embankments on soft soils 93 



Table 4.1: Embankment fill parameters 

E' [kN/m21 v' 9' iy' c' y [kN/m31 

40000 0.3 38 00 20 

E' is Young's modulus, v' is Poisson's ratio, y' is the dilatancy angle and y the unit 

weight of the embankment material. The material behaviour was assumed to be fully 

drained. 

The dry crust was modelled with the Hardening Soil model (see Section 2.9.1) and the 

parameters are shown in Table 4.2. 

Table 4.2: Dry crust parameters 

Eso"f 

Eoedref Eurref 
Y kx = ky 

Type IkN/m21 IkN/m2J 9' V, m IkN/m31 Im/dayl 

drained 1080 16822 30 0.2 1 15 - 
undrained 1080 16822 30 0.2 1 15 8.64e-5 

* Pref = 100 kPa 

It was assumed that the reference young modulus E50`ef is of the same order of magni- 

tude as the reference oedometer modulus Eoedref The reference unloading/reloading 

modulus E�rref is approximately 16 times greater than the E50't. The critical state 

friction angle (p' was choosen to be 30 degrees. Possion's ratio vur is 0.2. The exponent 

m is 1, which is a typical value for soft clays. 

The dry crust was modelled as an overconsolidated soil by using a vertical pre-over- 
burden pressure (POP). The value of POP and the predicted OCR are shown in 

Figure 4.2. The Kp values assumed for each layer are shown in Figure 4.1. 

4.3.2 Input values and initial state of the soft clay 

The soft clay profile corresponds to the so-called POKO clay (Koskinen et al. 2002a, 

Koskinen et al. 2002b). The abbreviation POKO stands for Porvoo-Koskenkylä, 

which was a 25 km stretch of motorway close to the town of Porvoo. In the bench- 
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Figure 4.2: Overconsolidation profile: a) POP and b) OCR 

mark the deep soft clay deposit was divided into two layers with a single set of clay 

parameters for the 36 m. The input values have been determined from oedometer and 

triaxial tests on natural and reconstituted samples (Koskinen et al. 2002a, Koskinen et 

al. 2002b). An overconsolidation profile which approximates the slightly overconsol- 

idated deposit with depth was chosen. The POP values with depth are shown in 

Figure 4.2a. Because it is not possible to provide a continuous profile of POP with 

depth in PLAXIS (Section 3.6.6), the assumed initial state will have some small dis- 

continuities at the interface between the layers. The calculated OCR profile is pre- 

sented in Figure 4.2b. Small discontinuities in OCR values at the interfaces between 

the layers at a depth of -2 m and -6 m can be seen in the profile. The Ko values shown 

in Figure 4.1 were calculated with the formula of Mayne and Kulhawy (1982) (Eq. 

3.2) at the middle of each layer. In general if the K0 value is high (greater than 1) each 

stress state should be plotted in a p'-q diagram to check that the stress state lies within 

the yield surface at the beginning of the calculation. Certain stress states which have a 

negative q value due to a high ICo value or a stress state with an initial low 11 value and 

p' close to pm can potentially be located outside the yield surface because of the differ- 

ent shapes of yield surfaces of the constitutive models. 
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Figure 4.3: Yield surface of the Soft Soil models in the p'-q diagram at a stress point 
at a depth of -5.4 m 

The initial void ratio ep has been kept constant for each layer and is shown in 

Figure 4.1. The permeability k (hydraulic conductivity) of the POKO was assumed to 

be 10-9 m/s in both vertical and horizontal direction. 

4.3.2.1 Soft Soil models 

The SS model has been used twice in the simulations, each with a different shape and 

size of the volumetric cap yield surface. As explained in Section 2.3.2 the shape of the 

yield surface of the SS model is related to the Ko°0 value (input value) of the soil. By 

using a Kpnc of 0.67 for normally consolidated POKO clay the SS model corresponds 

to the MCC model because the cap yield surface of the SS model has the same shape 

as the yield surface of the MCC model. The model matching the MCC model yield 

surface is referred to as SS1 in the results. The input parameters and initial state 

parameters are shown in Table 4.3. In contrast in the model referred to as SS2, the 

value of K01 has been calculated using Jaky's formula (Section 3.6.6). The difference 
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Figure 4.4: Oedometer test results on POKO clay: a) e , -lnp' plot and b) v-lnp' plot (Krenn, 2002) 

in the shape and size of the yield surfaces is illustrated in Figure 4.3. Both model's 

yield surfaces have been plotted for a depth of -5.4 m. 

Table 4.3: Input parameters and initial state of the soil 

Model %* x* v p' c' [kPa] 4e Kp 

SS1 0.24 0.01 0.2 30 0 0 0.67 
SS2 0.24 0.01 0.2 30 0 0 0.5 

), * and x* were directly estimated from e,, lnp' plots of oedometer tests on natural 

POKO clay samples (Figure 4.4a). The x* was estimated from the gradient of the 

unloading-reloading part of the oedometer results. For determing X* the steepest part 

of the curves was used. The same criterion was used to estimate ?, and x from v-lnp' 

plots. 

4.3.2.2 MCC, S-CLAY! and S-CLAYIS model 

The soil constants and initial state parameters for the Modified Cam Clay model 
(MCC), the S-CLAY 1 model and the S-CLAY IS model are shown in Table 4.4. X and 

K were estimated from v-lnp' plots of oedometer tests on natural POKO clay samples 
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(see Figure 4.4b). The initial inclination of the yield surface a and the parameter ß 

were derived following the procedure outlined in Section 2.4.1.1. The initial value of 

xp was estimated based on the sensitivity of the soil (Koskinen et al. 2002a). For the 

soil constants µ, a and b typical values for POKO clay have been assumed. 

Table 4.4: Input parameters and initial state of the soil 

Model A. (or X. t) xvMµßab aKO XO 
MCC 0.71 0.03 0.2 1.2 ------ 
S-CLAY 1 0.71 0.03 0.2 1.2 20 0.76 --0.46 - 
S-CLAY 1S0.26 0.03 0.2 1.2 20 0.76 9 0.2 0.46 12 

4.3.2.3 Multilaminate Model for Clay 

The input values for the MMC are shown in Table 4.5. a which is related to the criti- 

cal state friction angle cp' of the POKO clay, was estimated using the equations pre- 

sented in Section 2.4.2. The value for A was found through simulations of drained 

triaxial tests on POKO clay (Wiltafsky, 2003). 

Table 4.5: Input parameters and initial state of the soil 

Model Xxvq c' [kPa] aA 
MMC 0.71 0.03 0.2 30 0 0.67 0.015 

4.4 Results of the numerical analyses with different models 

In the following the results of the simulations with the different constitutive models 

are presented. In each category of results three diagrams per figure are shown if not 

stated otherwise. Figures a, present the results of all six models used. Figures b show 

the predicted results of the three isotropic models (MCC, SS 1 and SS2), while figures 

c compare the three advanced models (S-CLAYI, S-CLAYIS and MMC) to the iso- 

tropic MCC model. The comparisons aim to highlight the effect of anisotropy and the 

combination of anisotropy and destructuration on the soft clay response and to dem- 

onstrate the differences between the alternative modelling approaches. 
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4.4.1 Vertical displacements 

The predicted time-settlement curves at a node at the centreline of the embankment 

are presented in Figure 4.5. The average total consolidation time predicted by the 

models for primary consolidation was approximately 115 years, whereas the MCC 

and the S-CLAYIS predict a slightly longer time of 116 years. The S-CLAYIS model 

gives the highest prediction for vertical displacements, at 0.79 m, while in comparison 

the lower bound estimate was given by the isotropic MCC model at 0.55 m. If the pre- 
dictions by the isotropic models are compared only (Figure 4.5b), it can be seen that 

the SS 1 which attempts to match the MCC model gives notably higher displacements 

than the MCC, approximately 0.79 m. The difference in the predictions of the two 

models can be explained by the difference in the compression relationships (Kars- 

tunen et al. 2006). The original MCC uses the void ratio as a state parameter, whereas 

the Soft Soil model does not. Investigation of void ratio plots at the end of consolida- 

tion, estimated by the MCC suggest that the void ratios change from an initial value of 

2.1 to a minimum of about 1.95 in the POKO clay layers. The changes in the void 

ratio are notable and contribute to the difference in the volumetric strain prediction of 

the two models (MCC and SS1), which attempt to match each other in the simula- 

tions. As mentioned in Section 4.3.2.1 the elasto-plastic stiffness of the Soft Soil mod- 

els was estimated directly from laboratory data (c lnp' curve). It is important to 

estimate the values of ?, * directly from laboratory data, rather than using the simple 

relationship (X*=J(l+e)) to estimate realistic compression behaviour. 

The huge influence of the shape of the yield surface can be seen by comparing the 

predictions of the SS1 and the SS2 models. The SS2 uses a shape which predicts a 

realistic value for normally consolidated Ka. Simulations with the SS2 show smaller 
final vertical displacements than the SS1 (0.6 m vs. 0.74 m). This highlights how 

small differences in the shape of the yield surface (see Figure 4.3) can lead to notably 
different responses by the same constitutive model. SS2 predictions are by coinci- 
dence, relatively close to those of the MCC model, about 0.55 m. 
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Figure 4.5: Time settlement curve for 100 years of consolidation 

In Figure 4.5c the advanced models are compared to the reference model MCC. 

Accounting for anisotropy in the simulations increases the predicted vertical displace- 

ment from 0.55 m, predicted by the MCC, to 0.7 m predicted by the S-CLAY!, and 

0.75 m estimated by the MMC. The two different approaches of modelling anisotropy 

predict maximum vertical displacements with time differently. The MMC model 

gives somewhat similar predictions to the S-CLAY 1S model, which accounts in addi- 
tion to anisotropy for destructuration. The predictions of MMC are influenced by the 

shape of the yield surface on the integration plane. The shape is dependent on the 
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parameter a, which can be estimated via the critical state friction angle cp'. A slight 

variation of the shape would change the prediction. Comparing S-CLAY1 and S- 

CLAY IS only, the results demonstrate that the incorporation of destructuration seems 

to increase the predicted final vertical displacements. 

The predicted surface settlement troughs after the construction of the embankment are 

shown in Figure 4.6. All models predict a similar small surface heave outside the 

embankment, except the SS1 which predicts marginally greater heave than the other 

models. The maximum vertical displacement of 0.086 m was also predicted by SS1. 

The other models all show somewhat similar results of around 0.066 m. The point of 

zero displacement is about 14 m from the symmetry axis for all models, correspond- 

ing to the width of the embankment. All the models have identical elastic relation- 

ships and as such similar predictions are expected. The higher predictions of the SS 1 

can be explained by the different shape of the yield surface, which results in a mar- 

ginal decrease of the elastic domain during the undrained construction (see 

Figure 4.3). 

The predicted settlement troughs after 100 years of consolidation of the embankment 

are shown in Figure 4.7. The MCC, S-CLAY 1 and S-CLAY 1S models estimate the 

point of zero settlement at the surface at a distance of 42 to 43 m from the symmetry 

axis. The three other constitutive models predict settlements at the surface over the 

whole width of the model. In Figure 4.7b it can be seen that SS 1 predicts marginally 

greater settlements towards the model boundary than MCC and SS2. All the models 

predict a rather sharp discontinuity at about 14 m from the symmetry line of the 

embankment (position of the toe of the embankment). MMC predicts a more gradual 

deflection of the settlement trough compared to all the other models (Figure 4.7 a and 

c). Overall it can be seen that anisotropy and the combination of anisotropy and 

destructuration result in marginally wider and steeper settlement troughs than pre- 

dicted by the isotropic models after 100 years of consolidation. 
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Figure 4.6: Surface settlements immediately after construction of the embankment 

4.4.2 Horizontal displacements 

The predicted horizontal displacements profile versus the depth underneath the toe of 

the embankment are shown in Figure 4.8. After construction of the embankment most 

models give similar predictions (-0.021 m) with the exception of the SS 1 (0.028 m) 

and the MMC model (0.038 m). Both predict significantly larger horizontal displace- 

ments than the others. Again it is demonstrated that the attempt to match the original 
MCC model with the SS I leads to different results. Inspection of the plastic point 
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Figure 4.7: Surface settlements after 100 years of consolidation 

plots of the MCC and SS1 provides some explanation to the difference in the predic- 

tions. In the predictions with the SS 1 models in the area below the embankment yield- 

ing has occurred in most stress integration points whereas the MCC does not predict 

yielding in the shallow layers during the undrained construction. This can partly be 

attributed to the different formulation of the models on the so-called dry side of the 

failure line. In the MCC model, stress states above the critical stress ratio are allowed 

whereas in the SS model any stress above the failure criterion is prevented by per- 
fectly plastic yielding. 
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The significantly larger predictions of horizontal displacements by the MMC than the 

other models can be attributed to the shear hardening law used in the model. Evalua- 

tion of the plastic point plots clearly show that shear hardening is activated in the shal- 
low layers below the embankment. 

The calculated ux/uy ratios of the maximum horizontal displacements ux underneath 

the toe of the embankment to the maximum vertical displacements uy at the centreline 

is presented in Table 4.6. uX/uy ratio is around 34% for the MCC and the S-CLAY 

models. MMC predicts a much higher uX/uy ratio of 56 %. The ratios are somewhat 

higher than the ratios predicted by Karstunen et al. (2006), which are also shown in 

Table 4.6. This clearly demonstrates the effect of the constitutive model used for the 

dry crust in the soil-embankment interaction. Secondly, it demonstrates the impor- 

tance of the material behaviour assigned to the dry crust. In this case the majority of 

the dry crust is modelled as an undrained material whereas Karstunen et al. (2006), in 

their simulation modelled it as a drainedmaterial. The predicted ratios by Karstunen 

et al. (2006) are in the range suggest by Leroueil et al. (1990). Leroueil et al. (1990) 

suggest in their book, which is considered as the reference text for embankments on 

soft soil, that the ratio is dependent on the geometry of the embankment and the factor 

of safety. The results of the simulations indicate that it is dependent on the degree of 

predicted plasticity, the constitutive models and the material behaviour (drained / und- 

rained) applied. 

Table 4.6: uz/uy - ratio after construction 

MCC S-CLAY1 S-CLAYIS SS1 SS2 MMC 
Current work 34 % 34% 34% 34% 33% 59% 
Karstunenet 19% 14% 16% 17% 15% 22% 
al. (2006) 

The predicted horizontal displacements after 100 years of consolidation underneath 

the toe of the embankment are presented in Figure 4.9. The largest horizontal dis- 

placements are predicted by the SS1 (0.061 m) and the MMC (0.062 m) models. SS2 

simulations predict the smallest horizontal displacement (0.027 m), which is signifi- 
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Figure 4.8: Horizontal displacements underneath the toe of the embankment immediately after 
construction 

cantly lower than all the other predictions. The predictions of MCC and SS1 are 

almost identical at the surface but diverge to a depth of 6 m. All models estimate the 

maximum horizontal movement to occur at a depth of approximately 6 m, which 

coincides with the discontinuity of the Ko and the POP values. At the surface (at the 

soil-embankment interface), all the model simulations predict some negative displace- 

ments (movements towards the symmetry axis) due to large vertical displacements. 

The predicted uX/uy - ratios are shown in Table 4.7. 

Table 4.7: u=/uy - ratio after 100 years of consolidation 

MCC S-CLAY1 S-CLAYIS SS1 SS2 MMC 

9% 7% 7% 8% 5% 8% 

The highest ratio of about 9% is given by MCC, followed by the anisotropic MMC 

and SS1 at about 8 %. Both S-CLAY models estimate 7 %, suggesting that destructu- 

ration has a minor influence on the u, t/uy-ratio. The lowest uX/uy ratio of 5% is pre- 

dicted by SS2. The predicted ratios between the anisotropic and isotropic models is 

similar to that reported by Karstunen et al. (2006). The HS model used for the dry 

- MCC 
--+- SS 1 
-F- SS 2 
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Figure 4.9: Horizontal displacements underneath the toe of the embanlanent after 100 years of 
consolidation 

crust and the different material behaviour applied to the dry crust does not have a 
great influence on the overall predictions after 100 years of consolidation. 

As an alternative to displacement profiles with depth, contour plots of horizontal dis- 

placements after the end of the construction of the embankment are shown in 

Figure 4.10. Inspection of the results shows that the MCC, S-CLAY1 and S-CLAY 1S 

show similar horizontal displacement contours, with maximum centre located at a dis- 

tance of about 12 m from the symmetry axis and at a depth of about 5 m. SS 1 esti- 
mates the centre of the maximum contours at about the same distance but marginally 
deeper at a depth of 7 m. In addition, SS 1 contours extend further in both the vertical 
and lateral directions. Similar predictions are suggested by the simulations of the 
MMC model. Its centre of the maximum is predicted at the same location as that of 
the S-CLAY models. 

The horizontal displacement contour plots after 100 years of consolidation are pre- 
sented in Figure 4.11. Initial inspection reveals that each model predicts a somewhat 
different overall contour line shape. The MCC and the two S-CLAY models predict 
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Figure 4.10: Horizontal displacement contours immediately after the construction of the 
embankment 

the centre of maximum horizontal displacement at a depth of 6m and at a distance of 

10 m to the centre line of the embankment. The position has therefore shifted. Inter- 

estingly, the predicted maximum changes its horizontal alignment and depth within 

the soil body during consolidation. Again the SS 1 model contours extend further than 

those of the other models, both in the lateral and vertical directions. In addition, the 

SS 1 predicts the centre of maximum horizontal displacement at a greater depth (about 
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Figure 4.11: Horizontal displacements contours after 100 years of consolidation 

7 m) and distance from symmetry axis (about 11 m from symmetry axis). SS2 predicts 
its maximum at the same depth as the SS1 but its contour lines extend much less, sim- 
ilar to the S-CLAY models. By comparing only the two anisotropic models, it can be 

seen that the displacements predicted by the MMC extend further, both laterally and 
with depth. However, both models predict the maximum at the same depth and dis- 
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tance from the symmetry axis. Even the overall shape of the contour lines is very sim- 
ilar despite the difference in size. 

4.4.3 Strain contours 

In Figure 4.12, the volumetric strain contours immediately after construction of the 

embankment have been plotted. The figures are scaled to display only a width of 14 m 

and a maximum depth of -10 m. It can be seen that the different constitutive models 

used for POKO clay have only a marginal influence on the predicted volumetric 

strains in the dry crust. In all cases the maximum volumetric strains are predicted only 

within the dry crust above the water table as expected. 

The volumetric strain contour plots after 100 years of consolidation are shown in 

Figure 4.13. All models predict a similar shape of contour lines. However, the lateral 

and vertical extent of the contours differs from model to model. The MMC model pre- 

dicts by far the deepest extent of the volumetric strain contour lines to a depth of 

about -26 m. All models show a discontinuity in volumetric contours at a depth of 

approximately -6 m. The discontinuity coincides with the stepwise increase of the 

POP in the model at this depth. This suggests that the method used to model overcon- 

solidation of the soil has an influence on the volumetric strain pattern. Karstunen et al. 

(2006) reported similar findings. 

Deviatoric strain plots after construction of the embankment are presented in 

Figure 4.14. The plots are scaled to a maximum depth of -10 m and a maximum width 

of 14 m. Inspection of the plots clearly shows that the predictions by MMC are nota- 
bly different to all the other models. Due to the deviatoric hardening law implemented 

in the MMC model, the plot shows deviatoric strain contours in areas at a depth 

greater than -2.5 m. All models predict deviatoric strains of about 4% in the area of 

the dry crust. It seems that the deviatoric strains of the dry crust are not influenced by 

the different constitutive models used for the POKO clay. 
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Figure 4.12: Volumetric strain contours immediately after construction of the embankment (scaled: 
max. depth 10 m and max. width 14 m) 

Deviatoric strains after 100 years of consolidation are shown in Figure 4.15. The dif- 

ferences in the deviatoric contour line patterns in Figure 4.15 is more pronouced than 

was observed for the undrained construction stage. Each model predicts peak devia- 

toric strains close to the surface below the embankment and a second peak at a depth 

of -6 m. Again the predictions by the MMC extent much further vertically than for the 
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Figure 4.13: Volumetric strain contours after 100 years of consolidation 

other models. By comparing only the advanced models, it can be seen that both S- 

CLAY models, show similar deviatoric strain behaviour, which is different to that pre- 

dicted by the MMC. The totally different formulation of the models can explain the 

difference. 
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Figure 4.14: Deviatorlc strain contours immediately after construction of the embankment (scaled: 

4.4.4 Excess pore pressures 

The predicted excess pore pressure distributions at the end of construction have been 

presented in Figure 4.16. In Figure 4.16 pressure is shown as negative due to the sign 

convention used in the finite element analysis. Because the construction of the 

embankment was modelled as undrained, non-zero excess pore pressure are predicted 
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Figure 4.15: Deviatoric strain contours after 100 years of consolidation 

at the bottom of the models. As soon as the fully coupled consolidation analysis starts 

the excess pore pressure at the bottom will be set to zero due to the boundary condi- 

tions applied (see Section 4.2 ). Overall it can be seen that the contour line patterns 

are similar for all models. The MMC model predicts the highest excess pore pressure 

in the order of - 36 kPa at a depth of about -5 m and a distance of 4m from the sym- 

metry axis. All the other models predict their maximum in the range of -28 to -32 kPa 
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Figure 4.16: Excess pore contours immediately after construction of the embankment 

at the centre line at a depth of -8m. The SS 1 model which attempts to match the orig- 

inal MCC model predicts slightly higher excess pore throughout the deposit than the 

MCC model. 

The excess pore pressures 5 years after construction are presented in Figure 4.17. 

Again pressure is plotted as negative. Due to the open consolidation boundaries 
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Figure 4.17: Excess pore pressure contours after 5 years of consolidation 

applied at the bottom and 0.5 m below the ground surface of the models the contour 
lines have the shape of half circles symmetrical around the symmetry axis. Most mod- 

els predict the maximum excess pressure at a depth of -8 m in the range of 16 to 18 

kPa, but MMC predicts the maximum at a depth of -11 m. After 5 years the percent- 

age of consolidation reached in terms of settlements by the models is about 42 % and 

about 63% in terms of excess pore pressure. 

MMC 
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Figure 4.18: Shear stress contours immediately after construction of the embankment 

4.4.5 Shear stress contours 

Shear stresses immediately after construction of the embankment are presented in 

Figure 4.18. MCC, the S-CLAY models and the SS2 model predict an almost indenti- 

cally shear stress contour pattern. SS 1 predicts a slightly higher peak shear below the 
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Figure 4.19: Shear stress contours after 100 years of consolidation 

toe of the embankment at a depth of -15 m. The MMC model shows a somewhat sim- 
ilar contour pattern to the S-CLAY models. 

In Figure 4.19 the shear stress distribution after 100 years of consolidation is shown. 
The maximum shear stress estimated by all the models is in the range of 14 to 16 kPa, 

below the toe of the embankment. The simulations clearly show that the isotropic 
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Figure 4.20: Differential vertical stress contours after 100 years of consolidation 

models (MCC, SS1 and SS2) predict a overall higher shear stress distribution with 

depth than the advanced models (S-CLAY 1, S-CLAY IS and MMC). 

4.4.6 Differential vertical stresses 

The predicted differential vertical stresses after 100 years of consolidation are pre- 

sented in Figure 4.20. Differential vertical stresses are defined as the difference 
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between the initial vertical stresses and the final vertical stress at the gauss points. 
Figure 4.20 shows that all the models predicted a similar magnitude of stress increase 

in the range of 35 kPa underneath the embankment but different levels of increase of 

vertical stress with depth. The increase of vertical stress predicted by the MCC model 

and the SS1 model between a depth of -20 m and the bottom of the model is different 

to the other models. Both models show a diagonal band of constant stress increase 

from the lower part of symmetry axis to the left side of the bottom boundary with 

almost zero stress increase in the corner. This is not found in the result of the other 

models which predict a stress increase of about 10 kPa in the lower right corner of the 

model. Comparing the advanced models only, it can be seen that both S-CLAY mod- 

els predict similar stress increases with depth. The simulation with the MMC model 

shows a higher level of stress increase with depth than the S-CLAY models. In the 

MMC model even the 10 kPa contour line intercepts the bottom boundary, compared 

to the 5 kPa contour line in the S-CLAY models. 

4.4.7 Selected stress path 

Figure 4.21 and Figure 4.22 show selected stress paths in the POKO clay deposit at 

four different locations below the embankment. The figures displayed in each column 

correspond to each other. The diagram at the top of each column presents stress paths 

from all models, the diagram in the centre of each column presents the isotropic mod- 

els only and the diagram at the bottom of each column compares the advanced models 

to the reference model (MCC model). 

In Figure 4.21 a-c the stress paths at the depth of -3.69 m and at a distance of 0.15 m 

from the symmetry axis of the embankment are presented. Inspection of Figure 4.21 

a-c shows that each model predicts an individual stress path but that some paths fol- 

low a similar pattern. Comparing the isotropic models only it becomes clear that the 

SS2 estimates a somewhat more realistic stress path than the MCC and the SS1. After 

the end of the undrained construction (vertical part of the stress path) during consoli- 
dation, the SS2 models predict a gradient close to the K0-stress ratio of 0.75. The 
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stress ratio of 0.75 is calculated for the ID-consolidation. Stress points close to the 

symmetry axis will almost experience 1D-consolidation. In contrast the MCC and 
SS 1 initially follow a K0-path but than diverge during a large part of the consolidation 

phase. Just towards the end of the consolidation both models change direction again 
to a gradient similar to the K0-path predicted by the MCC model. The MCC model is 

well known for its poor Ko predictions and by attempting to match the MCC with the 

SS 1, the SS 1 also gives a similar Ko prediction. Evaluation of the advanced models in 

the diagram at the bottom (Figure 4.21 c) shows an interesting behaviour of the MMC 

model. During the undrained loading the stress state at one or more of the integration 

planes exceeds the elastic domain and yielding occurs. The yielding forces the stress 

path to follow the cap yield surface towards the critical state line. Once the undrained 
loading is finished and consolidation starts, the cap yield surface expands in size and 

the stress path follows a K0-path. Both S-CLAY models predict similar stress paths. 

In Figure 4.21 d-f the stress paths at depth of -3.61 m and a distance of 11.99 m from 

the symmetry axis of the embankment are presented. This location is only two meters 

from the toe of the embankment and in an area where shearing can be expected to 

dominate the stress strain behaviour. Inspection of the stress paths shows that the ver- 

tical part of the stress paths is short compared to the stress path discussed earlier. The 

increase in deviatoric stress due to the embankment loading is less at this location 

than at a point at the same depth along the centre line. All models predict a similar 

stress ratio after the undrained loading and just at the end of consolidation some stress 

paths deviate from the stress path direction. The models which deviate are the iso- 

tropic models. Evaluation of the MMC path shows again that yielding occurs during 

undrained loading on one or more of the integration planes but at a lower stress level 

than at the centre line. 

The predicted stress paths at a point at a depth of -7.18 m and a distance of 0.15 m 
from the symmetry axis are shown in Figure 4.22 a-c. Evaluation of the paths demon- 

strates that each model predicts a unique stress path during undrained loading and that 

the difference is even more pronounced during the consolidation stage. Inspection of 
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the paths estimated by the isotropic models only shows that the SS 1 model, which 
attempts to match the original MCC, predicts yielding much earlier. Interestingly, the 
SS2 model predicts yielding at almost the same stress level as the MCC model but the 

predicted deviatoric stress level of the stress path at the end of the undrained loading 

stage suggests that SS2 might be close to failure. However, the SS2 stress path shows 
overall a similar pattern to the stress path estimated by the advanced models and pre- 
dicts the same stress ratio at the end of consolidation as both of the S-CLAY models. 
Examination of the MMC path also highlights interesting behaviour. The model pre- 
dicts yielding almost at the same stress ratio as both the S-CLAY models but shows 
some unloading in the form of a loop before it predicts a Ka stress ratio during the 

consolidation phase. The MMC estimates a stress ratio of about 0.87 compared to the 
theoretical 0.75 at the end of the consolidation phase. 

In Figure 4.22 d-f the stress paths at a depth of -7.37 m and a distance of 11.8 m are 
shown. Figure 4.22d presents clearly the difference in the stress ratio predictions by 

the different models. Both the S-CLAY models converge towards the same stress ratio 
at the end of consolidation, close to 0.75. The SS2 and the MMC, both predict a 
higher stress ratio of 0.8 and 0.87, respectively. In contrast the MCC and the SSI, 

(which attempts to match the MCC), estimate 0.48 and 0.52 respectively. All models 

with exception of the MMC yield at approximately the same stress level during the 

undrained loading phase of the soil. MCC yields again at a lower stress level and even 
shows a reduction of the stress ratio at the beginning of the consolidation phase. It is 

not clear what causes the unloading but most likely it is related to the deviatoric part 
of the model (Karstunen et al. 2006). The stress ratio predictions of the MMC model 
can be varied by changing the value of the input parameter a (see Section 2.4.2), 

which determines the shape of the yield surface on the sampling planes. 

4.4.8 The peak undrained shear strength 

To investigate the increase in undrained shear strength predicted by the different con- 
stitutive models, the undrained peak shear strength in triaxial compression, TXC 
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Figure 4.23: Initial peak undrained shear strength profile at the centre line of the embankment: a) 
isotropic and b) anisotropic models 

(MCC, SS models and S-CLAY1) has been calculated for the greenfield conditions 

and after 100 years of consolidation. The failure strength triaxial extension, TXE (S- 

CLAY 1) is shown just for the initial stress state. The definition of the undrained 

strength in the context of this work was introduced in Chapter 2 for each individual 

constitutive model. For the MMC model a peak undrained shear strength cannot be 

calculated, as a global equivalent of a peak undrained shear strength does not exist in 

the multilaminate framework. In the following only the MCC, S-CLAYI, SS1 and 

SS2 are included in the study of the peak undrained shear strength profile. The initial 

profile predicted by the S-CLAYI and S-CLAY IS is the same due to the same size of 

the yield surface. 

In Figure 4.23 the predicted initial undrained shear strength profile in TXC is pre- 

sented. It can be seen that all profiles have discontinuities at a depth of -2 in and -6 in. 
This corresponds to the change of the POP and Ko values (see Figure 4.1 for details) 

from one layer to the next layer. The profile in the dry crust is the same for all models 

as the HS model was used to simulate the dry crust. The MCC and the SS1, (which 
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Figure 4.24: Initial and final undrained peak shear strength profile at the centre line of the 
embankment: isotropic and b) anisotropic models 

attempts to match MCC), predict similar profiles with depth. The SS2 predicts sub- 

stantially higher strength with depth than the MCC and the SSI because of the differ- 

ent shape of the yield surface (see Figure 4.3). In contrast the S-CLAY1 model 

predicts an initial strength with depth which lies between the MCC and the SS2 mod- 

els. All the isotropic models predict the same strength in compression and extension. 
Only the S-CLAY1 model predicts a different strength in compression and extension. 
The predicted failure strength in extension is lower than the strength in compression. 
The predicted strength profiles are directly related to the POP profile used and the 

shape of the yield functions of the models in the p'-q plane. 

In Figure 4.24 the initial undrained shear strength profile of each model is compared 
to the predicted strength profile after 100 years of consolidation. The increase of und- 

rained shear strength in the dry crust is about 8 kPa at the surface and 2 kPa at the bot- 

tom of the dry crust at a depth of -2 m. The SS2 predicts an average increase in shear 

strength of about 2 kPa to depth of about -24.5 m and a maximum increase of about 6 

MCC \. 
-- SS1 

\-- SS2 

\\ 
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Figure 4.25: Natural and remoulded undrained peak undrained strength profile at the centre line of 
the embankment predicted by the S-CLAY IS model 

kPa at a depth of -6.5 m. The MCC model estimates an increase of undrained strength 

of similar magnitude but only to a depth of -19.5 m. The SS1, (which attempts to 

match the MCC), predicts a similar increase in strength with depth as the SS2. Com- 

paring the S-CLAY! model to the MCC shows that the advanced model gives about 

the same magnitude of increase in strength but to a depth of -26.0 m instead of -19.5 

m. The predicted ratio in the increase in undrained strength in compression Ocu to ver- 

tical stress Dßv is in the order of 0.25 at a depth of -6.0 m. 
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4.4.9 Remoulded shear strength 

The predicted natural and remoulded undrained peak shear strength at the centre line 

of the embankment is presented in Figure 4.24. Both strength profiles predicted by the 

S-CLAY 1S model are shown for greenfield conditions and after 100 years of consoli- 
dation. The strength profile is just shown from a depth of -2 m to the bottom of the 

model at a depth of -36 m. For the definition of the remoulded strength the reader is 

referred to Section 2.5.5. The initial remoulded strength increases with depth. During 

consolidation the intrinsic yield surface expands with plastic straining and the 

remoulded shear strength increases but the observed increase is not constant with 

depth. 

4.4.10 Conclusion on the results predicted by the different models 

All of the models assumed an identical initial state in terms of in-situ stress and verti- 

cal preconsolidation stress. The models gave a range of predictions in terms of settle- 

ments, horizontal displacements and stress increase. The results of the numerical 

analyses showed that for this problem accounting for anisotropy and destructuration 

increases the predicted vertical displacements. Karstunen et al. (2006) and Wiltafsky 

(2003) showed similar findings. Both anisotropic models showed that accounting for 

anisotropy increases the final vertical displacements. In contrast the horizontal dis- 

placements are more influenced by the pre-yield behaviour and the shape of the yield 

surface than anisotropy. The MMC model predicts the biggest horizontal displace- 

ment below the toe of the embankment followed by the SS 1 model. Both S-CLAY 

models show similar predictions of horizontal displacements suggesting that the 

effect of bonding and destructuration is less significant than the effect of anisotropy. 

Similar findings have been reported by Karstunen et al. (2006) and Wiltafsky et al. 

(2003). All simulations showed that the area of maximum horizontal displacement is 

not underneath the toe of the embankment as suggest by Leroueil et al. (1990). The 

area is located below the slope of the embankment and its location moves with con- 

solidation time, i. e. moving deeper and marginally closer to the centre line of the 

embankment. 
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All models predict similar volumetric contours after construction and consolidation 

with the exception of the MMC model. Similar behaviour was observed for the devia- 

toric strain predictions. The deviatoric hardening part of the MMC most likely con- 

tributes to the different straining behaviour predicted by the model. 

The difference in the predicted excess pore pressure, shear stresses and differential 

vertical stresses by the different models is less pronouced than it was for the settle- 

ments. Again the MMC showed somewhat different results than the other models. 

Inspection of the stress paths showed that both S-CLAY models and the SS2 predict 

similar values of Kp close to the normally consolidated Kp, while MCC and SS1 pre- 

dict unrealistic high values. The MMC gives overall the lowest values. In the MMC 

and the SS models the final Ka value is dependent on the shape of yield surface and 

this can be influenced by the input of the user. It demonstrates the importance of using 

realistic input values to predict correct Kp values. The use of the Soft Soil model and 

the Multilaminate model is therefore not as straightforward as some publications 

might suggest. 

The peak undrained shear strength profile with depth of the MCC model, SS 1 model, 

SS2 model and S-CLAY 1 model has been evaluated before construction and after 100 

years of consolidation. The predicted initial profiles differ somewhat from each other 

due to the different shapes of the yield surfaces. Anyone using advanced models 

should really check what the initial predicted strength is. Because the predicted values 

for undrained strength depend on the initial stress state, undrained shear strength can 

not be considered as a soil constant. All models predict a similar increase of peak und- 

rained shear strength with time. 
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4.4.11 Other aspects influencing the behaviour of an embankment 

In this section several aspects previously not mentioned influencing the settlement 
behaviour are studied and discussed. First, the depth of the deposit and the effect of 

anisotropy and bonding is explored. This is followed by a study on the embankment 

geometry and the effect of different constitutive models used to represent the stress- 

strain behaviour of the embankment fill. The results presented and discussed are 
based on a total of 83 finite element simulations. 

4.4.11.1 Influence of the depth of the deposit 

The geometry of the embankment and the soil layers are the same as shown in 

Figure 4.1. The stress-strain behaviour of the assumed underlain soft soil deposit is 

modelled with the MCC and the two S-CLAY models. 

The predicted consolidation time versus the depth of the deposit is presented in 

Figure 4.26a. It is important to recall the drainage condition applied for the presented 

case before discussing the findings. Drainage at the surface and at the bottom of the 

model was applied. Inspection of the Figure 4.26a shows that with increasing depth of 

the deposit the consolidation time increases, as expected. From an 8m to an 18 m 

deposit the increase in consolidation time appears to be non linear. In contrast, the 

increase from 18 m to 36 m could be represented with a linear relationship. The 

increase in consolidation time from the 8m to a 12 m deposit predicted by the MCC is 

about 87 %, the S-CLAY1 predicts about. 100 % and the S-CLAY IS 80 %. From 12 m 

to 18 m the predicted increase by the MCC is about 13 %, S-CLAY1 about 25 % and 

the S-CLAYIS predicts 8.5 %. The increase from 18 m to 36 m estimated by the 

MCC is 16% and both S-CLAY models predict an increase of 15%. Anisotropy con- 

tributes to a small increase in predicted consolidation time for the shallow deposits 

but this increase becomes negligible for deeper deposits. For the case considered it 

appears that including bonding and destructuration reduces the consolidation time for 

shallow deposits. 

Numerical modelling of embankments on soft soils 129 



a) 120 

100 

so 
AC 

60 

40 

bý 
-0.2 
-0.3 

-0.4 E 

-0.5 

-0.8 

-0.7 

-0.8 

-0.9 
5 10 15 20 25 30 35 40 

Depth of the deposit [m] Depth of the deposit [m] 

Figure 4.26: Influence of the depth of the deposit a) on the consolidation time and b) on the 
predicted final settlement 

The predicted vertical settlements after the end of consolidation versus the depth of 

the deposit is illustrated in Figure 4.26b. Evaluation of the graph shows that the pre- 

dicted curves are non-linear. All models predict the largest increase in displacement 

from 8m to 12 m. The MCC predicts an increase of settlements of 55 % and both S- 

CLAY models somewhat less, around 38 %. Thereafter, the increase in settlement 

becomes smaller and smaller and there is almost no increase predicted between 18 m 

and 36 m. Comparing the predictions between the models shows that for an 8m 

deposit the S-CLAY1 gives 43 % higher settlements than the MCC and the S- 

CLAY 1S gives a 66 % increase in settlement. The increase due to anisotropy and 

destructuration is less apparent for the deeper deposits. For a 36 m deposit the S- 

CLAY 1 shows a 30 % increase and the S-CLAY 1Sa 45 % increase compared to the 

MCC predictions. The results show that the influence of the depth is limited as 

expected. 

The influence of the depth of the deposit on the predicted uX/uy - ratio is presented in 

Figure 4.27. Figure 4.27a compares the estimated ratio after the construction of the 

embankment and after 100 years of consolidation. The ux used to calculated the ratio 

is the maximum u, underneath the toe of the embankment. The uX/uy - ratio after con- 
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struction is clearly dependent on the depth of the deposit. With increasing depth the 

ratio decreases from a maximum of 63 % for a depth of 8m to a minimum of 0.33 % 

for a 36 m deep deposit. Inspection of the curve shows that the decrease of the uX/uy - 

ratio certainly decreases with increasing depth. All three models (MCC, both S-CLAY 

models) used in the simulations predict similar ratios for all deposits simulated. The 

ratio drops significantly to about 10% at the end of 100 years of consolidation. 
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Inspection of the horizontal displacement contour plots (Figure 4.11) in Section 4.4.2 

showed that the maximum horizontal displacements are not predicted underneath the 

toe of the embankment, as is very often incorrectly assumed. The location of the max- 

imum is dependent on the degree of the consolidation and is located below the slope 

of the embankment. In Figure 4.27b and c the predicted absolute maximum value of 

uX is used to calculate the uX max/uy - ratio and compared to the uX/uy - ratio calculated 

with the maximum uX at the toe. Figure 4.27b shows the prediction after the construc- 

tion of the embankment. The estimated uX max/uy - ratio is slightly higher than the uX/ 

uy - ratio for all deposits and constitutive models. The uX max/uy - ratio after 100 years . 
of consolidation of the deposit is shown in Figure 4.27c. The simulations show that 

the uX max/uy - ratio decreases with increasing depth of the deposit. This observed 

behaviour is somewhat different to the uX /uy - ratio which is not much influenced by 

the depth of the deposit. 

In Figure 4.27d the minimum ux below the toe of the embankment is used to calculate 

the ux min /uy - ratio. The predicted ux min /uy - ratio is negative due to the fact that the 

area below the toe of the embankment is pulled towards the centre line of the embank- 

ment due large vertical settlements. Inspection of Figure 4.27d shows that the ux min 
uy - ratio is dependent on the depth of the deposit and the constitutive model used. For 

an 8m deposit all three models predict a ratio in around -0.8 %. With the increasing 

depth of the deposit, the influence of anisotropy becomes more obvious. Accounting 

for destructuration further decreases the ux min /uy - ratio. 

4.4.11.2 Influence of the width of the crest of the embankment 

The influence of the width of the crest of the embankment is shown in Figure 4.28. In 

the simulations the S-CLAY1 S model was used to represent the stress-strain behav- 

iour of the deposit. Three different finite element models were used for the predic- 

tions. The first model was used to model a crest of width between 2 and 20 m. The 

second model, from 20 to 40 and the third from 40 to 58 m. The uX/uy-ratio (ux at the 

toe) is presented immediately after construction of the embankment and after 100 
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years of consolidation. In the study, embankments with different crest widths and a 

height of Im (Figure 4.28a and c )or 2m (Figure 4.28b and d) were used. The crest 

width was varied from a minimum of 4m to a maximum of 56 m for the Im embank- 

ment and from 2m to 56 m for the 2m embankment. All calculations were performed 

with just ten finite element models by activating the required size of the embankment. 

Numerically this is not ideal as the coarseness of the finite element mesh will influ- 

ence the results to some extent. In the first set of simulations the dry crust was mod- 

elled as an undrained material and in the second set of simulations it was modelled as 

-0.1 
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a drained material. The material behaviour of the dry crust was varied to investigate 

the influence of the dry crust on the predicted uX/uy-ratios. 

In Figure 4.28a the uX /uy - ratios are presented for the 1m embankments after the con- 

struction of the embankments. The ux /uy - ratio is presented for the simulations with 

the drained and the undrained dry crust. In addition the predictions are compared to a 

uX /uy - ratio suggest by Leroueil et al. 1990. The ux /uy - ratio for the case when the 

dry crust is assumed to be undrained is somewhat higher than when it is assumed to be 

drained and increases with increasing width of the embankment. The predicted 
increase is almost linear. The uX /u y- ratio for the drained case also increases with the 

embankment width but the gradient is smaller than that of the undrained. Only for the 

smaller width, is the uX /u, - ratio similar to that which was suggested by Leroueil et 

al. (1990). 

In Figure 4.28b the predictions for the 2m embankments are shown. The predicted u. 

/uy - ratios for the undrained case are again higher than for the drained case. In general 

the uX /uy - ratios are lower than the u, /uy - ratios shown in Figure 4.28a. Again for 

the embankments with smaller widths the predictions are in agreement with the u, /uy 

- ratio by Leroueil et al. (1990). Measurement at the Murro test embankment a couple 

of days after construction resulted in a uX /uy - ratio of 18 %. At Murro the dry crust 

had a thickness of about 1.8 m and the average level of the water is located at a depth 

of 0.8 m. The width of the crest is 10 m. The measured ratio of the Murro embank- 

ment lies well within the values suggested in Figure 4.28b for a 10 m crest. 

The predictions after 100 years of consolidation are shown in Figure 4.28c and d. As 

the influence of the material behaviour of the dry crust has been found to be neglible 

after 100 years of consolidation only one set of simulations is presented. In addition to 

the ux /uy - ratio at the toe, the ux min/uy - ratio calculated based on the minimum ux at 

the toe is presented. Figure 4.28c shows that the ux /uy - ratio and the ux min /uy - ratio 

predicted for a1m embankment decreases almost linearly with increasing width. A 

somewhat different behaviour for the ux /uy - ratio is evident in Figure 4.28d. The pre- 
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Figure 4.29: Influence of the embankment height and the gradient of the slope on the u,, /uy - ratio 
a) after construction and b) after 100 years of consolidation 

dicted uX /uy - ratio suggests that the ratio does not change with an increase of the 

width. In contrast the estimated ux min /uy - ratio decreases with width. 

4.4.11.3 Influence of the slope gradient and the embankment height 

The results presented in this section are used to study the effect of the slope gradient 

and the embankment height on the u. /uy - ratio. The S-CLAY IS model was used to 

simulate the stress-strain of the soil and all simulations were performed with a single 

finite element model. The uX used is the local maximum below the toe of the embank- 

ment. In this study the dry crust was simulated as an undrained material. The influ- 

ence of the material behaviour (drained or undrained) of the dry crust was shown in 

Figure 4.28. In Figure 4.29a the results immediately after construction are presented. 

The slope gradients considered in the simulations are listed in Table 4.8, where ß is 

the angle of the slope. 

Table 4.8: Slope gradients used in the simulations 

Slope 
gradient 1: 1.5 1: 2.0 1: 2.5 1: 3.0 1: 3.5 1: 4.0 

tann 0.67 0.50 0.40 0.33 0.29 0.25 
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The predictions of the uX /u 
Y- ratios after the construction of the embankments are 

shown in Figure 4.29a. An almost linear reduction of the uX /uy - ratio with an increase 

of slope steepness is observed. An increase of the height of the embankment results in 

an increase of the uX /uy - ratio. For comparision, the u,, /uy - ratios suggested by Ler- 

oueil et al. 1990 are plotted. These are much lower compared to the predicted values. 

It has been shown before that the material behaviour of the dry crust and the width of 

the embankment have a strong influence on the predicted values. As a consequence 

the values suggested by Leroueil et al. 1990 can not be directly compared to the pre- 

dictions. Measurements presented by Larsson and Mattsson (2003) from the Skä- 

Edeby embankment about 45 days after construction suggest a u, /uy - ratio of 70 %, 

respectively. The slope of the embankment is 1: 1.5 (tang=0.67) and the height is 1.5 

m. The depth of the dry crust is 0.5 m. The measured value lies reasonably well within 

the ratios predicted in Figure 4.29a. 

The predictions of the ux /uy - ratios after 100 years of consolidation are presented in 

Figure 4.29b. An increase in the embankment height results in a decrease of the u, t /uy 

- ratio. The influence of the slope gradient on the predicted ratio is more pronouced 

for low embankments. Measurements presented by Larsson and Mattsson (2003) 

from the Ski-Edeby embankment 25 years after construction suggest a u. /uy - ratio of 

20 %. Final consolidation had not yet been reached, but the uX /uy - ratio dropped sub- 

stantially and appears that it will continue to decrease. 

4.4.11.4 Pratical aspects of ug/uy-ratio versus time 

In Figure 4.30 the uX/uy -ratio versus the consolidation time is plotted for four differ- 

ent embankment heights. The results shown in Figure 4.30 were simulated with the S- 

CLAY IS model. The ux/uy -ratio continuously decreases with time towards a lower 

bound value which is similar for all four embankment heights considered and con- 

firms the findings presented in Figure 4.27 and Figure 4.28. In Figure 4.30b the time 

is plotted as a percentage of the maximum consolidation time. Inspection of 

Figure 4.30b shows that after 10% of the total consolidation time, the u, t /uy - ratio has 
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Figure 4.30: Influence of the consolidation time on the u, /uy - ratio a) time [years] b) time[%] 

almost reached its final value. In all four cases the degree of consolidation in terms of 

settlement was -40% after 10% of the consolidation time. From a practical perspec- 

tive this finding is important. It would suggest that an embankment just requires the 

u, t /uy - ratio to be monitored for 10% of its consolidation time. Secondly, monitoring 

the u. /uy - ratio would show clearly if the embankment settles as expected and any 

change in the uX /uy - ratio with time could be used as a trigger value for further inves- 

tigation. 

4.4.11.5 The influence of the constitutive model for the embankment fill 

The following study investigates the influence of the constitutive model used to repre- 

sent the stress-strain behaviour of the embankment fill on the settlement behaviour of 

the embankment. Three constitutive models were used in the simulations. A linear 

elastic model, the Mohr Coulomb model and the HS model (Brinkgreve 2002). The 

parameters for the models are summarised in Table 4.9. 
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Table 4.9: Input parameters of the embankment fill for the different constitutive models 

Model 

E, traf 
Eoedref 

[kN/m2, 

Eur Or 

Eurref 

[kN/m2l 

Pref 

q)f v' m [kN/m3I IkN/m21 

Elastic - 40000 - 0.3 - 20 - 
MC model - 40000 38 0.3 - 20 - 
HS model 40000 120000 38 0.3 0.5 20 10 

The embankment used in the simulations is shown in Figure 4.1. The surface settle- 

ments after construction of the embankment predicted by the different models is 

shown in Figure 4.31a. The MC and HS model estimated a similar settlement trough 

with a maximum of -0.06 m at the centre line of the embankment. The elastic model 

predicts marginally bigger vertical displacements of about -0.068 m. All three models 

predict a similar magnitude of soil heave at a distance of 12 m to 50 m from the centre 

line of the embankment. The settlements after 100 years are presented in 

Figure 4.31b. Again the MC model and the HS model predict settlements of similar 
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Figure 4.32: Influence of the constitutive model of the embankment fill on the horizontal 
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maginitude, -0.77 m respectively. The elastic model predicts marginally lower settle- 

ments at the symmetry line of the embankment. 

The horizontal displacements profile with depth below the toe of the embankment 

after construction is shown in Figure 4.32a. Predictions of horizontal displacements 

with depth by the MC and HS model are similar. The elastic model estimates margin- 

ally smaller displacements close to the surface but shows the same profile with 

increasing depth. Horizontal displacements after 100 years of consolidation are pre- 

sented in Figure 4.32b. All the models predict similar displacement profiles with 

depth. The HS model predicts a marginally bigger peak at a depth of -6 m than the 

elastic and the MC model. 

The simulations presented with the different constitutive models showed that the 

influence on the settlement behaviour is neglible for the horizontal displacements. As 

the MC and the HS model predict similar settlement troughs after construction and 
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consolidation the use of the MC model in simulations of embankments not close to 

failure can be justified. 

4.4.11.6 Conclusion on the presented study 

The evaluation of the effect of the geometry was divided into three parts. Firstly the 

predicted short term and long term behaviour of soft clay deposits of different depths 

was investigated through numerical simulations using MCC, S-CLAY1 and S- 

CLAY 1 S. Secondly the influence of the width of the embankment was simulated. 

Finally the effect of the slope gradient and the embankment height was studied. 

a) Effect of the depth of the deposit (height of embankment 2 m, 16 m wide, slope 

gradient 1: 3) 

Anisotropy and destructuration have a marginal influence on the predicted consolida- 

tion time for deposit with a depth between 8 and 18 m. For deposits deeper than 18 m 

the influence on the consolidation time is negligible. 

Anisotropy and destructuration increase the predicted surface settlements for deposits 

with a depth between 8 and 36 m. 

The predicted ux-toduy-ratios (max. horizontal at the toe/max. vertical displacements) 

after construction of the embankment decrease in a non-linear manner from 65 % for 

a8m deposit to 34 % for a 36 m deposit. ' 

The predicted x-toc�uy-ratios (max. horizontal at the toe/max. vertical displacements) 

after construction are marginally lower than the predicted uX-max/uy-ratios (max. hori- 

zontal /max. vertical displacements) after construction for all deposit depths investi- 

gated. 

The predicted ux_toe/uy-ratios (max. horizontal at the toe/max. vertical displacements) 

at the end of consolidation are in the order of 10 % and are not dependent on the depth 

of the deposit. 
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The predicted ux_max/uy-ratios (max. horizontal/max. vertical displacements) after 

consolidation of the embankment decrease in a non-linear manner from about 18 % 

for a8m deposit to 14 % for a 36 m deposit using the S-CLAY 1 model. S-CLAY IS 

predicts on average 23 % higher ratios than S-CLAY1 (22% to 18%). 

b) Effect of the width (4 to 56 m), height (1 to 5 m) and the slope of the embankment 
(1: 1.5 to 1: 4) 

The predicted uX_t. e/uy-ratios (max. horizontal at the toe/max. vertical displacements) 

after construction are dependent on the material behaviour assumed for the dry crust. 

Modelling the dry crust as a drained material decreases the predicted N-toe/uy-ratios 

by an average of 50 % compared to assuming an undrained dry crust for a6m wide 

embankment. The difference increases with increasing width of the embankment. 

Predictions by the model simulations showed an increase of ux-toe/uy-ratios after con- 

struction with increasing width of the embankment. Leroueil et al. (1990) suggest a 

ux-toe/uy-ratios which is only dependent on the slope of the embankment. Model sim- 

ulations are in good agreement with ratios suggested by Leroueil et al. (1990) for 

small embankment widths (up to 6 m) but suggest larger ratios with increasing 

embankment width. 

The predicted ut_tOe/uy-ratios after construction are dependent on the gradient of the 

slope of the embankment. For a gradient of 1: 1.5 a ratio between 100 % and 136 % 

was predicted depending on the height of the embankment. The ratios decreased to 

between 58 % to 76 % with the increase of the gradient of the slope to 1: 1.4. 

The predicted uX_/uy-ratios decrease with consolidation time. It was found that after 

10 to 20 % of the maximum consolidation the ux-toe/uy-ratio has reached its final 

value. This conclusion is of practical importance for the instrumentation and monitor- 

ing of an embankment. It suggests that the horizontal deformations of an embankment 

need only to be monitored for a certain period of time during the life time of the 

embankment. 
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4.5 The influence of anisotropy and destructuration on the 
ultimate vertical load 

To study the influence of anisotropy and destructuration on the undrained shearing 

capacity, a simple boundary value problem was used instead of an embankment. The 

soil consists of a single layer with the parameters representing POKO clay 

(Table 4.4). At the ground surface of the soil layer a distributed vertical load was sim- 

ulated over a width of 1 m. The load was applied in terms of displacements instead of 

forces at the nodes of the finite elements. The displacements were gradually increased 

in a controlled manner under undrained conditions. In the plane strain simulations a 

finite element mesh consisting of about 150 15-noded triangular elements was used. 

The mesh was very fine in the area of the load and becoming very coarse towards the 

boundaries. This is a large strain problem but the simulations were performed as small 

strain simulations. This was carried out to allow for the comparison to 3D simulations 

with the PLAXIS 3D foundation code which is limited to small strain analysis (Kam- 

rat-Pietraszewska et al. 2008; Krenn and Karstunen, 2007). 

4.5.1 Influence of OCR on undrained shear strength 

In the analysis the OCR was assumed to be constant with depth but three different 

OCR values were considered, 1,1.5 and 3.0, respectively. The OCR values chosen 

predict the undrained shear strength profiles shown in Figure 4.33. Four different soil 

models were used in the simulations, MCC!, MCC2, S-CLAY! and S-CLAYIS. The 

profile predicted by the S-CLAY IS is not shown in Figure 4.33 as it is the same as 

predicted by the S-CLAY1. In order to study the effect of soil anisotropy on the ulti- 

mate load, the strength of the MCC! and S-CLAY1 were matched in compression. 

The OCR values of the MCC! were varied to match the strength of the S-CLAY! 

model in compression. The required OCR values to match the strength are shown 

Table 4.10. 
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Figure 4.33: Undrained strength profiles, comparison of the MCC and S-CLAY 1 predictions a) 
OCR=1.0 b) OCR=1.5 and c) OCR=3.0 

Table 4.10: OCR values 

MCC2 & 
S-CLAY1 1 1.5 3.0 

MCC! 1.08 1.74 4.05 

The OCR values for the S-CLAY1 and MCC2 are referred to as the reference values 

because the values are determined from the stress history. In Figure 4.33a the pre- 

dicted strength for the reference value of OCR=1 is presented. The difference between 

MCC2 and S-CLAY 1 is marginal at the top of the model and linearly increasing with 

depth. Inspection of Figure 4.33b and c shows that the difference between MCC2 and 

S-CLAY 1 is increasing with increasing OCR values. The magnitude of the difference 

of the predicted undrained strength in compression is most obvious at the bottom of 

the model. For OCR=1, the difference in strength is 5.9%. OCR=1.5, the predicted 

difference is 14.2% and for the case with OCR=3,31.8%, respectively. The right 

choice of the constitutive model is important for a correct representation of the 

strength if the strength is based on the stress history. Basing the strength of the soft 

soil on the stress history is the recommended choice. In the absence of an advanced 
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Figure 4.34: Load settlement curve for OCR=1 

constitutive model, the strength can be matched in compression, by increasing the 

value of the OCR. 

4.5.2 Predicted ultimate vertical loads 

As a typical example the load settlement curve for OCR=1 is presented in 

Figure 4.34. The MCC1 model predicts the highest ultimate vertical load VU, T of 

12.12 kN/m, followed by the S-CLAYI with 11.48 kN/m, respectively. The MCC2 

predicts a marginally lower value of about 11.10 kN/m. The lowest vertical load over- 

all, is predicted by the S-CLAYIS model. The peak load is 7.76 kN, respectively. 

After the peak, the model predicts substanial softening and as a consequense the ulti- 

mate load is descreasing. 

Closer inspection of the loading curve shows that all models predict a different gradi- 

ent before converging to an almost constant value. During undrained loading the size 

of the yield curve of the MCC model and the S-CLAY1 model can not change much, 

as no volume change is predicted and elastic volumetric strains are small. The differ- 
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ent gradients predicted by the two MCC models can be explained with the different 

sizes of the yield surface and as such the different magnitude of plastic straining 

involved. Obviously, the yield surface of MCC1 is bigger than that of MCC2. The 

elastic domain is bigger and less plastic strains are predicted. There is also a differ- 

ence in the gradient of the loading curve of the MCC2 and S-CLAY 1, despite assum- 
ing the same undrained shear strength in compression. The yield surface of the S- 

CLAYIS does not expand much during undrained loading but it can rotate because 

plastic straining gradually changes the fabric. A large degree of rotation is observed in 

areas where pure shearing or extension is observed. 

In numerical simulations where strain softening is involved there is always to some 

degree mesh dependency involved and convergence problems may occur in the simu- 

lations. A limited study on the influence of the mesh size on the predicted response by 

the S-CLAYIS was performed. The number of elements directly below the loaded 

area and close to the expected slip surface was varied. The results of the exercise are 

presented as load displacement curves (Figure 4.35). In the simulations an intial state 

with OCR=1 was assumed. Both the peak load and the post-peak behaviour are influ- 

enced by the number of the elements. The influence on the peak load is more pro- 

nouced if the load applied is displacement controlled rather than load controlled 

(Kamrat-Pietraszewska et at. 2008). There is no clear trend for the peak load with the 

number of elements. It seems that with an increasing number of elements the peak 

load is reduced but this is not true for the simulation with 1858 elements. The number 

of elements obviously strongly influence the predicted post-peak softening gradient. 

An increase in the number of elements clearly shows a steepening in the gradient. For 

the case with 1858 elements the gradient is almost vertical. It was also found that the 

simulation with 1858 elements did not converge. For detailed discussion and research 

on softening the reader is referred to Toncone (2005) and Crawford et al. (1995). In 

the following discussion only the predicted peak values are considered. 

In Figure 4.36 the influence of OCR on the predicted ultimate vertical loads is shown. 
To account for a realistic stress history in the simulations, the I(o was altered together 
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Figure 4.35: Load settlement curves predicted by S-CLAY IS model with different numbers of 
elements 

with the OCR using the formula of Mayne and Kulhawy (1982) (Eq. 3.3). For the 

simulations with the MCC 1 model, the Kp was also calculated using the reference val- 

ues of OCR rather than the OCR assumed to define the size of the yield surface. The 

predicted Ko - OCR relation is shown in Figure 4.36a. In Figure 4.36b the ultimate 

vertical load VULT is presented as a function of the OCR and the constitutive model 

used. For the S-CLAYIS model the peak values have been plotted and due to the 

mesh dependency should be viewed with caution. With increasing OCR each models 

predicts an increase in VULT, as expected. The difference between the V1 
,T predicted 

by the MCC1 and the S-CLAY1 increases with increasing OCR. In contrast the differ- 

ence between S-CLAY1 and S-CLAY1S appears to be fairly constant with increasing 

OCR. MCC2 predicts similar VULT values for each OCR considered to the S-CLAY 1. 

In Figure 4.36c the difference in VULT is presented as OVULT in percentage, using the 

predictions by the MCC 1 model as a reference. The reduction of VULT predicted by S- 

CLAY1 for OCR=1 is 8%. With increasing OCR the reduction increases to a maxi- 

mum of 23% for OCR=3. The difference between S-CLAY1 and MCC2 is in the 
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Figure 4.36: Influence of OCR on the ultimate vertical load: a) OCR versus KO b) Vult versus OCR 
and c) OVult versus OCR 

order of 1% for all three cases considered. The reduction in load predicted by the S- 

CLAYIS is substantial and is 32% for OCR=1 and 43% for OCR=3. The difference 

between S-CLAY1 and S-CLAYIS is significant, approximately 20% for OCR=1. 

Again, the results of S-CLAY IS should be viewed with caution due to mesh depend- 

ency. 

Zdravkovic and Potts (1999) performed similar simulations of a strip footing and cir- 

cular footing with the MIT E3 model (Whittle, 1993) and MCC model on stiff nor- 

mally consolidated clay. The MIT E3 was developed for overconsolidated clays and is 

a bounding surface model which accounts for anisotropy via a sheared ellipsoid. It 

uses a critical state cone as the failure citerion and distinguishes between critical state 

in extension and compression. It also accounts for small strain non-linear plasticity 

and strain softening. In the simulations, Zdravkovic and Potts (1999) also matched the 

undrained strength in triaxial compression for both models, MCC and MIT E3. The 

soil was assumed to be normally consolidated (OCR=1). The simulations by Zdravko- 

vic and Potts (1999) showed that accounting for anisotropy reduced the vertical fail- 

ure loads in the order of 20%. This reduction is bigger than predicted by the S-CLAY I 
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model, which predicts a reduction of about 8% for OCR=1. The difference can also be 

contributed to the fact that the MIT E3 model is using a different critical state friction 

angle in compression and extension. Furthermore, the model predicts an undrained 

shear strength profile which is dependent on the direction of the principal stresses. All 

of the above will contribute to a lower ultimate load. 

Zdravkovic et al. (2002) performed a number of plane strain analyses of test embank- 

ments constructed on soft clays. The behaviour of the soft clay was modelled with the 

MIT E3 to simulate the anisotropic strength and with the MCC to represent isotropic 

strength. The failure height of the embankment was predicted correctly with the ani- 

sotropic model but overestimated by the isotropic MCC. Simulations of the test 

embankment by Grammatikopoulou et al. (2007) demonstrated the influence of the 

shape of the yield surface and the plastic potential on the predicted failure height. 

Grammatikopoulou et al. (2007) used different isotropic models with different yield 

surfaces and plastic potentials to represent the stress-strain behaviour of the soil. In 

the simulations the shear strength in triaxial compression was matched by all models 

used but each model predicted a different strength in plane strain which was depend- 

ent on the yield surface and the plastic potential. They concluded that using an iso- 

tropic model and choosing a suitable yield surface and plastic potential will allow the 

prediction of the correct anisotropic strength in plane strain. 

4.5.3 Concluding remarks on the ultimate load 

The influence of anisotropy and destructuration on the ultimate load was studied with 

plane strain simulations. To demonstrate the influence of anisotropy the undrained 

shear strength in compression was matched for MCC and S-CLAY! by increasing the 

size of the yield surface of the MCC. For the prediction of the ultimate load it has 

been shown that the results are strongly influenced by the choice of the constitutive 

model and the initial state parameters, most importantly Kp (earth pressure at rest) and 

OCR (vertical overconsolidation ratio). 
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When the model parameters were chosen such that MCC and S-CLAY 1 predict the 

same undrained strength in triaxial compression, S-CLAY 1 predicts a5% lower ulti- 

mate load. 

When the undrained strength was based on the stress history, both models predict an 

ultimate load of similar magnitude. Accounting for destructuration substantially 

reduces the ultimate load but the absolute values have to be examined with caution. 

The S-CLAY! S model predicts strain softening during undrained loading. In finite 

element simulations where strain softening at the material point level is involved, the 

ultimate load and the magnitude of global strain softening is strongly influenced by 

the size, geometry, type and number of finite elements used in the simulations. 
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Chapter 5 

Developments regarding S-CLAY IS 

This chapter introduces developments. regarding the implementation of the S- 

CLAY IS model as a user defined soil model into the PLAXIS finite element code. It 

summarises the extension of the implementation into a comprehensive tool in terms of 

possible output. Secondly, a sub-stepping procedure with a continuously updated D- 

matrix is introduced which predicts more accurate yielding when used with the auto- 

matic step size procedure in the PLAXIS code. In the last part of this Chapter an 

extension of the S-CLAY 1S model, the S-CLAY2S model is introduced and verified 

against drained triaxial tests at different stress ratios. Embankment simulations with 

the S-CLAY2S model are compared to results predicted by the S-CLAY 1S model. 

5.1 User defined output 
In the original implementation of the S-CLAY 1S model (Wiltafsky, 2003b) the output 

was restricted to the standard output in terms of stresses, strains and displacements 

provided by the output programme of the PLAXIS 2D and PLAXIS 3D foundation 

code. Although with the original implementation some of the most relevant state vari- 

ables can be displayed in the output programme, there was a need to graphically dis- 

play more information about the predicted behaviour. The aim of this part of the work 

was to develop an output tool which makes it possible to present information about 

the predicted stress-strain-strength behaviour of the S-CLAY IS model differently. 
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5.1.1 Original implementation 

In the original implementation of the S-CLAY1S model (Wiltafsky, 2003b) 11 state 

variables are stored (see also Section 2.7.2), as listed in Table 5.1. 

Table 5.1: State variables stored for the output programme (original implementation) 

Number Symbol Name 

1 ax First component of fabric tensor 

2 ay Second component of fabric tensor 

3 aZ Third component of fabric tensor 

4 axy Fourth component of fabric tensor 

5 ct Fifth component of fabric tensor 

6 azx Sixth component of fabric tensor 

7 CEO Scalar value of fabric tensor 

8 pm; Current size of intrinsic yield surface 

9 x Bonding parameter 

10 pm Current size of natural yield surface 

11 e Current void ratio 

12 finit Initialisation 

The values of the stored state variables can be viewed in the PLAXIS output pro- 

gramme. The state variables can be activated in the Stresses menu (see Figure 5.1). In 

the output programme all variables are called state variables even if they are not true 

state variables such as the Initialisation for example. The Initialisation is a variable 

which is set to a certain value once the finite element code has called the user defined 

soil model for the first time for each gauss point. It signals to the finite element code 

that all state variables are set up for the initial stress state. The name state variable in 

the programme should not be confused with the true meaning of a state variable in a 

constitutive model. Due to a limitation in the current version of the output programme 

only the number of the state variable is shown instead of the symbol. 
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Figure 5.1: Submenu for state variables in the PLAXIS 2D output programme (original 
implementation) 

5.1.2 Extended implementation 

In the extended implementation developed as part of this work 10 more variables can 

be displayed in the output programme (Table 5.2). Not all additional variables are use- 

ful as such for the output, but are stored for calculation purposes. For the definition of 

state variable 13,14 and 16 (natural and remoulded peak undrained shear strength) 

the reader is referred to Section 2.4.1.1 and 2.5.5. Number 15 is not used and is 

reserved for further development. 

State variables 17 to 22 are used to calculate the differential effective stresses in the 

x, y and z-direction. In variables 20,21, and 22 the initial effective stresses in x, y, z- 

directions are stored as reference for the calculation of the differential effective 

stresses at any later stage. The differential effective stresses in x, y, z-directions (dax, 

da daZ) are defined as 

dax aX - azi 
day - ay - ayi [5.1 ] 

da, a` - azi 
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Figure 5.2: Submenu for state variables in the PLAXIS 2D output programme (new 
implementation) 

where ß, d, ay; and c1 are the initial effective stresses in the x, y, z-directions. In the 2D 

PLAXIS Software y is the vertical axis, x is the horizontal axis and z is the out of 

plane axis. In PLAXIS 3D Foundation, y defines the vertical axis, x and z the two hor- 

izontal axes. In the output programme of PLAXIS 2D the state variables can be acti- 

vated in the Stresses menu as shown in Figure 5.2. To display the state variables in the 

PLAXIS 3D Foundation software, one needs to go to the Stresses menu and activate 

the submenu for State Parameters. In this submenu a second submenu lists all the 

available user defined state variables (see Figure 5.3 for details). A so-called plastic 

nil step needs to be added to the calculation as a first calculation step, to enable the 

display of the initial differential stresses or undrained shear strength with depth in the 

output programme. 

Numerical modelling of embankments on soft soils 153 



Table 5.2: State variables stored for the output programme (new implementation) 

Number Symbol Name 

1 ax First component of fabric tensor 

2 ay Second component of fabric tensor 

3 aZ Third component of fabric tensor 

4 a-y Fourth component of fabric tensor 

5 ayz Fifth component of fabric tensor 

6 a Sixth component of fabric tensor 

7 ao Scalar value of fabric tensor 

8 pmi Current size of intrinsic yield surface 

9 xo Bonding parameter 

10 pm Current size of natural yield surface 

il e Current void ratio 

12 finit Initialisation 
. 

13 cu_Txc Natural peak undrained shear strength in triaxial com- 
pression (see Section 2.4.1.1) 

14 Cur Remoulded peak undrained shear strength (see Section 
2.5.5) 

15 - reserved for future developments 

16 c�_T Natural peak undrained shear strength in triaxial exten- 
sion (see Section 2.4.1.1) 

17 daX Differential effective vertical stress in x-direction 

18 day Differential effective vertical stress in y-direction 

19 dvZ Differential effective vertical stress in z-direction 

20 aX Initial effective vertical stress in x-direction 

21 ßy Initial effective vertical stress in y-direction 

22 az Initial effective vertical stress in z-direction 

5.1.3 Differential stresses in conjunction with other soil models 

The differential stresses are only a practical output if they are calculated for all soil 

layers or embankment layers even if they are not modelled with the S-CLAYIS 

model. As mentioned before the differential stresses are a user defined output and are 

not available as standard in the PLAXIS software. To make the output as flexible as 

possible for a range of different boundary value problems, three more constitutive 

models have been implemented into the PLAXIS codes as User defined soil models. 
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Figure 5.3: Submenu for state variables in the 3D PLAXIS Foundation output programme (new 
implementation) 

Namely, an Elastic model, the Mohr Coulomb model and the Matsuoka-Nakai Hard- 

ening model which has been introduced in Section 2.9.2. In this work the Mohr Cou- 

lomb model is used to represent the embankment fill and the Matsuoka-Nakai 

Hardening model to represent the deep mixed material below the embankments. The 

elastic model is implemented for future application purposes such as piled embank- 

ments or similar. All three models store the differential stresses in x, y and z-directions 

in the state variables 17,18 and 19. This enables a uniform output of the differential 

stresses in the output programme of the PLAXIS 2D and PLAXIS 3D Foundation 

software. Inspection of the differential stresses allows the detailed study of the load 

transfer with depth from the embankment to the soil. For examples of such studies in 

2D and 3D, the reader is referred to Chapter 5,6 and 8. 

5.1.4 Stepwise or time-dependent storage of the state variables 

In the PLAXIS code the state variables of the constitutive models which are imple- 

mented as user defined soil models are not stored automatically by the software for 

each load increment. The state variables of interest can only be viewed in the output 

programme in contour plots and are not plotted against time or calculation steps. To 
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Figure 5.4: Input of global element number and local stress point number (PLAXIS 2D and 
PLAXIS 3D Foundation) 

overcome this substantial shortcoming of the software a subroutine is implemented in 

the S-CLAY IS model which allows the user to store state variables with time and/or 

per calculation step in an ASCII file. This file can then be imported into any other 

data processing program to plot the state variables against time and/or calculation 

step. The user can choose up to 10 gauss integration points per soil layer for which the 

information is stored. This facility can be used with PLAXIS 2D and PLAXIS 3D 

Foundation. 

The gauss point of interest is defined via the global element number and the local 

stress point number and not via the coordinates of the point. This information requires 

input into the parameter table (material database) of the input programme (see 

Figure 5.4). The two numbers can be found by graphically viewing the finite element 

mesh. In the finite element mesh the global element numbers and global stress point 

numbers are displayed. As the local stress point number is required as input, the glo- 

bal stress point number has to be related to the local stress point number. In PLAXIS 

2D a 6-noded or 15-noded triangular finite element is available. The local numbering 

system of the gauss points is shown in Figure 5.5. The gauss points are numbered in 

an anti-clockwise direction. In PLAXIS 3D Foundation 15-noded wedge elements are 
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Figure 5.5: Local stress point numbering system in PLAXIS 2D a) 6-noded and b) 15 noded 
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Figure 5.6: Local node and stress point numbering system of the 15-noded wedge element in 
PLAXIS 3D Foundation 

used for the finite element mesh. The element consists of 15 nodes and is shown in 

Figure 5.6. The nodes are numbered clockwise and from top to bottom. Each element 

has 6 gauss points. The gauss points are numbered anti-clockwise from bottom to top. 

The input of the required information for the stepwise or time dependent state variable 

storage requires three input steps which do not follow the standard step by step model 

generation in the 2D and 3D code. First, a material set for the soil layer with the S- 

CLAY 1S model is set up. Secondly, the 2D and 3D finite element mesh is generated 

with the mesh generator. Once the mesh is built the Global element number is noted 

and the global gauss point number is related to the local gauss point number. Thirdly, 

the global element numbers and the corresponding local gauss point number are input 

into the material database table. An example of an output file generated during the 

analysis is shown in Figure 5.7. In the top left corner of the file the coordinates of the 
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xvz 
10.85 -3.491 0.000 

isle Ti.. p_eff q-eff P WP cu alphas pmi z pn e 
0 

1 0.00 30.0 12.1 -175 . 17.0 0.460 3.15 12.0 409 . 2.10 
2 0.00 30.0 13.1 -3 . 58 17.0 0.460 3.15 12.0 40 .9 2.10 
3 0.00 30.1 15.3 -7.16 17.0 0.460 3.15 12.0 40.9 2.10 
1 0.00 30.1 18.6 -12.5 17.0 0.460 3.15 12.0 40.9 2.10 
2 0.00 30.2 20.2 -14.6 17.0 0.460 3.15 12.0 40.9 2.10 
3 0.00 30.2 22.2 -16.3 17.0 0.460 3.15 12.0 40.9 2.10 
1 0.00 33.5 26.9 -345. 17.0 0.460 3.15 12.0 40.9 2.10 
1 365. 33.8 28.1 -181. 17.0 0.457 3.17 11.9 40.9 2.10 
2 513. 34.3 28.5 -328. 16.9 0.452 3.20 11.8 40.9 2.09 
3 809. 34.8 28.4 -249. 16.9 0.449 3.22 11.7 40.9 2.09 
4 958. 35.0 28.4 -145. 16.9 0.447 3.23 11.7 41.0 2.09 
5 0.103E+04 35.3 28.3 -273. 16.8 0.445 3.26 11.6 41.0 2.09 
6 0.118E+04 35.6 28.2 -278. 16.8 0.442 3.29 11.5 41.0 2.08 
7 0.133E+04 35.9 28.2 -282. 16.8 0.439 3.32 11.4 41.0 2.08 
8 0.148E+04 36.1 28.1 -277. 16.8 0.437 3.35 11.3 41.1 2.08 
9 0.162E+04 36.3 28.1 -275. 16.8 0.435 3.38 11.2 41.1 2.08 
1 0.182E+04 37.0 27.9 -465. 16.8 0.432 3.44 11.0 41.2 2.07 
2 0.212E+04 37.9 27.4 -897. 16.8 0.429 3.53 10.7 41.3 7.07 
3 0.271E+04 38.4 27.4 -835. 16.9 0.427 3.63 10.4 41.5 2.06 
1 0.365E+04 38.5 27.8 -320. 16.9 0.426 3.72 10.2 41.7 2.05 
2 0.395E+04 38.8 27.8 -638. 17.0 0.426 3.80 10.0 41.8 2.05 
3 0.454E+04 39.0 27.9 -651. 17.1 0.426 3.87 9.83 42.0 2.04 
4 0.513E+04 39.3 27.9 -635. 17.1 0.426 3.95 9.66 42.1 2.04 
5 0.572E+04 39.5 28.1 -584. 17.2 0.426 4.02 9.50 42.3 2.03 
6 0.632E+04 39.6 28.2 -511. 17.2 0.426 4.09 9.37 42.4 2.03 
1 0.730E+04 39.6 28.7 -354. 17.3 0.426 4.17 9.20 42.6 2.03 
2 0.789E+04 39.9 28.6 -666. 17.4 0.427 4.26 9.04 42.8 2.02 
3 0.908E+04 40.2 28.7 -622. 17.5 0.428 4.34 8.89 42.9 2.02 
4 0.103E+05 40.4 28.7 -565. 17.5 0.429 4.41 8.76 43.1 2.01 

Figure 5.7: Example of a stresspoint file 

gauss point are shown. The information stored in the individual columns of the file is 

presented in Table 5.3. 

Table 5.3: State variables stored for the output programme (new implementation) 

Column Symbol Name 

1 iste Global integration step per calculation step 

2 Time Time in seconds 

3 P' Mean effective stress 
4 q Deviatoric stress as defined in Eq. 5.2 

j PwP Excess pore pressure 

6 c� Natural peak undrained shear strength in triaxial com- 
pression 

7 ao Scalar value of fabric tensor 

8 Pmi Current size of intrinsic yield surface 

9 xp Bonding parameter 

10 Pm Current size of natural yield surface 

11 e Current void ratio 

zz)2+(a1 ýz-crxx)2+6(cy 
+ayz+a2 )) [5.2] 2((6'xx-(Y1yy)2+(6'yy-61 

There is no restriction in the number of steps which can be stored, however if the 

number of steps becomes too large the calculation time can be excessive. It is recom- 

Numerical modelling of embankments on soft soils 158 



mend to limit the number of stored gauss points to 10 for a coupled consolidation 

analysis with the PLAXIS 3D foundation. 

5.2 Substepping procedure 
As mentioned in Section 2.7.1 a substepping procedure was implemented by 

Wiltafsky (2003b) to avoid convergence problems and to improve accuracy. The sub- 

stepping is controlled by the input parameter "step size", which enables provisional 

control of the elastic trial strain increment size. If the "step size" is set to zero or 1 

then no subincrementing is done. Positive values simply divide the strain increment 

with the number specified by the subincrement. 

dEs"b '-- 
de 

stepsize 
[5.3] 

Negative values of the "step size" limit the size of the strain increment during itera- 

tion. The size of the strain increment is related to the following condition: 

dsnorm - ds12 + dE22 + ds32 + de42 + ds52 + dc62 > stepsize 
. [5.4] 

1000 

The strain increment dEnorin is used as a measure in the above condition. If dEnorm is 

greater than ABS(stepsize/1000) the number of subincrements nsub with the size 

ABS(stepsize/1000) is calculated by: 

nsub = d6norml Stepsize 
. [5.5] 

1000 

The schematic of the sub-incrementing is presented as a flow chart in Figure 5.8. The 

details of the convergence loop are shown in Figure 5.9. In the original convergence 

loop by Wiltafsky (2003b) only the state variables are updated. To reduce the drift 

from the true solution during substepping the stiffness matrix D is added to the con- 

vergence loop. In the implementation by Wiltafsky (2003b) the stiffness matrix D is 

only updated after the total strain increment (all subincrements) has been applied. In 

the extended version the D matrix is updated together with the state variables as 
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do at least one sub-increment { =1 } 

sub-increments are defined by 

a divisional factor the maximum size 

subdivide strain increment determine number of sub-increments 
by input value by rounded division with max size 

A} add one sub-increment after the other {do ii = 1, ni :F 

loop until convergence is reached (convergence loop) 

Figure 5.8: Flow chart of sub-incrementing (Wiltafsky, 2003b) 

AC., = Aeq'"I - AePý'- where eis the elastic trial strain increment and 
Dea, gic the plastic strain increment 

Gtr = ctr where a, / is ttrial stress increment and the stiffness 
matrix 

ß� = co" +Eo, where is the (Fu' trial stress and a0" the previous stress 

calculate F where F is the yield function 

check convergence criterion { if (F. Gt. Id-7) then ... } 

calculate plastic multiplier . calculate Depg;, 

update state variables StVar(1: 10) 

set plasticity indicator (ipl) 

Figure 5.9: Flow chart of convergence loop (Wiltafsky, 2003b) 

shown in the flow chart of the convergence loop in Figure 5.10. In the following the 

effect of including the D matrix in the convergence loop is explored in two examples. 

The first one is a simulation of an oedometer test and the second one is a simulation of 

an embankment constructed on soft clay. In both simulations POKO clay was used as 

the soft clay. The parameters of the POKÖ clay are listed in Table 4.4. In the Oedom- 

eter test a preconsolidation pressure of 20 kPa was assumed. In the simulations the 

loads were applied in large steps with an automatic step size procedure (Brinkgreve, 
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Aen' = Aetr''ý - 0`ý where Der is the elastic trial strain increment and 
Aepw�M the plastic strain increment 

atr = e. 1 where ay is the to stress increment and te stl ness 

matrix 

al r'= au + Aau where is the (;,, trial stress and ao the previous stress 

calculate F where F is the yield function 

check convergence criterion cif (F. Gt. ld-7) then ... 
calculate plastic multiplier , calculate Aepi g, 

update state variables StVar(l: 10) 

set plasticity indicator (ipl) 

update stiffness matrix D 

Figure 5.10: Flow chart of new convergence loop 

M 

W 

60 80 100 120 140 160 '0.38 

a, [kPa] -0.40 

5 10 15 20 25 30 

2002). The results of the simulation of the oedometer test are shown in Figure 5.11. 

The simulation was undertaken as stress controlled with PLAXIS 2D and the global 

tolerance was set to 0.001. In Figure 5.11 the convergence loop using the D-matrix is 

referred to as "S-CLAY 1S updated D". It is clearly demonstrated that both curves 

diverge with increasing vertical stress. Both predict the yield point at 20 kPa very 
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Figure 5.12: Time-settlement curve 

accurately, as expected but the S-CLAY IS updated D predicts a smoother curve. Also 

the stress level of 100 kPa at the start of the unloading/reloading is predicted accu- 

rately by both versions but the predicted vertical strain level is different. The version 

with the updated D-matrix predicts a lower strain level at the point at which the sam- 

ple is unloaded. 

The embankment used in the second demonstration example is the same as introduced 

in Chapter 4 in the benchmark simulations. The global tolerance in the simulation was 

set to 0.1. The predicted time-settlement curves are shown in Figure 5.12. Inspection 

of the curve reveals hardly any difference in the predictions. Both versions predict the 

same order of settlements after construction of the embankment. Over the years the 

curves marginally diverge in the order of about 0.5 cm or less. This small difference is 

negligible for embankment simulations with S-CLAYIS. 

The implementation of updating the D-matrix in the convergence loop does not 
improve predictions of the settlements of the chosen boundary value problem. As 

such it can be neglected in boundary value simulations. Simulations of an Oedometer 
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test showed somewhat greater differences in the predictions despite using a very small 

global tolerance of 0.001. Despite this fmdings it is recommended to use a one-point 

gauss programme for accurate simulations (Wiltafsky, 2003b) instead of the PLAXIS 

code. In case the user does not have access to the one point gauss programme it is rec- 

ommend that the load be applied in small increments. 

5.3 The S-CLAY2S model 

5.3.1 Introduction 

Karstunen and Koskinen (2004) presented triaxial test simulations with the S- 

CLAY 1S model on natural samples of Murro clay. Murro clay is a soft, silty clay from 

the western coast of Finland. Murro is a site of a well instrumented test embankment, 

which has been monitored for years. Details about the test embankment can be found 

in Chapter 6. The specialised triaxial tests were multistage tests with two loading/ 

unloading cycles with different stress ratios per cycle. It was found that the S- 

CLAY IS predicts well the observed behaviour for stress ratios close to the normally 

consolidated stress ratio r1KO but underestimates the deviatoric strains cq for stress 

ratios il close to the hydrostatic axis. 

The S-CLAYIS model uses an associated flow rule. Inspection of the strain plots 

shows that the plastic potential which determines the direction of the plastic strains in 

the S-CLAY IS model overestimates the. ratio between plastic volumetric strains e�P 

and plastic deviatoric strains CqP. The introduction of a non-associated flow rule can 

potentially improve the prediction at low stress ratios TI. 

The motivation of the S-CLAY2S model was to introduce a non-associated flow rule 

without introducing more complexity to the model or an additional parameter to the 

model formulation. 
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Figure 5.13: Anisotropic model (Davies and Newson, 1992) 

5.3.2 Review of anisotropic models for soft clays with non-associated 
flow rules 

Davies and News (1992) introduced an anisotropic model where the anisotropy is 

expressed as an inclined yield surface (Figure 5.13). The initial orientation of the 

yield surface in triaxial stress space is centred around the normally consolidated stress 

ratio r1KO. The yield function in triaxial stress space is 

(1 - r1OM3)(9 -11Ko ' p')2 - (M-1KO)2ýo, - p')p' =0 [5.6] r-K 

The plastic potential is also a rotated ellipse as shown in Figure 5.13. The gradient of 

the plastic potential ao is linked to the orientation of the yield surface via the relation- 

ship ao=rl Ko/2. The plastic potential is given by 

2 +-2aogp'-aop'ß 
g= p'2-p' ß+ g=0 

[5.7] 

where ß is the size of the plastic potential. 
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The rotation of the plastic potential and yield surface is controlled via a rotational 
hardening law. 

os) [5.8] 
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d11 K0 - 3 
m' P 

The evolution of the fabric (rotation of the yield surface) is related to the stress ratio 

rls at the start of the loading increment and rotation of the ellipse rlos. It is also 

dependent on the mean effective stress ps at the start and pf at the end of the loading, 

respectively. po' is the size of the ellipse at the beginning of the increment and pp'iso is 

the size of the ellipse for isotropic loading (no rotation of the ellipse) at the end of the 

increment. The formulation of the hardening law guarantees that a load increment 

with a stress ratio of r1Kp does not rotate the yield surface. 

Dafalias et al. (2003) introduced an anisotropic model with a non-associated flow rule 

to simulate softening under undrained triaxial loading. The evolution of the fabric 

(rotation of the plastic potential) is linked to a rotational hardening law. Only the 

effect of volume change is considered in the rotational hardening law. A similar law is 

used for the rotation of the yield surface. The rotation of the yield surface is also 

related to volumetric strain and to the derivative of the plastic potential in order to 

keep the model stable once a critical state stress ratio is reached. Dafalias et al. (2006) 

presented a modified version of the previously proposed anisotropic model they 

named SANICLAY (Figure 5.14). The rotational hardening law for the plastic poten- 

tial is extended by one term to introduce a dependency of the rotation on the stress 

ratio. The term also improves stability if the inclination of the plastic potential is close 

to the critical state in compression or extension. It also makes sure that the model is 

stable for stress ratios greater than the stress ratio at critical state in compression. 

Dafalias et al. (2006) argue that a model for soft clays should be able to simulate the 

softening behaviour observed during undrained compression shearing of normally 

consolidated soils. Only a model such as the SANICLAY with a non-associated flow 
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Figure 5.14: SANICLAY model (Dafalias et al. (2006)) 

rule is capable of simulating this response. They emphasise that the softening 

response can not be attributed to destructuration if the corresponding drained loading 

after KO does not yield softening. Destructuration would have induced softening 

under drained and undrained shearing. Karstunen (2007) argues that such a softening 

phenomena is not observed in undrained compression tests of reconstituted samples 

and as such the softening behaviour can be attributed to destructuration. 

5.3.3 Formulation of the S-CLAY2S 

As mentioned before it was the aim to enhance the S-CLAY IS model without adding 

further complexity. This restriction will improve the model predictions but will not 

allow the ideal solution to be implemented. 

In the S-CLAYIS model the initial state of the soil is defined by the stress state, the 

void ratio e, the initial values of the parameters p,, ' and cto the soil constants P and P. 

The size of the natural yield surface pm, can be determined from laboratory tests using 

standard procedures. The detailed evaluation of soil constant P and P and initial value 

of cco is explained in Section 2.4.1.1. However, it is important to recall the meaning of 
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Figure 5.15: The S-CLAY2S model in triaxial stress space for r1<11Kp 

oto and P at this point. oto is a scalar and defines the initial inclination of the yield sur- 

face in triaxial stress space. It is related to the stress and strain history of the soil ele- 

ment and assumes that the soil was restricted to one-dimensional straining to a 

normally or slightly overconsolidated state. Secondly, it is assumed that during one- 

dimensional straining the plastic strains are much larger than the elastic strains and 

the direction and the ratio of the strains follows the principles of an associated flow 

rule. The soil constant P defines the relative effectiveness of plastic shear strains and 

volumetric stains in rotating the yield curve. Wheeler et al. (2003) (also see Section 

2.4.1.2) showed that for loading along a normally consolidated KO stress ratio 11KO, 

only one value of P results in a value of cc corresponding to ao. Knowledge of the crit- 

ical state friction angle T' and of the normally consolidated state of the soil is there- 

fore used to determine an appropriate value of cco and P. 

The aim was to use the same procedures to determine (xO and P in the S-CLAY2S 

model and thereby avoid introducing an additional procedure for the initial inclination 

of the yield surface in the case of a non-associated flow rule. Dafalias et al. (2006) use 

two different procedures to determine the initial inclination of the plastic potential and 
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Figure 5.16: The S-CLAY2S model in triaxial stress space for r1=rlxo or rl>M 

the initial inclination of the yield surface. To be able to continue using the procedure 

introduced by Wheeler et al. (2003) a conditional plastic potential is introduced 

(Figure 5.15). The plastic potential will be activated just under certain stress ratios 11 

to improve the prediction of the ratio between plastic deviatoric strains E: qP and plastic 

volumetric strains P-vP. Davies and Newson (1992) used a stress ratio q dependency 

for the rotational hardening law. The inclination up of the plastic potential g in triaxial 

stress space in the S-CLAY2S model is defined by: 

UP =a- OC11KO- 
) 

[5.91 

where 11KO is the normally consolidated Ko stress ratio. For stress paths with a gradi- 

ent Of 11KO the plastic potential g has the same inclination as the yield surface and as 

such an associated flow rule applies (Figure 5.16). If the stress ratio q follows a pre- 

dicted gradient smaller than 71KO the inclination (xp of the plastic potential will be less 

than that of the yield surface (see for instance Figure 5.15). For cases with il between 

M and cc, the predicted inclination (xP of the plastic potential is greater than a. 

(Figure 5.17). If the predicted stress gradient Tj is greater than M the inclination cc P is 

set back to (x to avoid numerical instabilities on the dry side of the yield curve (see for 
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Figure 5.17: The S-CLAY2S model in triaxial stress space for M>rl>IKO 

instance Figure 5.16). This artificial measure insures that the size of the plastic poten- 

tial (ellipse) is reasonable at any time and does not collapse to a very slender ellipse 

which would cause numerical problems. For the triaxial test simulations the formula- 

tion of the model in triaxial stress space is reasonable. For calculation of boundary 

value problems the inclination (xp of the plastic potential needs to be formulated in 

general stress space. In the triaxial stress space the inclination ccp is a scalar. In gen- 

eral stress space the scalar is replaced with a tensor ccp, This tensor is special because 

just 3 out of the 6 components follow the logic of Eq. 5.9. 

aý -al(1KO, t- ý) p 
ap t 

OCp2 a2 - a2(1KO, 2 pý 
) 

a= 
p 

ap3 
= 6' 

ap4 a2 - a3(1KO, 3 p3) 

ap5 a, 4 

ap6 a5 

a6 

with: 

15.10] 
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As shown in Eq. 5.11 there is no equivalent component of the so-called stress ratio 

11KOJ for the fourth, fifth and six position of the tensor. For simplification these com- 

ponents are set equal to the fabric tensor of the yield surface as shown in Eq. 5.10. 

For simulations of soil elements in triaxial axial stress space only the first three com- 

ponents of the fabric tensor are non zero and the rest are zero. In plane strain simula- 

tions the fourth component is also non zero and only the fifth and the sixth 

components are zero. As a consequence of the simplified formulation of the plastic 

potential tensor a small error is introduced. The same is true for full three-dimensional 

simulations. 

The model is implemented in a one point gauss programme (Wiltafsky, 2003b) and is 

also available as a user defined soil model for the PLAXIS codes. The plastic poten- 

tial can be easily switched on by setting the parameter n to zero or one. With zero the 

associated flow rule is activated and by setting n to 1, the non-associated flow rule is 

activated. 

5.3.4 Simulations of drained triaxial tests with S-CLAY2S 

In the following results of simulations of multistage stress path controlled triaxial 

tests on natural Murro Clay from Finland using S-CLAY IS and S-CLAY2S are pre- 

sented. The original simulations can be found in Karstunen and Koskinen (2004). The 

simulations are performed with the S-CLAYIS and S-CLAY2S implemented in the 

one point gauss programme (Ariltafsky, 2003b). The input parameters and initial state 

of both models, determined using procedures outlined in Karstunen and Koskinen 

(2004), are presented in Table 5.4. 
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Figure 5.18: Initial yield curve for natural Murro Clay (Karstunen and Koskinen, 2004) 

Table 5.4: Parameters and initial state for natural Murro Clay from a depth of 6.9-7.6 meters 

Model xj K v' M µ ß a b aKO Xo 

S-CLAY 1S 0.21 0.03 0.3 1.6 20 1.02 10 0.2 0.63 9.5 

S-CLAY2S 0.21 0.03 0.3 1.6 20 1.02 10 0.2 0.63 9.5 

The value of xO was chosen on the basis of sensitivity test measurements of natural 

Murro clay. Parameters a and b were obtained by Karstunen and Koskinen (2004) by 

performing an optimisation procedure. The values are very similar to values of POKO 

clay (Section 4.3.2.1) and Bothkennar Clay (McGinty, 2006). The initial yield curve 

describes the anisotropy of the soil and the preconsolidation of the soil. The predicted 

natural yield curve by S-CLAY IS and S-CLAY2S model of Murro clay from a depth 

of 7.0 to 7.5m is shown in Figure 5.18. The predicted yield curve is a very good match 

of the predicted yield points. The details of the simulated tests are summarised in 

Table 5.5. Each loading stage listed in Table 5.5 is followed by unloading along the 

same stress ratio 'q. All simulations performed are load controlled with load steps in 

the size of 0.1 kPa or less. 

q, kPa 
M=1.6 

u=0.63 

p',, =34.5 kPa 

Natural 
Murro clay 

7.0-7.5 m 

40 50 60 70 80 

p', kPa 

0 
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Figure 5.19: Test CAD 2987 on natural Murro Clay 

Table 5.5: Simulated triaxial test on natural Murro Clay from a depth of 6.9-7.6 meters 

Test number Depth [ml ep w0 [%] ? 11 T12 
CAD 2987 7.26-7.37 1.962 74.1 0.20 -0.87 
CAE 2989 7.15-7.26 1.945 73.4 0.61 -0.66 
CAE 3312 7.36-7.47 2.113 79.0 1.27 -0.42 

5.3.4.1 Test CAD 2987 (Figure 5.19) 

The test was first loaded with a stress ratio il 1=0.2 (close to the hydrostatic axis) and 

after unloading reloaded with a stress ratio 112=0.87.0.87 is greater than the normally 

consolidated Stress ratio TIKO of 0.78. Both models predict the volumetric strain very 
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Figure 5.20: Test CAE 2989 on natural Murro Clay 

well for both loading/reloading stages. In the first loading stage (111 =0.2) both models 

predict negative shear strains whereas the test results show a positive strain. However, 

the S-CLAY2S predicts far less negative deviatoric strains than the S-CLAYIS. The 

different shape of the plastic potential in S-CLAY2S reduces the deviatoric strains. in 

the loading stage both models underestimate the maximum deviatoric strain. Again 

the S-CLAY2S shows improvement compared to the predictions by the S-CLAY IS. 

5.3.4.2 Test CAE 2989 (Figure 5.20) 

The test was first loaded with a stress ratio 91=0.61 followed by a stress ratio il2=- 

0.86. Both models overestimate in the first stage the volumetric strain and underesti- 
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Figure 5.21: Test CAE 3312 on natural Murro Clay 

mate the volumetric strain during the second loading stage. S-CLAY IS underpredicts 

the deviatoric strain in the first stage with S-CLAY2S showing an improvement. Both 

models also underestimate the deviatoric strain in the second stage. Overall the strain 

pattern is better predicted by the S-CLAY2S than by the S-CLAY IS model. 

5.3.4.3 Test CAE 3312 (Figure 5.21) 

The S-CLAY IS model overestimates the volumetric, strain for the first loading stage 

whereas the S-CLAY2S predicts it very well. In the second loading stage both models 

underpredict the volumetric strains. Both models significantly overpredict the devia- 

toric strain with S-CLAY2S showing an improvement compared to the S-CLAYIS 
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Figure 5.22: Simulation of undrained compression test: starting pointnKO 

0.8 

model. For this test the predicted strain gradients (Ev-Eq plot) are improved by the S- 

CLAY2S model. 

5.3.5 Simulations of undrained tests 

The following simulations are just model simulations and are not compared to test 

results. The simulations are used to highlight the difference in predictions by the two 

models. For the simulations the parameter set presented in Table 5.4 was used. Three 

test simulations are presented. The first test is an undrained compression test started 
from a normally consolidated stress state. In the normally consolidated stress state the 

starting point lies directly on the yield surface. No elastic loading is predicted during 

undrained shearing. The comparison is shown in Figure 5.22. Both models predict the 

same stress path and the same deviatoric strain patterns. 

In Figure 5.23 simulations of a compression test with a starting point on the hydro- 

static axis (9=0) is shown. The soil is also slightly over-consolidated. Both models 

show initially an elastic loading path up to a point where both yield on the dry side as 

expected. The stress path then follows the shape of the yield curve towards the critical 

state stress ratio A Close to M the stress path of both models slightly diverge with the 
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Figure 5.23: Simulation of undrained compression test: starting point Tj=O 
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Figure 5.24: Simulation of undrained extension test: starting point TIKO 

S-CLAY2S showing a narrower bend towards the critical state line. The same can be 

observed in the q-Eq Plot as both models reach the peak strength. Overall the predic- 
tions by both models are very similar. 

In Figure 5.24 simulations of an undrained triaxial extension test are presented. Over- 

all the pattern of the model predictions are similar. First an elastic unloading path is 
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observed by both models as expected. As the stress path reaches the yield curve the 

two curves start diverging. The S-CLAY2S predicts marginally lower p' values than 

the S-CLAYIS. As both models reach a stress ratio close to M, the p' values increase 

again due to the continuous rotation of the natural yield surface towards its target val- 

ues. After completion of the rotation, unloading (softening) is predicted by both mod- 

els at the critical state stress ratio M. The same can by concluded by inspection of the 

q-Cq Plot- 

5.3.6 Simulation of an embankment 

The effect of the conditional plastic potential on the predicted settlements is studied in 

a simple embankment problem. The geometry and the soil layers below the embank- 

ment are the same as presented in Chapter 4. Both models use a step size of -0.01. 

5.3.6.1 Vertical displacements 

The predicted time settlement curves by the two models are presented in Figure 5.25. 

The difference in the predicted maximum displacement at a point at the centre line of 
the embankment is in the order of millimeters. Implementation of the non-associated 
flow rule does not increase the predicted settlement. 
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Figure 5.26: Horizontal displacements after 100 years of consolidation: a) below the crest and b) 
below the toe of the embankment 

5.3.6.2 Horizontal displacements 

The horizontal displacement profile with depth after construction is not presented but 

it can be concluded that the S-CLAY2S predicts the same maximum displacement in 

the order of 1 .0 cm. as the S-CLAY IS. In Figure 5.26a the horizontal displacements 

after 100 years of consolidation below the crest and in Figure 5.26b below the toe are 

presented. Below the crest both models predict the maximum at a depth of -6.2 m. S- 

CLAY2S estimates marginally lower displacements than S-CLAYI S which are hardly 

noticable in the graphs. Close to the surface both models predict the same negative 
horizontal movements due to the large vertical settlements. The maximum below the 

toe of the embankment is predicted at the same depth. Again S-CLAY2S estimates 
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overall marginally smaller horizontal displacements with depth than the S-CLAY IS 

model. 

5.3.6.3 Stress path 

For comparing predictions by different constitutive models the stress paths are an 
informative tool. Two selected points are considered in the subsoil. A point at a depth 

of 11.3 m next to the symmetry line of the embankment (Figure 5.27a) and a point 

almost at the same depth under the toe of the embankment (x=14.3m, y=-11.0m; 
Figure 5.27b). 

The stress paths reflect the evolution of the effective stress during the undrained con- 
struction stage of the embankment and the 100 years of consolidation. For the point at 
the centre line both models predict initially elastic behaviour, with a constant p' value, 
until some point during construction at which the soil is predicted to yield. As both 

35 
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models assume the same yield surface prior to yielding, both predict yielding at the 

same point. As yielding continues during undrained loading the stress paths margin- 
ally diverge due to differing anti-clockwise rotation of the yield surface predicted by 
both models (see scaled stress path). At the beginning of consolidation the stress paths 
change direction towards a stress ratio il close to the normally consolidated stress 
ratio 71KO. From that point onwards both models follow almost the same stress gradi- 
ent to the end of the consolidation in combination with some rotation of the yield sur- 
face. 

At the same depth (of around II m) underneath the toe of the embankment the stress 

pattern is different to the stress path predicted at the centre line. The difference can be 

attributed to the rotation of the principal stresses which is not observed for points next 
to the centreline of the embankment. At the end of the consolidation both models 

again predict a stress ratio close to IIKO. Before yielding on the wet side of the critical 

state line both follow an elastic stress path with constant p'. After yielding both paths 

slightly diverge. 

5.3.6.4 Development of the fabric scalar a and state variable x with time 

The fabric scalar a versus time for a point at a depth of 9.4m next to the centre line of 
the embankment is plotted in Figure 5-28a. The scalar does not represent the true rota- 
tion of the yield surface but was chosen for illustration purposes instead of the four 

non-zero components of the fabric tensor. During undrained loading (time =0) the a 
value marginally increases before it steadily increases with consolidation time up to a 
maximum value. The S-CLAY2S predicts marginally greater clockwise rotation of 
the yield surface than the S-CLAY IS model. The bonding parameter x versus time is 

plotted in Figure 5.28b. The x parameter gradually decreases with time from its initial 

value of around 12 to a lower value of 7.6. The bonds are continuously destroyed with 

consolidation time. Both models predict similar behaviour. 

In Figure 5.28c the fabric scalar a is plotted versus time for a point at a depth of 
I I. Orn and a distance of 14-3m from the symmetry axis of the embankment. During 
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Figure 5.28: State variable a and x versus time: a and b) x=0.2m y=-9.4m c and d) x=1 1.4m y=- 
9.3m 

the undrained loading (time=O) no rotation is observed by both models which is a sign 

that the soil element is not yielding. With consolidation both models predict a 

decrease in the a value with time (clockwise rotation of yield surface in p'-q plane). 

The S-CLAY2S predicts a bigger decrease with time than the S-CLAYIS. In 

Figure 5.28d the bonding parameter x versus time is plotted for the same point. A 

decrease of x with time is observed by both models. The x reduces from an initial 12 

to 8-9. 
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Figure 5.29: Influence of the step size on the time settlement curve 

5.3.6.5 The influence of the step size on the predicted behaviour 

The influence of the step size on the predicted time settlement behaviour is presented 
in Figure 5.29. It is clearly demonstrated that the step size is an important variable and 
has an influence on the predicted settlements. A smaller step size decreases the pre- 
dicted settlements. 

The influence of the step size on the predicted stress path is shown in Figure 5.30. 

Stress paths are very sensitive to the step size used. A large step size such as 0.0 or - 
0.1 introduces a large inaccuracy into the predicted stress path as demonstrated in the 

pl-q plot. Large strain increments cause the yield surface to rotated unevenly. A very 

smooth stress path and smooth rotation of the yield surface towards a stress ratio TJKO 
is achieved with a stress ratio of -0.001. 

The step size directly influences the runtime of the simulations. The runtime for each 

step size is shown in Table 5.6. The runtime becomes very large in the order of 2 

hours for a simple embankment problem with a very small step size. 
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Figure 5.30: Influence of the step size on the predicted stress path 

Table 5.6: Influence of stepsize on the runtime of the analysis 

stepsize runtime 
0.0 8 min 
-0.1 10 min 

-0.01 20 min 

-0.001 120 min 

5.3.7 Critical review of the S-CLAY2S 

The S-CLAY2S model is a simple extension of the S-CLAYIS. The aim was to intro- 

duce a non-associated flow rule without introducing further parameters or increasing 

complexity. A conditional plastic potential with stress ratio dependency is imple- 

mented with limitations to avoid numerical instability during simulations. Back calcu- 
lation of drained multistage triaxial tests showed to some extent improvement in the 

prediction of the deviatoric strains Fq compared to the S-CLAY IS model. The differ- 

ence is less pronouced in the results of the simulations of undrained tests in compres- 

sion and extension. 
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Numerical simulations of an embankment constructed on soft clay with the S- 

CLAYIS and S-CLAY2S models were presented. The results showed that for the 

embankment considered the predicted S-CLAY2S displacements with time are the 

same as with S-CLAYIS. Inspection of the stress path highlighted some numerical 
instabilities if the load increment is too big at the beginning of the calculation step 

when a large stepsize is used. By limiting the load increment and the maximum step 

size these instabilities are overcome. 

Numerical modelling of embanlanents on soft soils 184 



Chapter 6 

Murro test embankment 

This Chapter investigates the influence of anisotropy and destructuration on the pre- 
dicted behaviour of the Murro test embankment. The embankment has been moni- 

tored for 14 years. The construction and consolidation of the test embankment is 

modelled with a plane strain finite element analysis. The results of the observations 

are compared to the predictions of the simulations. Furthermore, the effect of bonding 

and destructuration on the measured undrained strength profile with depth is investi- 

gated. In the last part of the chapter the influence of Possion's ratio and the p value on 

the predicted settlement behaviour is explored. Equations are proposed to estimate 
Poisson's ratio and the g value based on the stress history of the soil. 

6.1 Introduction and background 

In 1993 the Finnish Road Administration commissioned the construction of the Murro 

test embankment near the town of Seintijoki in Western Finland. Seintijoki is close to 

the coast along the Gulf of Bothnia and lies between the city of Vaasa and JyWiskyll 

The aim of the project was to use the information collected through site investiga- 

tions, laboratory testing and measurement towards the design of new roads (e. g. High- 

way 18, which connects the city of Vaasa at the coast along the Gulf of Bothnia and 
iyvitskyla), upgrade and maintenance of roads built on soft soils in Finland. The 
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project was part of the Finnish Road Structures Research Programme (TPPF) (Kosk- 

inen et al. 2002b). 

The test embankment is founded on a 23 ra deep soft clay deposit, the so-called Murro 

clay deposit. Murro clay is a relatively homogeneous silty clay with a reported aver- 

age undrained shear strength of less than 30 kPa (Koskinen and Karstunen, 2006). 

The clay is overlain by a thin dry crust. Below the soft clay there is a layer of moraine. 
Typically the deposits found along the coast of the Gulf of Bothnia consist of young 

post glacial sediments with a high organic and sulphur content. The sulphur content 

gives the clay a special odour and its dark black colour (Koskinen and Karstunen, 

2006). The silty clays or clayey silts were sedimented in the brackish water of the Lit- 

torina Sea (Schwab, 1976). This occurred around 7000 years ago during one of the 

latest postglacial evolution stages of the Baltic Sea. It explains why the deposit is 

characterised as relatively young and typically normally consolidated. In this century 

the estimated isostatic uplift rate in the area of the Gulf of Bothnia is still about I in 

per century. The ground level at Murro is 37.5 in above mean sea level. The ground- 

water table is estimated to be at 0.8 in below ground level. 
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Figure 6.2: Plan view: Location of boreholes (SelkAmaa, 1994) 

6.2 Site and laboratory investigation 

In 1993, prior to construction, the first site investigation was carried out as a routine 

site investigation to assess the suitability of the site itself for the construction of the 

proposed test embankment. This was followed by a more thorough site investigation. 

The field tests included Swedish weight sound testing, CPTU testing (cone penetra- 

tion testing with pore water pressure), field vane testing and static dynamic penetra- 

tion testing (method developed in Finland that combines piezocone testing in 

cohesive soils with dynamic testing in non-cohesive soils). During further soil sam- 

pling a number of undisturbed and disturbed samples were taken from boreholes (see 

Figure 6.2 for location of boreholes) and tested at the laboratory of soil mechanics and 
foundation engineering at the Helsinki University of Technology (HUT). The labora- 

tory testing included oedometer tests, drained triaxial tests and undrained triaxial tests 

on undisturbed samples and various index tests. Some properties of Murro clay meas- 
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Figure 6.3: Typical characteristics of Murro, deposit: a) water content, b) unit weight, and c) initial 
void ratio (data shown from site investigation in 1993) 

ured prior to construction are shown in Figure 6.3. The water content of the soil varies 

between 50 and 100 %. The maximum water content is found at a depth of about -5 m 

and decreases with depth. A high water content at shallow depths and a decrease of 

the water content with depth is typical for soft Finnish clays (Karstunen, 2007). The 

unit weight y varies between 15 and 17 kN/M3. The estimated initial void ratio 

increases from the ground surface (eO in the order of 1.4) to a maximum of about 2.6 

at a depth of -5m. Below -5 m the void ratio decreases and reaches a lower limit of 

about 1.3 to 1.5 at a depth of -22 m. 

Eight years after construction of the embankment, in 2001 an additional site investi- 

gation was undertaken. The site investigation consisted of field vane tests below the 

embankment to estimate the increase in undrained shear strength with time due to 

consolidation of the subsoil. Also sampling below the embankment and in the vicinity 

of the embankment was performed (Koskinen et al. 2003c). The samples next to the 

embankment were taken to investigate the effect of the structure of the Murro clay. 

The investigation comprised oedometer testing and multi-stage triaxial tests of natural 
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Figure 6A Typical characteristics of Murro deposit: a) water content, liquid and plastic limit, b) 

organic content c) unit weight d) sensitivity, and e) initial void ratio (data shown fforn site 
investigation in 2001) 

and reconstituted samples (Karstunen and Koskinen, 2004; Koskinen and Karstunen, 

2004). A mineralogical study in 2003 by ETH Zurich (Messerklinger et al. 2003) 

made it possible to identify the main minerals of the clay. It was found that Murro 

clay consists of 26% quarz, 46% feldspar with the clay minerals as illite (15%), chor- 

ide (lo%), and kaolinite (5%). The index properties from the site investigation in 
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Figure 6.5: Plasticity chart for the Murro deposit 

2001 are presented in Figure 6-4. The properties at shallow depths (up to -12 m) are 

taken from boreholes next to the embankment and the properties in the deeper areas 

are taken from boreholes below the embankment. To be able to present the properties 
in a single profile with depth (Figure 6.4) it is assumed that the properties in the 

deeper areas are not affected by the consolidation of the soil below the embankment. 

The plastic limit of the deposit varies between 20 and 30 %. As mentioned before the 

water content varies with depth and is close to the liquid limit. The organic content 

varies between 2 to 4% up to a depth of 15 m and decreases thereafter virtually line- 

arly with depth to a minimum of less than I% at a depth of 23 m. The measured sen- 

sitivity of the Murro clay is moderate and is typically between 2 and 10 (Koskinen et 

al. 2002c). 

In Figure 6.5 the Plasticity chart for the classification of fine soils is presented. 
Inspection of the chart shows that all points determined from different layers of the 

deposit plot above the A-line. The samples from a depth of -3.7 M to -6.0 m are char- 

acterised as extremely plastic and the rest between high and very high. Calculation of 
the Activity of the soil, which is defined as the degree of plasticity of the clay fraction 
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Figure 6.6: Comparison of characteristic of Murro deposit 1993 and 2001: a) water content, b) unit 
weight, and c) initial void ratio (data shown from site investigation in 1993 and 2001) 

(lp/clay content), showed that the Activity is greater than 1.25. Values greater than 

1.25 are typical for organic estuarine clays (Whitlow, 1995). The liquidity index IL 

was estimated between 0.6 to 0.95 which'proves that the clay is in its plastic state. 

In Figure 6.6 the properties established in 1993 prior to construction are compared to 

the properties derived in 2001 from the boreholes through the embankment. it is 

clearly shown in the water content chart that the water content in a depth of about -4 
m to -7 m decreased in the order of 20% to 30%. Areas deeper than -7m do not show 

a visible change in water content. Also a change in the unit weight at shallow depths 

can be observed. A decrease in the water content is reflected in an increase in meas- 

ured unit weight. The measured settlements at the ground surface below the embank- 

ment in 2001 was about 70 to 80 cm (Koskinen et al. 2002c). As a consequence part 

of the dry crust will be submerged under ground water. The compression of the shal- 
low soft soil layers below the dry crust can be seen in the apparent change of the cur- 

rent void ratio in the shallow areas. The void ratio decreased from about 2 to 3 to less 

dm 
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Figure 6.7: Field vane test results: a) 1993 prior construction and b) 2001 eight years after 
construction (in soil below embankment) 

The measured undrained shear strength profile with depth prior to construction is 

shown in Figure 6.7a. The results of the field vane test show an undisturbed undrained, 

strength (natural strength) in the order of 12 kPa for the 5m thick layer underneath the 

dry crust. Further down, a linear increase of the strength to a maximum of 30 kPa at a 

depth of - 15 m is shown. From - 15 m to the bottom of the soft clay layer at -23 m the 

strength is virtually constant. The disturbed strength (remoulded strength) is almost 

constant to a depth of -12 rn and slightly increases thereafter to an average of about 7 

kPa. The results of the field vane test carried out in 2001 (eight years after construc- 

tion, Figure 6.7b) showed that the disturbed strength increased over the whole depth 

of the deposit. The undisturbed strength of the softest layers increased from 12 kPa to 

18 kPa. However, the undisturbed strength below the soft layers seemed to have 

decreased to 20 kPa from an initial value of about 30 kPa in 1993. This is in contrast 
to the common assumption that there is an increase in undrained shear strength with 

consolidation time. 
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Stiffhess parameters and permeability coefficients with depth derived from standard 

and constant rate strain (CRS) oedometers are shown in Figure 6.8. The distribution 

of K (slope of elastic swelling line) with depth is presented in Figure 6.8a. The slope 

of the natural normal compression line X and the slope of the intrinsic normal com- 

pression line 2, i are shown Figure 6.8b. ki is derived from oedometer tests on reconsti- 

tuted samples. The X shows a big scatter in the shallow areas which could be due to 

sample disturbance. Further inspection of the graph shows that the X values are visi- 
bly decreasing with depth. However, the most compressible layers are at a depths of - 
1.6 m to -7 m. In contrast the estimated %i values are fairly constant with depth. There 

is no constant ratio observed between X and ki as is very often assumed. The esti- 

mated permeability values k with depth are shown in Figure 6.8c. The vertical perme- 

ability k, was estimated based on oedometer tests on vertical samples and the 

horizontal permeability kh was worked out from oedometer tests on horizontal sam- 

ples. The number of horizontal samples Was limited to two. The lowest values of kv 
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are estimated in the softer layers between -2m and -8m. Below -8m and above -I 6m, 

the vertical permeability kv is marginally increasing with depth and shows less scatter. 
Between - 16 m and - 18 ma ftu-ther decrease in permeability is observed. The ratio 
between kh and kv varies between 1.2 to 1.4, respectively. 

A number of undrained triaxial tests were performed on natural samples of Murro 

clay from different depths. The samples were grouped into six groups (0.0 - 1.6 m, 1.6 

-3.0 m, 3.0 -6.7 m, 6.7 - 10.0 m, 10.0 - 15.0 m and 15.0 -23.0 m) which was based on 
the results from the index tests. To determine a strength at critical state, the test results 

were plotted in a diagram showing the axial strain on the x-axis and the stress ratio q/ 

p, on the y-axis (see Figure 6.9). The results show some scatter in the predicted criti- 

cal state ratio M because each test was performed with a different strain rate. 

Oedometer test results on natural samples were used to estimate the vertical precon- 

solidation stress cr'p with depth. In addition, the initial effective vertical stress profile 
(a'v) with depth was calculated based on average unit weights y. For the calculation 

the ground water level was assumed at a depth of -0.8 m (Koskinen et al. 2003c). The 

alp and a'v versus depth are plotted in Figure 6.10. The comparison of the stresses 

shows a heavily overconsolidated dry crust (0 -1.6 m). From -1.6 m to a depth of - 
I Om the soil is slightly overconsolidated. Underneath a depth of -10 m the clay can be 

characterised as normally consolidated. 

6.3 Embankment geometry and material 
The Murro test embankment is 2m high and 30 m long. The slopes of the embank- 

ment were built with a gradient of 1: 2. The width of the top of the embankment is 1o 

m. The embankment material consists of crushed rock (biotite gneiss) with a grain 

size of 0- 65 mm (Karstunen et al. 2005). Construction of the embankment was com- 

pleted in two days. 
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Figure 6.11: Layout of the instrurnentation at the Murro test embanlanent 

6.4 Observations 

The test embankment was heavily instrumented for observation purposes. The layout 

of the instrumentation is shown in Figure 6.11. The instrumentation included seven 
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settlement plates (L I- L7) installed at the base of the embankment along the longitu- 

tional and transversal axis of the embankment, two inclinometers (11 - 12) for the 

measurement of horizontal displacements installed along the longitutional symmetry 

line of embankment at the crest and toe of the embankment, one extensometer (E) 

located next to the centre of the embankment, and ten pore pressure probes (Ul - 
U 10) installed in a grid pattern as shown in Figure 6.11. The detailed vertical and hor- 

izontal alignment with respect to the centie point of the embankment is surnmarised in 

Table 6.1 

Table 6.1: Location of the pore pressure probes 

Pore pressure 
probes Ul U2 U3 U4 U5 U6 U7 U8 U9 U10 

Depth [m] -15.0 -2.0 -3.5 -5.5 -7.5 -9.0 -12.0 -20.0 -2.0 -7.5 
Distance from 1.5 0.5 0.5 1.5 1.0 0.0 1.0 2.0 19.0 20.0 

symmetry axis 

The embankment was monitored and surveyed on a regular basis up to 2001. Under 

the sponsorship of the European research project AMGISS (Advanced Modelling of 

Ground Improvement in Soft Soils) a team of engineers from the Helsinki University 

of Technology (HUT) went back to the Murro embankment in Autumn 2007 to take 

some ftu-ther measurements. 

6.5 Numerical simulations 
The Murro, test embankment has been simulated in the past with different constitutive 

models. Koskinen et al. (2002b and 2002c) simulated the embankment with isotropic 

constitutive models, namely, the Modified Cain Clay model (MCC) and the Soft Soil 

model (SS) both which have been introduced in Chapter 2 of this work. Karstunen et 

al. (2005) used in addition to the MCC model, the anisotropic S-CLAYI and the S- 

CLAYIS model, which incorporates destructuration in addition to anisotropy. The 

comparison of the simulations with the advanced models clearly showed the effect of 

anisotropy and destructuration on the predicted results. All of the above named per- 

formed small strain analyses either with PLAXIS or the SAGE Crisp finite element 
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code. Koskinen and Karstunen (2006) presented simulations with the S-CLAYIS 

using large strain analysis (Brinkgreve, 2002). The simulation presented in the fol- 

lowing concentrates on the predictions of large strain simulations with the MCC, S- 

CLAY 1, S-CLAY I S, and the S-CLAY2S model. Special focus is on the development 

of the undrained shear strength at depth with time. Furthermore, the latest set of meas- 

urements are presented and compared with the predictions. 

6.5.1 Input data 

The granular embankment fill was modelled with the simple linear elastic perfectly 

plastic Mohr Coulomb model implemented as a user defined soil model in the 

PLAXIS code. The material parameters are shown in Table 6.2. 

Table 6.2: Embankment flil parameter 

E [kN/m 21 Ný 9! %V cy jkN/M31 

40000 0.35 40 02 19.6 

The values are typical values for crushed biotite gneiss (Koskinen and Karstunen, 

2006). Parametric studies confirmed that the simulations are not sensitive to the 

embankment fill parameters as the response is controlled by the underlying soft soil 

(Karstunen et al. 2005). 

In the original calculation by Karstunen et al. (2005) the deposit was divided into 5 

layers because at the time only very little laboratory data was available on the intrinsic 

properties of the Murro clay. Based on the work by Koskinen and Karstunen (2006) 

the soil is divided into eight layers. The values of the soil parameters and the initial 

state (Table 6.3 - 6.5) for the simulations have been worked out from the laboratory 

test results which were presented in Section 6.2. For each layer average values have 

been chosen. The values of the soil parameters and initial values were all selected 

from the laboratory test results and not back calculations. 

The initial values of the state parameters are shown in Table 6.3. eo is the initial void 

ratio of the soil. The overconsoliclation of the deposit was modelled with a preover- 
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burden pressure (POP) profile with depth. The top layer (dry crust) was divided into 

two layers to model gradual decrease of the pre-consolidation stress &P with depth. 

The in-situ Ko values were determined using the formula by Mayne and Kulhawy 

(1982). The initial inclination ao was derived following the procedure proposed by 

Wheeler et al. (2003). The initial amount of bonding x0 was estimated from the sensi- 

tivity. 

Table 6.3: Initial values for state parameters 

Layer Depth Iml eo Pop Ko OkO XO 

la 0-0.8 1.55 80 1.23 0.72 2.5 

lb 0.8-1.6 1.55 60 0.54 0.72 2.5 

2 1.6-3.0 1.89 10 0.48 0.63 6.5 

3 3.0-6.7 2.43 4 0.36 0.69 6.3 

4 6.7-10.0 2.12 3 0.38 0.63 6.3 

5 10.0-15.0 1.80 7 0.39 0.63 4.5 

6 15.0-18.0 1.55 2 0.44 0.54 3.1 

7 18.0-21.5 1.65 1 0.43 0.54 11.7 

8 21.5-23.0 1.3 3 0.44 0.54 4.5 

The values for the conventional soil constants are shown in Table 6.4. For ic (slope of 

elastic swelling line) and X (slope of normal compression line) average values for 

each layer were chosen. The value of Vwas taken as 0.15 which is a typical value for 

soft clays. Average values of M per layer were chosen based on the undrained triaxial 

test results presented in Figure 6.9. 

Table 6.4: Values of conventional soil constants 

Layer y [kN/m3] ic v % m k, Im/sl kh Im/sl 

la 15.8 0.023 0.15 0.20 1.75 1.43E-9 8.36E-10 

lb 15.8 0.023 0.15 0.20 1.75 1.43E-9 8.36E-10 

2 15.47 0.028 0.15 0.36 1.60 1.26E-9 7.34E-10 

3 14.47 0.041 0.15 0.56 1.70 1.37E-9 8.01E-10 

4 15.07 0.039 0.15 0.36 1.60 1.26E-9 7.34E-10 

5 15.66 0.030 0.15 0.32 1.60 1.26E-9 7.34E-10 

6 15.93 0.027 0.15 0.22 1.40 1.06E-9 6.22E-10 

7 16.24 0.028 0.15 0.22 1.40 1.06E-9 6.22E- 10 

8 17.29 0.012 0.15 0.15 1.40 1.06E-9 6.22E-10 
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The values for the additional soil constants for the S-CLAY models are presented in 

Table 6.5. P was determined in a mannerdescribed by Wheeler et al. (2003). Parame- 

ter p which controls the rate of the rotation of the yield surface was estimated based 

on the ratio (10-15)1% suggest by Zentar et al. (2002). The values for 7, i are average 

values per layer determined from tests on reconstituted samples. Parameters a and b 

are based on Koskinen et al. (2002a) and are typical values for soft Finnish clays. 

Table 6.5: Values for additional soil constants for S-CLAY1, S-CLAYIS and S-CLAY2S 

Layer p 14 Ai a b 

la 0.98 61 0.18 10 0.2 
lb 0.98 61 0.18 10 0.2 

2 1.02 47 0.18 10 0.2 

3 1.00 28 0.25 10 0.2 

4 1.02 32 0.21 10 0.2 

5 1.02 43 0.22 10 0.2 

6 0.95 55 0.16 10 0.2 

7 0.95 47 0.17 10 0.2 

8 0.95 83 0.11 10 0.2 

6.5.2 Undrained shear strength "Greenfield" 

One of the goals of the simulations was to achieve a good match of the predicted und- 

rained shear strength in plane strain compression with the shear strength estimated 

with the field vane tests in 1993 (prior to construction). In Figure 6.12a the undis- 

turbed shear strength profile estimated by field vane tests is compared to the profile 

predicted by the MCC, S-CLAY I, S-CLAY IS and S-CLAY2S models in plane strain 

compression. The predicted profile gives a very good match with the estimated pro- 

file. Only at a depth of -20 m and deeper do the models overpredict the field values. 

The estimated profile can not be matched with the models because of the assumed 

state parameters which result in a certain shape of the yield surface in the normally 

consolidated state. Comparison of the predicted values by the models only, shows that 

the MCC predicts slightly lower values with depth than the S-CLAY models. This is 

due to the different shapes of the yield surfaces. The yield surfaces for a point at a 
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Figure 6.12: Undrained shear strength profile prior to construction: a) undisturbed strength 
(natural) and b) disturbed strength (remoulded) 

depth of -3 m are shown in Figure 6.13. The two yield surfaces predict different max- 

imum, values of deviatoric stress q due to the different shapes of the curve. MCC pre- 

dicts a lower q value in plane strain compression than the S-CLAY models. Inspection 

of Figure 6.13 also shows the difference in minimum q in extension for the two mod- 

els. The isotropic MCC model predicts the same strength in compression and exten- 

sion. In contrast the minimum value of q in extension predicted by the S-CLAY IS 

model is lower due to the ellipse shaped yield surface. As a consequence the und- 

rained strength in extension predicted by the S-CLAY models is lower than in com- 

pression (see Figure 6.13a). In the following only the strength in plane strain 

compression is considered and compared to the field vane results. 

Figure 6.12b plots the measured and predicted disturbed undrained strength. The pre- 

dicted strength overestimates the strength measured in the field. The ratio between the 

size of the intrinsic yield surface and the natural yield surface is based on average sen- 
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Figure 6.13: Predicted natural yield surface of the MCC, S-CLAY I models for a point at a depth of 
-3 m in the p'-q plane 

sitivity with depth. The sensitivity was determined with fall cone tests and may be 

affected by sample disturbance. 

6.5.3 Numerical simulations 

The Murro test embankment was modelled in plane strain with the 2D PLAXIS 8 

finite element code. Due to the symmetry of the problem only half of the embankment 

was considered in the analyses. The problem was discretised by using a finite element 

mesh consisting of 693 15-noded triangular elements. In the model the symmetry axis 

and the lateral boundary at a distance of 36 rn were fixed in the horizontal direction. 

The bottom boundary at a depth of -23 rn was fixed in the horizontal and vertical 

direction. The problem was modelled as large strain analyses. Mesh sensitivity studies 

confirmed that the mesh was dense enough to give accurate results. The problem was 

analysed with the MCC, S-CLAY 1, S-CLAY IS and S-CLAY2S model. The construc- 
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tion of the embankment was simulated as an undrained calculation phase followed by 

a fully coupled consolidation analysis. 

The 'step size' for the user defined soil models (MCC and S-CLAY models) was set 

to 

6.5.4 Comparison with predictions 

The comparison between the results of the finite element simulations and the field 

observations are presented in the following. Discrete values, shown with various sym- 

bols, correspond to the field measurements. The details are shown in the legend of 

each figure. 

6.5.4.1 Time settlement curves 

The observed and predicted surface settlements underneath the centre line of the 

embankment are presented in Figure 6.14. Figure 6.14a shows the results on a linear 

scale. The settlement plates L2, L5 and L7 are all installed along the centreline of the 

embankment (see Figure 6.11 for details). L2 is at the centre point of the embankment 

and L5 and L7 are at a distance of 5 m. Interestingly L2 settles less than L5 and L7. 

L7 predicts the biggest settlement with time. Due to the small distances between the 

settlement plates (L5 and L7) and L2 at the centre, settling the least of all, the differ- 

ence can not be associated with inhomogeneous ground conditions. The difference in 

prediction of the plates is most likely due to problems with the compaction or other 

technical issues during construction. The measured settlements underneath the centre 

line after about 14 years of consolidation are in the order of 0.7 to 0.8 m. 

The model predictions with the S-CLAY IS and the S-CLAY2S model suggest similar 

magnitudes for 14 year settlements. S-CLAY2S predicts marginally higher vertical 

settlements than S-CLAYIS. MCC predicts notably smaller settlements than the S_ 

CLAY models. Including anisotropy only in the simulations slightly improves the pre- 

dictions but still underestimates the measured values. 
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Figure 6.14: Time settlement curves: a) linear scale and b) log scale 

In Figure 6.14b the time settlement curve is plotted on a semi-logarithmic scale. 
Inspection of the measured results suggest that the primary consolidation is still on 

going after 14 years. In contrast, the model simulations suggest that primary consoli- 
dation is nearly finished. The difference between the measurements and the predic- 

tions are due to creep (secondary consolidation) which is a well known characteristic 
in soft soils. 

Vertical displacements at different levels underneath the centreline of the embank- 

ment versus time are plotted in Figure 6.15. The model predictions are compared to 

the results measured with the extensiometer which is installed at a location at the cen- 
tre line of the embankment. Inspection of the measured results indicates that most of 
the vertical displacements are due to compression of the almost normally consolidated 
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soft clay layers between a depth of -1.6 m and -6.0 m. The model predictions are in 

good agreement for the layers between -1.0 m and -5.0 m. For the deeper layers the 

simulations overestimate the observed behaviour. Either the stiffhess of the soil has 

been underestimated or the predicted load distribution differs from the distribution in 

the field. Also the constant permeability used in the simulations may influence the 

predictions. 
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Figure 6.16: Surface settlements: a) immediately after construction b) February 1994 (1 year) c) 
April 1995 (2 years), d) May 1996 (3 years), e) September 1998 (5.5 years), f) August 2001 (8.5 

years), g) October 2003 (10.5 years) and h) October 2007 (14.5 years) 

6.5.4.2 Surface settlements 

The predicted and measured surface settlements are shown in Figure 6.16. The pre- 
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dictions immediately after construction are shown in Figure 6.16a. All four models 

predict a slight surface heave outside the embankment. The anisotropic models pre- 
dict slightly greater surface settlements than the isotropic MCC. There is hardly any 
difference in the settlement predictions for distances greater than 6m from the sym- 

metry axis (outside the crest). In Figure 6.16b to h the predictions are compared to the 
field measurements (settlement plates Ll to L7). One and two years (February 1994 

and April 1995) after construction of the embankment the model simulations underes- 
timate the measured settlements at the settlement plates. With time (May 1996 to 

August 2001) the predictions by the model simulations are in better agreement. Over- 

all the S-CLAYIS and S-CLAY2S model capture the measured surface settlements 
better with time than the MCC and S-CLAYL 

6.5.4.3 Horizontal displacements 

Figure 6.17 shows the horizontal displacements at different times after construction, 

underneath the crest of the embankment. Immediately after construction only predic- 

tions are shown. The S-CLAY models predict slightly greater displacements than the 

isotropic MCC model at a depth of -3.5 m. One year after construction the S-CLAY 

models predict a maximum in the same order as the measured horizontal displace- 

ments. However, the measured maximum is at a slightly greater depth of -4.5 m. With 

increasing consolidation time the models marginally underestimate the measured 

maximum displacements in magnitude and depth. Overall the S-CLAY2S model pre- 

dicts the magnitude of the maximum displacements slightly better than the S- 

CLAY IS model which uses an associated flow rule. 

The horizontal displacements underneath the toe of the embankment are plotted in 

Figure 6.18. Immediately after construction the S-CLAY models predict greater dis- 

placements than the MCC model, in the order of 0.05 m at a depth of -3.2 m. interest. 

ingly the maximum is at a slightly shallower depth than predicted below the crest. A 

year after construction the S-CLAY models overpredict the maximum which is about 

0.048 m and is well predicted by the MCC. However, all the models overestimate the 
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Figure 6.17: Horizontal displacement underneath the crest: a) immediately after construction b) 
February 1994 (1 year) c) April 1995 (2 years), d) May 1996 (3 years), e) September 1998 (5.5 

years), f) August 2001 (8.5 years), g) October 2003 (10.5 years) and h) October 2007 (14.5 years) 

measured profile with depth substantially by a few centimeters. With increasing con- 

solidation time the increase in measured horizontal displacements is greater than pre- 

dicted by all the models. All models predict very well the depth of the maximum 

displacements. With time (September 1998 and August 1991) the S-CLAYIS and S_ 
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CLAY2S simulations are in good agreement with the measured profile. Overall the S- 

CLAY2S model predicts the increase of horizontal displacements with time margin- 

ally better than the S-CLAYIS model. Based on the measurements from 2003 and 

2007 a slow down in growth of horizontal displacements with time is observed. How- 
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Figure 6.19: Predicted and measured u, /uy -ratio 

ever, inspection of the u,, /uy - ratios plotted in Figure 6.19 clearly shows that the 

growth in horizontal displacements to vertical displacements is rather constant and 

does not follow the predictions given by the simulations. The simulations suggest that 

the increase in horizontal displacements slows down despite an increase in vertical 

displacements. It is also important to mention that the maximum horizontal displace- 

ments are measured below the crest of the embankment and not below the toe. This 

agrees well with the simulations of test embankments and the benchmark simulations 

presented in Chapter 4. 

6.5.4.4 Excess pore pressure 

In Figure 6.20 the measured and predicted excess pore pressures (EPP) are shown. 
Pressure is presented as a negative value in the diagrams. In the shallow areas under- 

neath the embankment (U2 and U3) the predicted pressures overestimated the 

observed pressure immediately after construction. The predictions show a decrease of 
EPP with time whereas the measurements show a large scatter but the trend is that 
EPP is almost constant with time. At locations U4, U5 and U7 the predicted values are 
in good agreement with the observations. Also the decrease of EPP with consolidation 
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predicted by the model simulations is in good agreement with the measurements. At 

U8 the models marginally underestimate the measurements but the long term trend of 
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EPP dissipation is matched. Points U9 and U 10 are reference points outside of the 

embankment, at a distance of 19m and 20m, respectively. The measured values are 

small (+/- 4kPa) and show a lot of scatter. U10 shows an increase of pressure with 

time and U9 suggests that some suction is apparent. At U9 the models predict a small 

EPP (-4kPa) after construction which dissipates fairly rapidly. At U 10 the models pre- 
dict an EPP of about -6kPa. which is larger than the measurements suggest. The large 

scatter observed in the measurements might to some extent be influenced by ground- 

water level fluctuations and seasonal climate changes. The field observations conflnn 

that the primary consolidation has not yet flnished. Overall, according to the model 

simulations the anisotropic models predict marginally higher excess pore pressures 

underneath the embankment than the isotropic MCC model. Destructuration increases 

the predicted EPP by another I to 2 kPa. 

6.5.4.5 Undrained shear strength 

In Figure 6.21 the predicted and measured undrained shear strength at the symmetry 

axis of the embankment 8 years after construction (2001) is presented. The undis- 

turbed strength profile (natural strength) with depth is shown in Figure 6.21a. The 

predictions by the MCC, S-CLAYI, S-CLAYIS and S-CLAY2S models are com- 

pared to the profile measured with the field vane test. All four models predict an 

increase in undisturbed shear strength of similar magnitude in the dry crust. The pre- 

dicted increase is in the order of 2 to 4 kPa. At a depth from -1.6 m to about -8 m the 

predicted values are in good agreement with the observed increase. At a depth of -8 m 

and deeper the models overpredict the measured profile with depth. Overall all three 

S-CLAY models predict the same profile with depth. The isotropic MCC predicts 

marginally lower values with depth which is due to the fact that the initial profile dif- 

fers from the initial profile of the S-CLAY models (see Figure 6.12). 

The predicted and measured profiles of disturbed strength with depth is plotted in 

Figure 6.21b. The field vane results are compared to the predictions by the S- 

CLAYlS and S-CLAY2S model. The two models predict the same undisturbed 
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Figure 6.2 1: Predicted and measured undrained strength with depth at symmetry axis: a) 
undisturbed undrained shear strength and b) disturbed undrained shear strength 

strength profile with depth. At a depth between - 1.6 m and -6 m the predicted profile 

overestimates the measured values. Underneath a depth of -6 m the model simulation 

show a good match with the field vane results. In summary the predicted increase of 

disturbed strength with depth is of good quality. 

For comparing the predictions of undrained strength with time by the model simula- 

tions it is informative to look at contour plots. The predictions by the MCC and S- 

CLAY IS model of undisturbed strength prior to construction, 8 years after construc- 

tion and at the end of consolidation are shown in Figure 6.22. Both models predict a 

similar pattern of increase in undrained strength for the time 8 years after construction 

(August 2001). An increase of strength is not only observed in the areas directly 

below the embankment (toe of the embankment at x--9m) but up to a distance of 18 rn 
from the symmetry axis (9 m from the toe). This predicted increase up to 18 m is 

observed over the whole depth of the deposit. At the end of consolidation (100 years 

after construction) the layout of the contour lines is similar to the year 2001. How- 
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Figure 6.22: Contour plots of undisturbed undrained strength: a- c) MCC model and d- f) S- 
CLAY IS model 

ever, the increase in strength is predicted up to a distance of 24 m from the symmetry 

axis. obviously, most of the increase in strength is predicted in the first 8 years after 

construction, and thereafter the increase is marginal. 

The contour plots of the disturbed undrained shear strength are presented in 

Figure 6.23. The presented results are from simulations with the S-CLAY IS model. In 
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Figure 6.23: Contour plots of disturbed undrained strength 

Figure 6.23a the initial profile with depth is shown. The contour lines at the vertical 

boundaries of the model at x--O m and x--36 m show same scatter. The scatter is due to 

interpolating errors caused by the data processing programme. All lines should be 

horizontal at the vertical boundaries. 8, years after construction (Figure 6.23b) in 

August 2001 a large increase of strength in the area directly below the embankment is 
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Figure 6.24: Measured undrained strength with depth: a) undisturbed undrained. shear strength and 
b) disturbed undrained shear strength 

observed. In the depth between -2 m and - 14 m, the strength is predicted to increase 

by about 2 to 3 kPa up to a distance of 15 m from the symmetry axis. Below - 14 m the 

increase is marginal in the order of about 0.5 kPa. From 2001 to the end of consolida- 

tion, after about 100 years, there are only marginal changes to the predicted disturbed 

strength pattern. 

interestingly the models predict quantitatively the increase of undisturbed strength but 

overestimate the undisturbed strength below a depth of -8 m. In Figure 6.24 the field 

vane test results from the years 1993 and 2001 are plotted. Comparison of the undis- 

turbed measurements (Figure 6.24a) is interesting. In the top 6 to 7m there is an 

increase in undrained strength as correctly predicted by the models, with a maximum 

increase of undrained strength of 7 to 17 kPa. However, below the depth of -7 m, the 

undrained strength has actually decreased, from about 30 kPa to about 20 kPa. This 

occurred in conjunction with an increase of disturbed strength (see Figure 6.24b). The 

disturbed strength increased from about 2 to 4 kPa in 1993 to 4 to 8 kPa in 2001. It 
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Figure 6.25: S-CLAY IS in p'-q plane: mechanism of shrinkage of natural yield surface and 
increase of intrinsic yield surface 

shows that the sensitivity of the soil has significantly decreased throughout the depth 

of the deposit. This might be an indication of the gradual process of destructuration of 

the bonds due to plastic straining (Karstunen et al. 2005). Obviously, with a constitu- 

tive law that accounts for destructuration, such as the S-CLAY IS and S-CLAY2S, this 

phenomena can be explained. Theoretically, if the rate of destructuration is high, it is 

possible that the bonds are degrading at a high rate. This will occur in conjunction 

with a rapid growth of the intrinsic yield surface with consolidation time and the dis- 

turbed strength (remoulded strength) will increase. At the same time the undisturbed 

strength will decrease due to a reduction in size of the natural yield surface (schematic 

shown in Figure 6.25). With ongoing consolidation the rate of destructuration will 

eventually slow down and the undisturbed shear strength will increase as predicted in 

the top 8m of the Murro deposit. 

A parametric study was done to investigate the possibility of modelling the above 

mentioned phenomena with the S-CLAY IS model which accounts for destructuration 

of the bonds. It was thought that a high sensitivity of the deep layers of the Murro 

deposit would trigger such a behaviour. After several trial runs with x increased up to 
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Figure 6.26: Undrained strength profile 8 years after construction: a) undisturbed strength and b) 
disturbed strength 

500 in layer 4,5,6 and 7 it was found that with high a bonding parameter the phenom- 

ena cannot be simulated in a plane strain analysis. The next step was to change the 

parameters a and b in the destructuration law which controls the absolute rate of 
destructuration and relative effectiveness of plastic deviatoric strains and plastic volu- 

metric strains in destroying the bonding. It was observed that increasing parameter a 

to about 20 and above in combination with an increase of parameter b to about 0.6 to 

0.8, would result in a slow down of the increase of undisturbed shear strength with 
depth and time. As a consequence large deviatoric strains were predicted in layers 6 

and 7,8 years after construction. The predicted deviatoric strains are unrealistic at that 

depth and time. In order to reduce the large deviatoric strains the parameter b was set 
back to its original value of 0.2. Even with 0.2 the predicted shear strains were still 

unreasonable. As a next step the b value was set to 0. This resulted in the predicted 

strength profile presented in Figure 6.26. In Figure 6.26a the undisturbed strength 

underneath the centreline of the embankment 8 years after construction is compared 
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to the measured results and to the prediction of the original S-CLAYIS simulation. 
inspection of the plot shows that the strength predicted with parameter a set to 25 

results in a lower strength profile with depth. The predicted profile does not match the 

measurements but a substantial slow down in the increase of undisturbed shear 

strength is achieved. In Figure 6.26b the disturbed strength underneath the centreline, 
is presented. Again the predictions are compared to the original S-CLAYIS simula- 

tions and to the measured field vane results from 2001. The increase of parameter a to 

25 results in overestimating the disturbed strength at layer 4 and layer 7. Layer 4 is 

one of the softer layers of the deposit and the large volumetric strains cause the rapid 

growth of disturbed strength. The bonding parameter x used for layer 7 is 11.7 and 
higher than all the others used in the analysis. The x in combination with an a of 25, 

accelerated the growth of the intrinsic yield surface with consolidation time. 

In Figure 6.27 the undisturbed strength is presented in contour plots. The current sim- 

ulations are compared to the original simulations with the S-CLAY IS. Comparison of 

the predictions after 8 years (August 2001) clearly demonstrates the difference in the 

estimated strength contours. The original S-CLAY IS simulation shows an increase of 

strength at a depth of -2 rn to -1 Om by an average of 5 kPa. In contrast the current sim- 

ulation (S-CLAYIS with a--25 and b--O. O) hardly shows an increase of strength. 
Inspection of the contour plots after the end of consolidation demonstrates that the ini- 

tial decrease of undisturbed strength followed by an increase in strength with time can 

not be modelled with S-CLAYIS. The simulation predicts a further reduction in 

strength with time and only a marginal increase of strength in the shallow areas. 

The contour plots of disturbed strength predicted with a--25 and b--O are shown in 

Figure 6.28. The results 8 years after construction and at the end of the consolidation 

are compared to the original S-CLAYIS simulations with a7-10 and b--0.2. A large 

increase of strength is predicted by the simulations with a=25 and b--O. O underneath 

the embankment at a depth of -5 m to -12 m. In the bottom two layers the increase in 

strength is predicted over the total width of the layers. The simulations predict that the 

strength with depth continues to increase with consolidation time. The maximum 
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Figure 6.27: Contour plots of undisturbed undrained strength: a- c) S-CLAY IS model (a-- 10 and 
b=0.2) and d- f) S-CLAY IS model (a=25 and b=0.0) 

growth rate is predicted at the end of the consolidation at a depth of about - 13 m. The 

predicted values 8 years after construction and at the end of consolidation are far 

larger than the values predicted by the original simulations. 

Changing parameters a and b from default values for Finnish clays (a--9-11 and 

b=0.2-0.3) to higher values showed that the increase of the size of the natural yield 
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Figure 6.28: Contour plots of disturbed undrained strength: a- c) S-CLAY IS model (a= 10 and 
b--0.2) and d- f) S-CLAY IS model (a=25 and b=0.0) 

surface with consolidation time can be influenced. The increase of undisturbed 

strength in plane strain compression with time was slowed down. As a consequence 

the rate of increase of the size of the intrinsic yield surface with time was drastically 

increased. All of the above also influence the settlement predictions of the simula- 

tions. The maximum surface settlements at the centre line of the embankment are 
increased by 5 to 10 cm. 
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6.5.4.6 Influence of change of permeability with compression on predicted 
settlements 

It is well known that permeability, k decreases as the void ratio decreases. In the cur- 

rent simulation the change of permeability with decreasing void ratio was ignored for 

the sake of simplicity. Koskinen et al. (2006) presented simulations of the Murro test 

embankment with the S-CLAYIS model where the change of permeability was 

accounted for. In the PLAXIS 2D finite element code the change in permeability is 

described by ck which is determined by a simple relationship (Taylor, 1948): 

log(, k 
F 

Ae 
Ck 

[6.1] 

Where Ae is the change in void ratio, k is the current permeability and ko is the initial 

permeability. The above relationship is used for the horizontal and vertical permeabil- 

ity (kx and kv) in the code. The gradient ck can be determined from a void ratio versus 

permeability plot. Brinkgreve (2002) suggests that ck is in the order of Cc (the com- 

pression index, which is determined in e-logcr' plot). Cc is related to X via the simple 

relation: 

cc 

2.3 
[6.2] 

in Table 6.6 the ck values estimated for the Murro deposit are shown. In the third col- 

umn of the table the values suggested by Koskinen and Karstunen (2006) are pre- 

sented. In the fourdi column the values given are estimates based on Cc. 

Table 6.6: Parameter Ck 

Ck 
(Koskinen and Ck 

Layer Depth Iml Karstunen, 2006) (estimated from Cc) 

la 0-0.8 0.25 0.46 

lb 0.8-1.6 0.25 0.46 

2 1.6-3.0 0.87 0.828 

3 3.0-6.7 1.06 1.288 

4 6.7-10.0 0.89 0.828 

5 10.0-15.0 0.64 0.736 
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Ck 
(Koskinen and Ck 

Layer Depth iml Karstunen, 2006) (estimated from Cc) 

6 15.0-18.0 0.47 0.506 

7 18.0-21.5 0.74 0.506 

8 21.5-23.0 0.09 0.345 
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Figure 6.29: Time settlement curve: influence Of Ck 

The values Of ck shown in the table are very similar except for the dry crust and for 

layer number 8. The effect Of ck on the predicted behaviour was studied by simulating 

the embankment with the S-CLAY IS model and the ck values shown in Table 6.6. 

The predicted time settlement curves fora point at the symmetry axis underneath the 

embankment is compared to the original S-CLAY IS simulation presented previously 

in Section 6.5.4.1 which did not account for the change of permeability with the void 

ratio. The time settlement curve is shown in Figure 6.29. Accounting for the change 

of permeability with a decrease in void ratio marginally reduces the predicted vertical 

displacements with time. The magnitude of reduction is in the order of 1.5 Cm (ck 

after Koskinen and Karstunen, 2006) and 1 .0 Cm (ck estimated via Cc). 

In the absence of any data on the change of the permeability with the change in void 

ratio the Ck value can be reasonable well estimated via the Cc as demonstrated by the 
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simulations. Overall it can be concluded that neglecting the change of permeability in 

the simulations does not change the quality of the predicted time settlement behav- 

iour. 

6.5.4.7 Influence of Poisson's ratio 

The comparison of the prediction of the horizontal displacements with the measured 
displacements are generally in good agreement. The underprediction of the horizontal 

displacements in the long term (8 - 14 years) can possibly be explained by creep. It 

was demonstrated in the results that one year after construction the horizontal dis- 

placements at the toe are overestimated, particularly for the displacements in the 

deeper layers. Despite the fact that the soil at depth is almost normally consolidated, 

to some extent elastic straining will influence the horizontal displacements. The pre- 

dicted elastic behaviour in the MCC and the S-CLAY models is based on Hooke's law 

of elasticity. As mentioned in Section 6.5.1 Poisson's ratio was taken as 0.15 which is 

a typical value for soft clay. 

Brinkgreve and Vermeer (2001) suggest -a procedure to determine the initial state of 

the stress of overconsolidated ground by considering the stress history of the ground. 

Assuming one dimensional compression, loading to the maximum stress crIv 
- M. fol- 

n, lows agradientof KO over 1, with Kom= I -sin(p' (see Figure 6.30). FrompointBto 

C the soil is unloaded. VAiile unloading it is assumed that the soil behaves linearly 

elastic. The unloading gradient follows KO = v'/(I-v) with a Poisson's ratio Vu, for 

unloading/reloading. The inclination of the line between point A and C can then be 

described by: 

C CY hUI Ur Koo =_= (I - sin(p')OCR - (OCR - 1) 
I-U' * [6.3) 

at v up 

The procedure to determine Ko"' by Brinkgreve and Vermeer (2001) relies on know- 

ing the Possion's ratio V., for the soil which is very often not the case. For the Murro, 

simulations the KO' was derived using the equation suggested by Mayne and Kul- 
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Figure 6.30: Relationship between KOO' , and OCR for overconsolidated soils (Brinkgreve and 
Venneer, 200 1) (Figure after Moeller, 2006) 

hawy (1982). Following the ideas by Brinkgreve and Venneer (2001) presented in 

Figure 6.30 and replacing Eq. 63 with the equation by Mayne and Kulhawy (1982) 

for K00c will lead to a different inclination of the line between B and C in Figure 6.30. 

The different inclination will necessarily lead to a different Poisson's ratio Vur Pois- 

son's ratio V'ur can be defined by: 

nc t 
'ä(Y'h - 

CT'hmax - cr'h_ K., cr' - KO. CCY'v_ U ur 
1-t09 

vmax 
t0 

[6.41 
Acr'V Cr vmax - (7 v Cy vmax - Cr v1- 

Vur 

with Ko"= I -sin(p' and Koo' '- (I -sin(p')OCIV"'P'. Reaffanging Eq. 6 4, Poisson's ratio 

v? ur can be calculated. 

e. ca, - 11-Ocw 0 vmax `o ,v 
[6.51 ur 

v(1 
+ voc-% 0 vmax( 1+ Knoc)--cy' &%. 0 » 

Inserting a, 
_max=cr'v 

*OCR leads to: 
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u ur 
(ICnocOCR - KOO) 

(0 CR(I + Knoc)-(l + Kooc)) 
[6.6] 

The formula for deriving Poisson's ratio V'ur was used to determine Poisson's ratio Vur 

for each layer in the Murro simulations. Poisson's ratios calculated based on Eq. 66 

are presented in Table 6.7. 

Table 6.7: Poisson's ratio 

Layer Depth Iml vt ur VI ur estimated via Eq. 66 

la 0-0.8 0.15 0.18 

lb 0.8-1.6 0.15 0.13 

2 1.6-3.0 0.15 0.13 

3 3.0-6.7 0.15 0.11 

4 6.7-10.0 0.15 0.12 

5 10.0-15.0 0.15 0.12 

6 15.0-18.0 0.15 0.16 

7 18.0-21.5 0.15 0.16 

8 21.5-23.0 0.15 0.16 

The Murro test embankment was recalculated with the S-CLAY IS model with the 

above shown values for Vur and compared to the original S-CLAY IS simulations pre- 

sented previously. The predicted time settlement curve is plotted in Figure 6.3 1. The 

predicted time settlement curve is similar to the original predictions with a V'ur Of 

0.15, as expected. Immediately after construction the maximum settlement at the cen- 

treline is 7.4 cm compared to 8.6 cm, previously. 

The effect of the V'ur on the predicted horizontal displacement with consolidation time 

underneath the crest of the embankment is presented in Figure 6.32. Immediately 

after construction the horizontal displacements are reduced due to the generally 

smaller Vur used in the simulations. With increasing consolidation time the difference 

in predictions are becoming smaller and smaller until it is hardly noticeable. In Sep- 

tember 1998 the difference is no longer noticeable in the predictions. 
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Figure 6.3 1: Time settlement curve: Influence of Poisson's ratio v,, 

The horizontal displacements below the toe of the embankment are plotted in 

Figure 6.33. Again a reduction of the maximum horizontal displacement with the 

lower Vur is observed. However, the measured displacements in the first two years 

after construction are still overestimated and underestimated with increasing consoli- 

dation time. 

In the absence of any laboratory test results, the proposed method to determine v,,, 

provides a reliable way of estimating a realistic V, for overconsolidated soils. One 

has to be aware that this method is limited to soils which are overconsolidated 

(OCR> 1) and can not be used for nonnally consolidated soils. 
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Figure 6.32: Horizontal displacement underneath the crest (influence of Poisson's ratio): a) 
immediately after construction b) February 1994 (1 year) c) April 1995 (2 years), d) May 19% (3 
years), e) September 1998 (5.5 years), f) August 2001 (8.5 years), g) October 2003 (10.5 years) 

and h) October 2007 (14.5 years) 

6.5.4.8 Influence of p 

The parameter ýL controls the absolute rate of rotation at which the yield surface 

rotates. The p used in the simulations is estimated based on the function suggested by 

Zentar et al. (2002). p is simply a function of the virgin compression index ), with 10/ 
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Figure 6.33: Horizontal displacement underneath the toe (influence of Poisson's ratio): a) 
immediately after construction b) February 1994 (1 year) c) April 1995 (2 years), d) May 1996 (3 
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and h) October 2007 (14.5 years) 

X to 151k. Leoni et al. (in press) who developed the Anisotropic Creep model (see 

Section 2.6.2) derived a relation between cD and X*, where a) controls the absolute rate 

of rotation in their model and X* is the modified compression index (defined in cv-lnp' 

plot). Anandraj ah et al. (1996) concluded based on experimental work that the initial 

anisotropy is erased if a sample is isotropically loaded to two or three times its nor- 
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Figure 6.34: Rotation of the yield surface: a) influence of the initial stress state and b) Influence of 
virgin compression index X 

mally consolidated preconsolidation pressure. They concluded that it makes a soil iso- 

tropic in terms of strain response but the soil still remains anisotropic with respect to 

the particle orientation. This finding allowed Leoni et al. (in press) to derive a simple 

relation between (o and X* - 

0) =1 In 
10112 - 2(X0(Od 

X* A42 - 2CtO(Üd 
[6.7] 

where ao and Od are determined by the critical state angle (p', as defined in Eq 2.23 

and Eq. 2.29. (o depends soley on the modified compression index X* and on the criti- 

cal state friction angle 9'. 

The conclusions by Anandrajah et al. (1996) are investigated with the S-CLAYI 

model. In Figure 6.34a the rotation of the yield surface with an increase of the size of 
the natural yield surface pm is presented. The material parameters are chosen to repre- 

sent Murro clay at a depth of -7 m (, %=0.42). Two simulations with the same initial 

stress state were performed. In the first simulation it was assumed that the sample is 

loaded with a stress ratio 11KO and in the second simulation the sample was isotropi- 

cally loaded with a stress ratio 9=0. Both samples were loaded until the anisotropy 

was almost erased or reached less than 10% of the initial value of ao. The first sample 

was loaded until the ratio Pm/pmo (size of the current yield surface pm to initial yield 
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surface pmo) was about 10 times. At this point the anisotropy reduced to about 10% of 

the initial anisotropy (a/ao). In contrast in the isotropically loaded sarnple the ratio cc/ 

ao reduces to 10% or less at a ratio of pm/pmo of about 2. The model simulations are in 

agreement with the conclusion by Anandraj ah et al. (1996) for soft soils. 

In Figure 6.34b the influence of the stiffness, % of the soil on the a/aO and pm/p. 0 ratio 
during isotropic shearing is presented. It is clearly demonstrated that the softer the 

soil, the earlier the anisotropy is erased. It can be concluded that for soils with aX 

equal to 0.3 or greater, the initial anisotropy is almost erased at a ratio of pn/pmo of 2. 

This finding will be used to derive a relation between ýt and the stiffhess of the soil 
following the idea by Leoni et al. (in press). 

The required plastic volumetric strain increment SeVP for erasing the anisotropy is: 

8ep, = 
L---Eln(p"ý 

= 
7'- Y'ln(2). [6.8] 

1 +e ýý 
.. 

117 -e 

In triaxial stress space the ratio between the plastic deviatoric and plastic volumetric 

strain is defined by the associated flow rule: 

2(ý - a) depq aglo9q P 
2' 

[6.91 
dep, 99 / CIP, M2 _ 

(3) 

p 

The rotational hardening law Eq. 2.16 in triaxial stress space simplifies to: 

doc = ýt 
[(L 

- a) dep, + P(: ýý - a) depvd], 
4p' 3p 

Inserting Eq. 69 into Eq. 610 (rotational hardening law) and assuming isotropic 

loading with q=O, leads to the following differential equation: 

-gdep, - 
ý? da 

2' [6.11] 
a-2ct 
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Eq. 6 11 can be integrated between ao and aI with aI= ao +8a to obtain the follow- 

ing equation: 

In ao /a - 2aop 

M2 - 2aop 

Inserting Eq. 68 into Eq. 6 12 and assuming that the anisotropy (x decreases to I/ 10 

(ao/a= 10) the following can be obtained: 

I+e- In 
IOA? - 2aOP 

(X-x)ln(p'm) M2 - 2aop 
ýýMý 

ýL depends therefore on the critical state stress ratio M, the initial inclination of the 

yield surface (xO, the soil constant P, the initial void ratio and the stiffhess of the soil 
(, % and K). 

In the following study the formula for g by Leoni et al. (in press) is compared to 

Eq. 6 13 and to the relation suggested by Zentar et al. (2002). Eq. 6 13 was used with 

three different ratios of p. /pmo in the study (2,2.5 and 3). In contrast a fixed ratio of 3 

was assumed by Leoni et al. (in press). In the study the virgin compression index X 

was varied from 0.1 to 0.6 and a ratio of 10 was used for X/X. At the same time the 

influence of the critical state stress ratio M on the predicted value of g was studied by 

varying M between 1.0 and 1.8. The results are presented in Figure 6.35. For the cor- 

relation between the modified compression index and the virgin compression index a 

void ratio of 1.55 was assumed. The formula suggested by Leoni et al. (in press) pre. 

dicts a lower bound value for g as does Eq. 613 with a ratio of 3 for p. /p. O. it also 

lies outside the range suggest by Zentar et al. (2002). The g values predicted by 

Eq. 613 with a pm/pmo ratio of 2 are well inside the upper and lower bound suggested 

by Zentar et al. (2002). 
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Figure 6.35: Predictions of p with different formulas at different soil stiffhess and critical state 

stress ratios M 

The influence of the ratio of ic/k on the predicted ýt values is presented in Figure 6.36. 

The g values presented were calculated by assuming aX of 0.4 and the ratio of ic/X 
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Figure 6.36: Influence on the ratio of ic/k on the predicted g values 

was varied between 5 and 15. In addition the M was varied between 1.0 and 1.8 to 

demonstrate the influence of M on the p values by Eq. 6 13. Eq. 6 13 was used with 

a ratio pn/pmo of 2. The influence of M on Leoni et al. (in press) is not shown as it was 
found to be marginal if the modified compression index is kept constant. The pre- 
dicted p values decrease in a non linear manner with increasing VA ratio. The influ- 

ence of the rA ratio is more pronounced than the influence of M on the p values. 
overall it can be seen that the p values are still within the upper and lower bound sug- 

gested by Zentar et al. (2002). It can be concluded that Eq. 6 13 with ratio pm/pmo of 2 

is in good agreement with values suggested by Zentar et al. (2002). 

The effect of calculating p with the proposed formula rather than estimating via the 

relation suggest by Zentar et al. (2002) is demonstrated by the back calculation of 
drained triaxial. test on natural Murro clay. The simulations are performed with the S- 
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CLAY IS model. The parameters of the tests are shown in Table 6.8 and are the same 

as used for the triaxial simulations in Section 5.3.4. 

Table 6.8: Parameters and initial state for natural Murro Clay from a depth of 6.9-7.6 m 

Model X. xM tt 0ab QKO XO 
S-CLAY IS ýL 0.21 0.03 0.3 1.6 20 1.02 10 0.2 0.63 9.5 
with IOIX-151, k 

S-CLAY IS p 0.21 0.03 0.3 1.6 28 1.02 10 0.2 0.63 9.5 
after Eq. 6 11 

AX of 0.47 (Koskinen and Karstunen, 2004) was used to estimate a ýt of 20 after Zen- 

tar et al. (2002) and to calculate a ýL of 28 with Eq. 6 11. Details of simulated tests on 

the natural Murro, clay are summarised in Table 6.9. 

Table 6.9: Simulated triaxial tests on natural Murro Clay from a depth of 6.9-7.6 meters 

Test number Depth [m] eo WO UY01 71,712 

CAD 2987 7.26-7.37 1.962 74.1 0.20 -0.87 
CAE 2989 7.15-7.26 1.945 73.4 0.61 -0.66 

Figure 6.37 shows the experimental data of Test CAD 2987 on natural Murro clay and 

the model predictions with S-CLAY IS with the different ýt values of 20 and 28. The 

prediction of the volumetric strains are not influenced by the increase of ji from 20 to 

28. During the first loading cycle at a stress ratioq I of 0.2 the increase of g to 28 mar- 

ginally reduces the negative deviatoric strains. Overall the predictions are similar and 

the p predicted by Eq. 6 11 is reasonable. 

The results of Test CAD 2989 and the predictions by the S-CLAY IS model with dif- 

ferent ýt values are presented in Figure 6.38. Both simulations underestimate the volu- 

metric and deviatoric strains in both loading cycles. However, the bigger 11 value of 

28 marginally increases the predicted deviatoric strains during the first loading cycle 

at ill of 0.61. In contrast during the second cycle with a 112 of -0.86, the deviatoric 

strains are underpredicted. 
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Figure 6.37: Test CAD 2987 on natural Murro clay: Influence of p 

A reasonable prediction of g is important in situations where a lot of rotation of the 

yield surface can be expected. In terms of embankment simulations a large rotation of 

the yield surface is expected in areas below the toe of the embankment where a rota- 

tion of the principal stresses and shearing occurs. In contrast in areas below the centre 

line of the embankment only a small amount of rotation can be expected. As a conse- 

quence it can be expected that the reasonable g value will not heavily influence the 

settlement predictions. Nevertheless, Eq. 6 13 is used to derive g values for the Murro 

test embankment simulations (Table 6.10). 

Numerical modelling of embankments on soft soils 236 



0.00 

0.05 

0.10 

41? 
0.15 

0.20 

0.25 .... 
2.0 2.5 3.0 3.5 4.0 4.5 5.0 

Inp [kPal 

-0.08 .... I.. I.. I.. Iý,,. 

-0.06 - 0- 

-0.04 

-0.02 

0.02 

0.04 

0.06 
0 

CAD2989 
.............. S-CLAY1 Sp with I O/X-l 5A 
- S-CLAYIS p after Eq. 6.11 

CAD 2989 
Natural Murro clay 
7.15-7.26 m 
Tl, -0.61 
1120-0*86 

O. c 

O. c 

O. c 

O. c 

-o. c 

-o. c 

N -0.06 

L L-1 L Ili ... 
_0.08 

ý 

.... I .... 1. ýAi ... I .... I ... ýI... 
0.05 0.10 0.15 0.20 0.25 -100 40 40 40 -20 0 20 40 60 

F, H q [kPal 

Figure 6.38: Test CAD 2989 on natural Murro clay: Influence of p 

Table 6.10: Parameter ji 

Layer Depth Iml 11 
p estimated via 
Eq. 6.13 

la 0-0.8 61 61 

lb 0.8-1.6 61 59 

2 1.6-3.0 47 37 

3 3.0-6.7 28 28 

4 6.7-10.0 32 41 

5 10.0-15.0 43 41 

6 15.0-18.0 55 57 

7 18.0-21.5 47 59 

8 21.5-23.0 83 72 
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Figure 6.39: Time settlement curve: Influence of the p values 

The calculated p values shown in the fourth column of the table have been used in a 

simulation of the Murro embankment with the S-CLAY IS model. The predicted time 

settlement curve is compared to the original S-CLAY IS simulation with the ýt values 

estimated after Zentar et al. (2002) (see Figure 6.39). As expected the predicted time 

settlement curves are similar due to the fact that the P values calculated with Eq. 6.11 

are almost of the same order. The large difference of ýL in layer 8 (bottom of the 

model) does not influence the behaviour as the plastic volumetric and shear strains are 

negligible for the overall response. 

Based on the experience in the back calculations of the triaxial tests and the simula- 

tions of the Murro test embankment it can be concluded that determining g with 
Eq. 6 11 is reasonable. Koskinen and Karstunen (2006) used a lower bound value of g 
in their simulations. Eq. 6 11 gives somewhat higher values which are reasonably well 

predicted for embankment problems. 
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6.5.4.9 Factor of Safety for stability 

The stability of the Murro, embankment was assessed at two different stages in the life 

time of the embankment. First the Factor of Safety (FoS) immediately after construc- 

tion of the embankment was estimated using the Oasys Slope 18.2 (2007) programme. 
Secondly, the FoS 8 years after construction was determined. The calculations were 

performed in terms of a total stress analysis by assuming a circular type slip surface 

after Bishop. The undisturbed undrained shear strength profile with depth prior to 

construction is based on the profile predicted with the S-CLAY IS model and shown 

in Figure 6.12. In the Slope model the Murro deposit is divided into four layers. In 

each layer an undrained strength increasing linearly with depth was assumed based on 

the profile shown in Figure 6.12. 

Table 6.11: Input parameters for Slope analysis: Undrained strength prior construction 

Changeof 
Undrained undrained strength Reference depth 
strength [kPal per in depth JkPaj Iml 

Layer 14 25 0.0 

Layer 2 10 1.9 -1.6 
Layer 3 10 2.2 -3.7 
Layer 4 28 0 -16.0 

An isotropic undrained strength is assumed in the Slope analysis assuming the same 

strength in compression and in tension. The predicted slip surface is shown in 

Figure 6.40. The predicted FoS immediately after construction is 2.14. 

To determine the increase of FoS with time the analysis was repeated for the time 8 

years after construction in August 2001. The undisturbed strength profile with depth 

predicted by the S-CLAY IS model was used. The input is based on the contour plots 

of undrained strength presented in Figure 6.22e. The horizontal variation of strength 

over the width of the model is included in the Slope model. The non-linear contour 

lines presented in Figure 6.22e are simply simulated with linear non-horizontal lines 
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Figure 6.40: Slip surface immediately after construction of the embankment 

as shown in Figure 6.41. For this simulation the Murro deposit was divided into live 

layers. 

Table 6.12: Input parameters for Slope analysis 8 years after construction 

Undrained 
strength IkPal 

Change of 
undrained strength 
per m depth JkPa I 

Reference depth 
Imi 

Layer 1 4 25 0.0 

Layer 2 10 1.9 -1.6 
Layer 3 15 2.0 -1.6 
Layer 4 19 1.6 -5.0 
Layer 5 34 1.5 -16.0 

In each layer a strength profile where strength increases linearly with depth was 

assumed. The predicted FoS is 2.96.8 years after construction the FoS increased from 

the initial 2.14 to 2.96. 
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Figure 6.41: Slip surface 8 years after construction of the embankment 

In the 8 years after construction the embankment settled in the order of -0.7 m to 48 

m at the centreline. Due to the large settlements, part of the embankment till are sub- 

merged and is below ground level. The reduction in embankment till above ground 
level means a reduction of disturbing moment and an increase in shear resistance 

moment. One can expect an increase of FoS due to the reduced disturbing moments. 
In the following Slope analysis the change in surface geometry was taken into account 
based on the geometry estimated by the S-CLAYIS simulations 8 years after con- 

struction. The new simplified geometry is present in Figure 6.42. The predicted FoS 

for the reduced embankment geometry is 4.88. The FoS estimated for all three cases is 

summarised in Table 6.13. 
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Figure 6.42: Slip surface 8 years after construction of the embankment with reduced embankment 
height geometry 

Table 6.13: Predicted Factor of Safety 

8 years after 
Stage Immediately 8 years after construction with 

after construction reduced 
construction embankment 

geometry 
FoS 2.14 2.96 4.88 

Increase in FoS - 38% 128% 

Comparing the increase in FoS (38 % to 128 %) for the two cases 8 years after con- 

struction clearly shows the importance of accounting for the change of the surface 

geometry. The finding is not so relevant for the Murro embankment because it had a 

safe initial FoS (2.14). However, in cases where the initial FoS is close to a minimum 

acceptable FoS and the growth in undrained strength is small, the true geometry might 

strongly influence the estimated long term stability. 
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6.6 Summary 

Numerical simulations of the Murro test embankment showed that accounting for ani- 

sotropy and destructuration improves the predicted time settlement behaviour. Appli- 

cation of the S-CLAY2S model which uses a conditional non-associated flow rule 

marginally improved the predicted horizontal displacements below the toe and the 

crest of the embankment. 

Back calculation of the undrained shear strength 8 years after construction of the 

embankment showed a good match of the predicted strength with the measured 

strength to a depth of -8 m. However, below -8 m the strength was overpredicted. The 

measurements showed a decrease of the undrained strength compared to the initial 

strength measured in 1993. By changing parameters a and b of the S-CLAY IS model 

it was shown that quantitatively a decrease of strength can be achieved in the simula- 

tions. 

A formula was developed to estimated Poisson's ratio based on the stress history of 

the soil. Simulations with the estimated Poisson's ratios showed a good match with 

measured horizontal displacements. In the last part of the chapter a formula to esti- 

mate p suggested by Leoni et al. (in press) was explored. Simulations of the Murro, 

test embankment using values of p calculated with the formula suggest that for 

numerical simulations of boundary value problems the formula gives realistic esti- 

mates of values of p. 
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Chapter 7 

Deep mixing 

This Chapter introduces the ground improvement by the method of deep mixing. First 

a general introduction about the method itself is given, followed by a short review of 

the current design methods and guidelines. Secondly, different numerical models used 

to simulated deep mixed columns below embankments are reviewed and discussed. 

7.1 Introduction 

Deep mixing is a chemical admixture method to stabilise and improve soft soil by 

adding dry or wet binders. The soil mixing technology was first developed in the 

United States by Intrusion-Prepakt Inc. in the late 1950's (Liver et al. 1954). Between 

1960 and the early 1970's a mixed-in-place stabilisation process was introduced in 

Sweden (Broms and Boman, 1977). They called it the "lime column method", where 

unslaked powered lime is mixed in-situ with soft clay using an auger type mixing 

tool. Broms and Boman (1977) referred to it as a giant "egg beater". The deep mixing 

method was continuously improved and refined especially in Scandinavia and in 

Japan. In the Scandinavian countries (mainly Sweden and Finland) the application 

concentrated mainly on onshore application, such as embankments and light founda- 

tions for housing and industrial developments. In contrast, in Japan, the development 

of the method was mainly focused on offshore applications, such as quay wall founda- 

tions, break waters and land reclamation. Nowadays countries worldwide increasingly 
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use the method in all types of civil engineering problems. Deep mixing is constantly 
being developed and improved as shown by recently introduced special applications 

such as GEONUX, SpringSoil and Trenchmixing (Borel, 2007). 

In the United Kingdom the deep mixing technique was successfully introduced in the 
late 80's and early 90's for ground improvement. Some recent examples include the 

stabilisation of the railway embankments for the Channel Tunnel Railway link. In the 
90's the deep mixing was also sucessfally applied to ground remediation work (Al- 

Tabbaa, 2002). 

The deep mixing method is extensively used in order to improve the properties of the 

soil, such as strength and deformation behaviour. The soil is either stabilised by form- 

ing columns (so-called column stabilisation), small wall panels, walls or by stabilising 

the entire volume (so-called mass stabilisation). In many cases column stabilisation is 

combined with mass stabilisation. With existing technical equipment the soil can be 

stabilised to a depth of 40 m, when using columns or walls. Mass stabilisation is lim- 

ited to a depth of about 5 to 8m (EuroSoilStab, 2001). In the following the research 

focuses on deep mixing in the form of column stabilisation, as this is the main area of 
interest in this research. 

7.2 Concept of deep mixing 
Deep mixing can be applied to various types of soft soils such as clays, organic soil 

and peat. The chemical and geotechnical properties of the soil influence the results of 

the deep mixing process and the choice of binders. Deep mixing can be divided into 

two methods, the dry method and the wet method. In the wet method a binder in slurry 

form is introduced with moderate water pressure and in the dry method the binder is 

introduced by compressed air. The dry method reduces the water content of the soil 

and is ideal for soil with a high water content or a water content close to the liquid 

limit of the soil. The dry method is commonly used in Scandinavia and the wet 

method in Japan. During the mixing process a rotating auger (mixing tool) is pene- 

trated into the ground to the required depth. At this depth the direction of the rotation 
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Figure 7.1: Basic concept of deep mixing (Broms, 2004) 

is reversed and the nozzle opened to inject the binder. The mixing tool is lifted with a 

rotation speed of 100 to 200 rpm and a lift speed of 100 - 300 cm/min (Thompson, 

2007; Massarsch and Topolnicki, 2004). The basic concept of the mixing process and 

a standard mixing tool is shown in Figure 7.1. Many different shapes of mixing tools 

have been developed for different applications and soils. Examples of mixing tools for 

dry soil mixing are shown in Figure 7.2. As it can be seen in Figure 7.1, the mixing 

tool has a hole in the shaft above the blades. Through this hole the bindcr is injected 

into the ground. This is standard for dry mixing tools (Thompson, 2007). Obviously 

as the hole is above the blade the bottom of the column is not mixed with the binder. 

The top of the column is also poorly mixed as the binder injection is stopped below 

ground surface to avoid a blow out of the binder. 

Different types of binders are used. For dry mixing cement, lime, gypsum, blast fur- 

nace or pulverised fuel ash (PFA) or a combination of binders are commonly used. 

The powder is injected by air pressure and reacts chemically with the pore water of 

the soil during the curing process. In the past most of the applications used lime only. 

Nowadays in most projects a combination of lime and cement is used. The major 
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Figure 7.2: Examples of mixing tools for dry mixing (Aalto, 2003) 

advantage of cement is the high shear strength, which can be achieved. Lime columns 

have the advantage of a high permeability of the mixed soil compared to cement or 

lime/ cement combinations (Broms, 1999). In the wet method a slurry consisting of 

binder and water is injected. The most common binder for the wet method is cement 

but often various additives are added. 

7.3 Applications of deep mixed columns 
Typically deep mixed columns in Europe are installed below road or railway embank- 

ments. The columns will reduce the settlements and increase the stability of the 

embankment. It is often found that the method is more economical than other tradi- 

tional ground improvement methods, such as soil replacement and small diameter 

piles. However, the deep mixing technique can be used for a wide range of civil engi- 

neering problems both onshore and offshore projects. The applications are settlement 

reduction, cut-off walls, excavation support, liquifaction mitigation, cutting and slope 

stabilisation and enviromental remediation. The main purposes of deep mixed col- 

umns in the different types of applications can be summarised as follows (EuroSoil- 

Stab, 2001): 
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Figure 7.3: Examples of deep mixing patterns (EN 14679,2003): a) triangular, b) square, c) wall 
type, d) block type, e) grid type, and f) area type 

" to increase the strength of the soft soil 

" to improve the deformation properties of soft soil 

" to increase dynamic stiffness 

" to remediate contaminated soil 

Deep mixing is not suitable for all engineering problems but is most suitable where 

the following applies (FHA, 2000): 

" the soil is not stiff or dense 

" no boulders or other obstruction to the required installation depth 

"a relative vibration free technology is required 

" treated or improved ground volume is large 

" treated soil strength has to be closely engineered (typically 0.1 to 5 MPa) 

Depending on the purpose of the deep mixing application the columns can be installed 

in different patterns. Some typical patterns are presented in Figure 7.3. Triangular and 

square patterns of single columns are usually applied below embankments where a 

reduction of settlements is the main purpose. In this work only columns below 

embankments installed in a square pattern are considered due to limitations in the 
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Figure 7.4: Typical arrangement of columns below an embankment 

used finite element code PLAXIS 3D foundation beta. An embankment constructed 

on columns in a square pattern is shown in Figure 7.4. The pattern and column spac- 

ing chosen defines the area ratio of the improvement. After Broms (2004) the area 

ratio a for columns installed in a square pattern is defined as: 

Ac 
As 

[7.1] 

where Ac is the area of the column and As the area of the soil (see Figure 7.5). A typi- 

cal area ratio for columns constructed below embankments is 0.1 to 0.3 (Karstunen, 

1999). The upper limit of the area ratio of improvement for a square grid is 0.79 

(Broms, 2004). The diameter for the columns ranges between 0.4 and 2.4 m. In 

Europe a common industry standard for the diameter is 0.6 to 1.0 m, whereas in the 

US and Japan larger diameters are more common, depending on the type of applica- 

tion (Massarsch and Topolnicki, 2005; Nozu, 2005; Probaha et al. 2005). 
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Figure 7.5: Definition of area ratio for ground improvement 

7.4 Design 

The design philosophy for deep mixed columns is to produce a soil-column system 

that mechanically fully interacts. The applied load is partly carried by the column and 

partly by the soil between the columns. Assuming equal strains in the column and the 

soil forms the basis condition for the conventional design. The empirical techniques 

suggested by EuroSoilStab (2001) and the recent design guidelines introduced in 

Sweden and Finland (Carlsten et al. 1995 and Korkiala-Tanttu, 1997) are based on 
ideas by Broms and Boman (1977). All guidelines rely on simple rigid-plastic solu- 

tions to predict ultimate loads. The additional stresses introduced due to embankment 

load are assumed to be constant with depth in the soil and in the column. The rnaxi- 

mum load is dependent on the average allowable shear stress of the column and the 

soil, Empirical methods are used for settlement calculations. The settlement calcula- 

tions of the deep mixed columns are based on an iterative procedure and assume an 

average weighted module for the column and the unstabilised soil. 
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More complex analytical solutions have been developed by Alamgir et al. (1996). The 

soil-column system is simplified to a unit cell, which considers only a single column 

and the surrounding soil. In the settlement analysis by Alamgir et al. (1996) the verti- 

cal strain in the column and in the surrounding soil are a function of the distance to the 

column centre. Both material constituents are assumed to behave linear elastically. 
The system assumes interaction along the column soil interface in terms of normal 

and shear stresses. Also equal vertical strains at the interface are assumed. The solu- 

tion allows the calculation of the stresses and settlements at any point in the system. A 

similar method has been introduced by Baker (2002) to calculate the consolidation 

settlements for a single column and the surrounding soil. Baker (2002) simplified the 

stress distribution with depth and assumed it to be constant. The results were com- 

pared to finite element analysis of a single column and the surrounding soil, it was 

shown that both are in good agreement if linear elasticity is assumed for the material 

behaviour. 

The interaction between the columns and the soft soil is very complex and may differ 

from the simple assumptions used in the design guidelines (EuroSoilStab, 2001) or 

other proposed methods (Alaingir et al. 1996; Baker 2002). Numerical methods, such 

as the finite element technique, are ideal to investigate the soil column behaviour. Fur- 

ther, by using advanced constitutive models as introduced in Chapter 2, a realistic soil 

and column stress-strain behaviour can be simulated (Krenn et al. 2005; Krenn and 
Karstunen, 2006). 

7.5 Characteristics of deep mixed material 

Deep mixed material is a very complex material. Its stress-strain-strength behaviour 

depends on a number of factors such as the binder, the binder content, the grain size of 
the soil, the acidity of the water, the organic content of the soil, the water content of 
the soil, the mixing conditions and quality (CDIT, 2002). For the analytical design 

methods the undrained strength of the deep mixed material is commonly required. 

The undrained shear strength is usually determined by unconfined compression tests, 
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undrained triaxial tests or by direct shear tests (Brooms, 2002). The design strength is 

based on the undrained strength after 28 days (EuroSoilStab, 2002), either determined 

by mixing in the laboratory or in the field. It is often found that the achieved field 

strength is 20 to 50% lower than the laboratory strength (Thompson, 2007; Broms, 

2002; Aalto, 1998). The maximum undrained strength is usually 200 to 300 kPa but 

values of up to 1000 kPa and more are reported (Hayashi and Nishimoto, 2005). The 

strength also increases with time. L6froth (2007) reported an increase from an aver- 

age of 100 kPa after I year to about 400 kPa after 9 years based on field samples of 
lime/cement columns. Ahnberg (2004) concluded based on laboratory tests on deep 

mixed samples that undrained shear strength is not a constant as often assumed but is 

stress dependent. Peak friction angles of 34 to 39 degrees for deep mixed clays and 40 

to 44 degrees for clayey silts are reported by Ahnberg (1996). The observed stress- 

strain behaviour is similar to that of an overconsolidated clay (Ahnberg, 2006: Baker, 

2000). Balasubramaniam et al. (2005) made similar conclusions and suggest that after 

reaching the peak strength in the triaxial test, the strength decreases to the critical 

state strength of the untreated soil. 

The tensile strength of the lime/cement columns is often found to be low, typically 10 

to 20% of the unconfined compression strength (Terashi and Tanaka, 1983). 

Results from anisotropic consolidation tests on deep mixed Bangkok clays plotted in a 

e-log(p') shows that a yield point (preconsolidation pressure) can be determined 

(Balasubramaniam et al. 2005, Tremblay et al. 2001). This allows the gradient of the 

virgin compression and the unloading/reloading line to be determined. Ahnberg 

(2006) concluded that the preconsolidation pressure is governed by the applied stress 

level and the cementation of the deep mixed material. However, it is common practice 

to simply determine a relation between the stiffhess of the deep mixed material and 

the unconfined compression strength or undrained shear strength. ESO/cu ratios of 150 

for field samples on lime/cement columns and 200 to 300 for laboratory samples are 

typical. Baker (2000) reported ratios of 90 to 140 between E50 and the unconfined 

compression strength 56 days after mixing the lime/cement columns. 
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The permeability of the deep mixed material is dependent on the type of binder and 

mixing technique used. Mixing the soil with lime normally only increases the perme- 

ability, whereas mixing it with cement only, decreases the permeability (Broms, 1999, 

Ahnberg 1996). Baker (2000) concluded based on field samples on lime/cement col- 

umns that the permeability varies between 10 to 100 times that of the natural soil. 
The in-situ permeability changes with time and is dependent on the amount of binder 

used. Ahnberg (2004) suggests based on laboratory tests on deep mixed material that 

the type of binder has a minor influence on the permeability but the change of perme- 

ability can be estimated from the change of water content and strength. 

7.6 Case histories of embankments constructed on deep 
mixed columns 
About 20 to 30 years ago there were just one or two case histories reported in journal 

and conference papers about the use of deep mixed columns below embankments. 
With the continuous development of the technique over recent years, more and more 

case histories are being reported by geotechnical engineers and researchers. 

Holm et al. (1983) summarised the findings of a full scale test of an embankment con- 

structed on deep mixed lime columns. The test embankment was built as a part of the 

construction of the E4 motorway which connects Brohagen with JAMa, approximately 
60 km south of Stockholm, Sweden. The proposed embankment is a section of an 

embankment which forms a ramp to a bridge which crosses a river. The deep mixed 

columns were proposed as an alternative to a piling solution. The construction site is 

covered in soft clay, with a shear strength of about 5 to 10 kPa. On top of the soft clay 
is a 1.5 m thick overconsolidated dry crust. The water content ranges from 120 % at 

the top to about 50 % at the bottom of the clay deposit. Soil from different layers was 

sampled and mixed in the laboratory with lime to assess the undrained shear strength 

of the deep mixed material. The achieved undrained strength determined from uncon- 
fmed compression tests varied with depth. It was found that about four months after 

mixing the shear strength of the deep mixed material increased to 10 times the in-situ 
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strength of the soil. The columns were installed to a depth of about 10 m with a diam- 

eter of 0.5 m and a column spacing (c/c) of 1.4 m. In addition to the columns, part of 
the embankment was constructed on natural ground reinforced with vertical sand 
drains. The maximum embankment load was 50 kPa. The embankment was instru- 

mented to measure settlements and the measurements were taken for 2.5 years. 
Inspection of the time settlement curve shows that the settlements were 60% lower at 
the sections with the lime columns compared to the sections with the sand drains. 

Another full scale test performed in the early 80's in France was reported by Soyez et 

al. (1983). Four embankments were constructed at the test site of Limay. One of the 

embankments was constructed on natural ground (embankment 0), and the other three 

on lime columns with different improvement ratios (embankments I to 3). The height 

of the embankment ranged from 2.5 (embankment 0 and 3), 3.75 m (embankment 1) 

to 5m (embankment 2). The natural ground consisted of a3m deep hydraulic fill 

which was placed to reinstate a former gravel pit. The water content of the fill was 50 

to 60 %, close to the liquid limit of the soil. The column diameter was 0.5 m. The 

embankments were instrumented with settlement gauges, piezometers to measure the 

excess pore pressure and pressure cells. Comparison of the time settlement curve of 

embankments 0 and 3 shows a reduction in measured maximum settlements from 0.3 

m to approximately 0.1 m, respectively, about a 66 % reduction in settlements. Also a 

reduction in measured excess Pore pressures from 30 to 40 kPa, to about 10 kPa for 

the improved case was observed. Overall the excess pore pressure measurements with 

time are inconclusive due to a lot of scatter. Results from the pressure cells for 

embankment 2, show how the load is shared between the columns and the soil. The 

measured maximum load in the column was 150 kPa and in the soil it was about 50 

kPa. Inspection of the time-stress curve shows that the load in the column built up 

gradually with time and it took up to a year before the maximum load was reached. 

As part of an extensive expansion of the transport infrastructure in Western Sweden 

four test embankments were built (Alen et al. 2005). Ground improvement in terms of 
lime/cement columns was considered to be valuable and an attractive method for the 
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project. Only three out of the four embankments are included in the following discus- 

sion. 

At the test site, Stora Viken North the ground consists of a 15 m deep soft clay deposit 

with an average water content of 75 %. The maximum water content is close to the 

liquid limit of the soil. Columns with a diameter of 0.6 m were installed in a square 

pattern with a c/c-spacing of 1.5 m to a depth of -16 m. The embankment is 12 m by 

25 m, and the total maximum load of the embankment is about 40 kPa. It was con- 

structed in two stages over two years. The measurement confirmed equal settlements 
in the clay and the column. However, after two years of construction large settlements 

were measured in the top two meters of the columns and the soil (-0.1 8m). Below -2 

ma sharp decrease in settlements was observed. Obviously the settlements with depth 

will increase as dissipation of excess pore pressure continues. The records of the incli- 

nometers showed relatively small horizontal displacements in the order of 0.06 m. 
Similar findings are reported by Alen et al. (2005) for the test site at Surte and 

N6dinge. At all three embankments only small increases in excess pore pressures of 

about 15 kPa were measured for both construction stages. Overall, it was concluded 

that ffirther investigation was needed to explain the large contribution to settlements 

at the top found at all three sites. The poor quality of the columns at the top or reach- 
ing the ultimate capacity of the column material have been stressed as some of the 

possible explanations. 

The current design methods have been used sucessfully on many projects in the past 
30 years. However, there have been cases where failures and large deformation of 

embankments constructed on deep mixed columns have occurred. Two cases are 

reported by Kivel6 (1998). Despite the fact that the undrained shear strength of the 

deep mixed columns in the field was higher than assumed in the design, damage to the 

embankments occurred. It was speculated that the shear resistance of the group of the 

column was overestimated, despite the shear strength of the column being higher than 

the assumed design strength. Kivel6 (1998) proposed an alternative method which 
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Figure 7.6: Drained triaxial test results of deep mixed Vanttila clay: a) Laboratory mixed samples 
and b) In-situ mixed samples 

accounts for the interaction of the columns and the surrounding soil and investigates 

different failure modes of the columns. 

7.7 Constitutive modelling of deep mixed material 
It has been mentioned in Section 7.5 that the material behaviour of the deep mixed 

material is very complex. In Figure 7.6 the stress-strain curves of deep mixed Vanttila 

clay determined in drained triaxial tests are presented. Vanttila clay is a very sensitive 

soft clay from Finland. The sensitivity is in excess of 50 (the actual value could not be 

measured, Koskinen and Karstunen (2004)). The estimated undrained shear strength 
is between 7 and 10 kPa. The stress ratio at critical state in triaxial compression is 

approximately 1.2, which suggests a friction angle at critical state of 30 degrees. As 

part of a research project on the effect of the shape of the mixing tool on the strength 

properties and homogeneity of deep mixed clay, Vanttila clay was deep mixed. One 

partner of the project was the laboratory of Soil Mechanics and Foundation Engineer- 

ing at Helsinki University of Technology (Aalto, 2003). Drained and undrained triax- 

ial tests on laboratory and in-situ mixed samples were performed. The binder 

consisted of cement or a 50150 combination of lime and cement. In the study the 
binder content was varied between 70 and 150 kg/M3. In Figure 7.6a the results of the 
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drained test on the laboratory mixed samples are shown. The tests were performed 

with three different cell pressures, 30,60 and 120 kPa, respectively. Inspection of the 
Figure 7.6a shows the non-linear relation between deviator stress and axial strain. The 

maximum deviator stress increases with increasing cell pressure. In Figure 7.6b the 

results of in-situ mixed samples are shown. Again a highly non-linear relation 
between the deviator stress and strain is observed. 

Different types of constitutive models have been utilised by geotechnical engineers 

and researchers to represent the stress-strain behaviour of the deep mixed material. In 

many cases the stress-strain behaviour was simply modelled with a linear elastic 

model (Bergado et al. 1999; Baker, 2004; Kitazume and Maruyama, 2006). Also the 

linear elastic perfectly plastic Mohr Coulomb model (MC model) is a popular choice 

to simulate the constitutive behaviour of the deep mixed material. One of the first to 

apply the MC model to deep mixed columns were Lahtinen and Vepsallinen (1983) in 

the early 80's. The MC model is already an improvement compared to the elastic 

model as it can account for the strength in compression and tension, which are both 

very important in numerical simulations of deep mixed material. Review of the litera- 

ture shows that the MC model is the most common choice by researchers and practis- 

ing engineers to represent the deep mixed material (Huang et al. 2006; Stewart et al. 

2004; Han et al. 2005; Stewart and Filz, 2005; Terashi, 2005; Kurizaki et al. 2005; 

Ohisi et al. 2005). 

In recent years more advanced models have been proposed and used to simulate the 

stress-strain behaviour of deep mixed material. Namikawa et al. (2005) developed an 

elasto-plastic model for deep mixed material which accounts for strain softening after 

a peak stress state. It has a bi-linear failure surface (MC criterion) to account for the 

shear strength in compression and extensi on. The model uses a stress-dependent shear 

modulus to account for the non-linear stress strain behaviour presented in Figure 7.6. 

The model was implemented in a 3D finite element code and was successfiffly applied 

to dynamic problems of deep mixed material. A similar model was proposed by Ciu- 

hak et al. (2003). Instead of a MC criterion, the model uses a Hvorlev-surface in com. 
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Figure 7.7: Model simulations of the CADC 29 a) MC and HS model and b) HS and MNhard 
model 

bination with a limited tension surface. To account for post peak softening a linear 

residual stress surface is proposed as well. 

As part of this research model simulations of drained triaxial tests of deep mixed 

Vanttila clay were performed. It was the aim to establish whether the MC model or the 

Hardening Soil model, both standard models implemented in the PLAXIS finite ele- 

ment code can realistically represent the observed non-linear stress-strain behaviour. 

In Figure 7.7 model simulations of the drained triaxial test CADC 29 on deep mixed 
Vanttila clay are presented. In Figure 7.7a the predicted stress-strain curves by the 

MC model and the Hardening Soil model (HS model, see Section 2.9.2 for details) are 

shown. The parameters used for the model simulations are shown in Table 7.1. 

inspection of the curves shows that the simple MC model is not suitable to represent 

the observed non-linear stress-strain behaviour, in particular when deviations are 

greatest in the strain range of practical problems in serviceability. In contrast the 

stress-strain curve predicted by the HS model matches closely the non-linear behav- 

iour. 
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Table 7.1: Model parameters for the MC afid HS model 

E50"f Eur 

Eoed ref Eur"'f cl p ref 

Type [kN/M21 IkN/M21 CPI IkN/M21 V, m IkN/M3, IkN/M21 

MC model - 12000 40 14 0.35 - 15 - 
HS model 12000 27000 40 14 0.35 0.8 15 100 

The model simulations were also performed with the MNhard model, which was 
introduced in Section 2.9.3 and is implemented as a user defined soil model into the 

PLAXIS finite element code. The MNhard model also accounts for a stress dependent 

stiffness via a hyperbolic stress-strain relationship, as used in the HS model. The 

parameters used for the simulations of the drained triaxial test are shown in Table 7.2. 

Table 7.2: Model parameters for the MNhard model 

G50"r Gur "r co yp ref 

Type [kN/m2l IkN/M2] Vf [kN/m2l V, m IkN/M3, IkN/M21 

NINhard 4444 10000 40 14 0.35 0.8 15 100 

The results of the model simulations with the MNhard model are presented in 

Figure 7.7b. The MNhard model also shows a good match and is obviously suitable to 

represent the non-linear behaviour of the deep mixed material. 

In this research both models, the HS and the MNhard model, will be used to represent 

the stress-strain behaviour of the deep mixed material. 

7.8 Numerical modelling 

The overall response of an embankment constructed on deep mixed columns is often 
dominated by the stress-strain behaviour of the soft soil (Karstunen and Krenn, 2004; 

Krenn et al. 2005; Karstunen et al. 2005a). Hence it is important to account for fea- 

tures such as anisotropy and destructuration in the soft soil. In addition to the realistic 

soil and column behaviour it is also important to account for the true geometry of the 
boundary value problem in the design. The current design methods are simple and 
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Figure 7.8: Axisymmetric unit cell a) cross section and b) plane view 

semi-empirical (see Section 7.4), and are therefore limited to represent the complex 

mechanism of deep mixed columns below an infinite fill. Numerical tools such as the 

finite element method provide a suitable tool to gain understanding into the column 

soil interaction. In addition, the effects of column diameter, column spacing, column 

stiffhess and the geometry of the embankment on the settlement behaviour can be 

investigated. Another advantage is the possibility to study the short and/or long term 

behaviour via fully coupled finite element analyses. In the following sections various 

alternatives for modelling embankments constructed on deep mixed columns will be 

introduced and discussed. 

7.8.1 Axisymmetric unit cell 

When modelling an embankment on deep mixed columns with an axisymmetric unit 

cell, only a single column and the surrounding soil can be simulated. This could be 

considered as a very crude representation of a column installed in a square pattern at 

the centre line under an embankment fill. An example of a cross section of a unit cell 
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is shown in Figure 7.8. The radius of the unit cell is dependent on the centre to centre 

spacing of the columns (c/c-spacing) and -defined as: 

R=. L [7.21 

where c is the column spacing and R, the radius of the unit cell. For model simulations 
the horizontal boundaries should be fixed in horizontal directions and the bottom 

bioundary in both directions. 

Lahtinen and Vepstillinen (1983) used an axisymmetric unit cell to investigate the set- 

tlement behaviour of an embankment constructed on deep mixed lime columns. The 

shallow soil deposit was divided into four layers. The predicted settlements were 
found to be in good agreement with measurements. A unit cell was also used by Vep- 

stilainen and Arkima (1992) to study the Paimio, test embankment. The predicted 

results were not in good agreement with measurements. The computed settlements 

actually underestimated the field measurements. Secondary compression (creep) was 

most likely the case of the discrepancy, which was not accounted for in the simula- 

tions (Karstunen, 1999). Maher (2006), Gardiner (2006) and Stewart and Filz (2005) 

utilised the unit cell approach to perform parametric studies on deep mixed columns. 

7.8.2 Plane strain analysis 

In a plane strain analysis the individual columns are replaced by a row of walls to rep- 

resented the columns installed below the embankment. A schematic model showing 

the walls is given in Figure 7.9a. The centre to centre spacing of the walls in the 

model is the actual c/c-spacing of the columns. The width d of the wall is a function of 
the area of the column and can be calculated as follows: 

2 

=. r 
c 
71 [7.3] 

where r is the radius of the deep mixed column and c is the column spacing. 
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Figure 7.9: Plane strain analysis a) schematic model and b) finite element model 

A plane strain model was used by Lahtinen and Vepstildinen (1983) for the settlement 

analysis of the Itdkeskus test embankment. Aalto et al. (1999) used a plane strain 

model to simulate an embankment on soft clay constructed on deep mixed columns 

and reinforced with a geogrid. The model was used to compare the predictions to an 

embankment without reinforcement. Kitazume and Maruyama (2006) compared 

plane strain simulations of deep mixed columns to centrifuge tests. The model was 

not able to match measured settlements or horizontal displacements but the predicted 

stresses were in good agreement with the measurements. Huang et al. (2006) com- 

pared a plane strain analysis to a three dimensional analysis of an embankment on 
deep mixed columns. The settlement predictions of both models were in good agree- 

ment as long as the columns did not yield. They also compared the maximum stresses 

at the top of the column and found that the plane strain model underpredicts the max- 
imum stresses compared to the three dimensional analysis. 
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Figure 7.10: Finite element model of a true unit cell 

7.8.3 Three dimensional unit cell (true unit cell) 

In a three dimensional unit cell a single column and the surrounding soil are simu- 

lated. The radius and the true c/c-spacing are accounted for in the model. The advan- 

tage of the true unit cell compared to the axisymmetric unit cell is that any c/c-spacing 

can be modelled. The axisymmetric unit cell is limited to a square pattern. An exam- 

ple of a finite element model of a true unit cell is shown in Figure 7.10. The true unit 

cell is not widely used. Baker (2000) used a simple version of a true unit cell for a par- 

ametriC study on deep mixed columns below an embankment. He modelled the col- 

umn as a rectangular shape instead of the circular shape. Baker (2000) used simple 

Numerical modelling of embankments on soft soils 263 



elastic constitutive models to represent the stress-strain behaviour of the embankment 

fill, the soil and the deep mixed column. Using linear elastic models is computation- 

ally not demanding compared to simulations with non-linear advanced constitutive 

models. Karstunen and Krenn (2004) and Krenn et al. (2005) presented simulations 

with a true unit cell and advanced constitutive models. Simulations of a true unit cell 

with advanced models are very time consuming compared to simulations with an 

axisymmetric unit cell. Experience show that run times with an axisymmetric unit cell 

are between 15 min and I hour compared to several hours with a true unit cell. 

7.8.4 Three dimensional simulations 

Recent advances in the development of finite element codes and computational plat- 

forms, makes the use of three dimensional models more and more attractive. Deep 

mixed columns below an embankment is a true three dimensional problem and as 

such is best modelled with a three dimensional model accounting for the true geome- 

try of the problem. Three dimensional simulations of deep mixed columns below 

embankments have been performed by Huang et al. (2006) and Han and Huang 

(2007). In their models they simply replaced the circular shaped column with square 

shaped columns. Krenn and Karstunen (2006) showed simulations with deep mixed 

columns modelled in circular shape. An example of a three dimensional model is 

shown in Figure 7.11. 

7.8.5 Volume averaging method 

The basic idea of the volume averaging technique is to model a homogenous material 

in finite element simulations instead of modelling the columns and soils individually. 

A technique to model hornogenised material was proposed by Schweiger and Pande 

(1986) for stone columns. An analytical volume averaging method for deep mixed 

material was proposed by Omine et al. (1999). The averaged model parameters were 

used as input for a finite element model. Both, the soil and the columns were mod- 

elled as linear elastic material combined with a Von-Mises criterion. The results of the 
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Figure 7.11: Three dimensional finite element model 

simulations were then compared to Ig laboratory tests. The prediction and the tests 

were found to be in good agreement. Vogler (2008) proposed a volume averaging 

technique for deep mixed columns based on the technique proposed by Schweiger and 

Pande (1986) and Lee and Pande (1998). It is assumed that the deep mixed columns 

are installed in a square pattern below the embankment. Moreover, perfect bonding is 

assumed between the columns and the soil. The method proposed by Vogler (2008) 

allows elasto-plastic constitutive models to be adopted for the two materials using a 

separate constitutive model for the soil and the column. Vogler (2008) implemented 

the S-CLAY IS model for the soil and the M-Nhard model for the deep mixed material 

into his volume averaging technique. Comparison of the volume averaging technique 

with simulations using a three dimensional model shows a good match for the settle- 

ment predictions. 
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7.9 Summary 

The deep mixing method has been introduced and discussed. The introduction of the 

technique concentrated on the application of deep mixing below embankments as this 

is the topic of this part of the research. Deep mixing is a well established ground 

improvement method in Scandinavia and in Japan. In recent years the method has 

gained more popularity in the UK, continental Europe and other countries worldwide. 

This has contributed to ftuther enhanced, refinements and developments of the tech- 

nique itself in many countries. The method is often proposed as an alternative solution 

to conventional piling solutions for construction projects on soft soils. 

Deep mixed soil is a complex material which is difficult to characterise for engineer- 

ing purposes. It is standard to only use simple laboratory tests such as an unconfined 

compression test to determine the strength and stiffness of the deep mixed material. 

Recent research has shown that the material behaves similar to overconsolidated clay. 

This finding is important for the development and application of constitutive laws to 

represent the stress-strain-strength behaviour. 

Various alternatives of numerical modelling deep mixed columns below embank- 

ments have been introduced. The most commonly used models are the axisymmetric 

unit cell and the plane strain model. Axisymmetric unit cells are very useful for para- 

metric studies. Developments of three-dimensional numerical codes and computa- 

tional resources make it possible to account for the true nature of the problem. An 

alternative to the 3D analysis is the volume averaging technique. The method allows 

for both constituents to be accounted for in a plane strain analysis. In the following, 

however true 3D analyses have been used. 
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Chapter 8 

Modelling of deep mixing 

The objective of this Chapter is to use different approaches of modelling deep mixed 

columns constructed below embankments to investigate the stress distribution and 

settlements caused by the embankment load. The spacing of the columns is varied to 

demonstrate the effect of this design parameter on the overall behaviour. The influ- 

ence of anisotropy and destructuration of the soft soil on the settlement behaviour is 

demonstrated by utilising the MCC, S-CLAY I and S-CLAY IS models. The predicted 

stresses and displacements by the different models are compared to each other. In the 

last part of the Chapter the effect of floating columns are compared to end bearing 

columns. The numerical simulations have been carried out using the 2D PLAXIS 

V8.6 and PLAXIS 3D foundation. 

8.1 Embankment on deep mixed columns 
It is assumed that the embankment is constructed on soft Finnish clay improved with 

deep mixed columns. The deep mixed columns are installed in a periodic grid with a 

varied c/c-spacing. The diameter of the columns is taken to be 0.6 m, as that is a com- 

mon diameter used in industry in Europe. The values of the material parameters were 

chosen to correspond to the soil found in Vanttila, Finland (Koskinen and Karstunen, 

2004). The deposit has been idealised by representing it with only two layers 
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Figure 8.1: Geometry of the embankment and soil layers 

(Figure 8.1): an overconsolidated dry crust of Im underlain by II rn of soft, almost 

normally consolidated clay. The ground water level is assumed to be at Im below the 

ground level. The height of the embankment fill is assumed to be 2.5 m. The gradient 

of the embankment slope is assumed to be 1: 3. 

8.2 Soil and embankment fill parameters 
The constitutive models chosen to represent the dry crust and the clay arc the NICC, 

S-CLAYI and S-CLAYIS models. The values for the soil parameters have been cho- 

sen to correspond to Vanttila clay. Results from oedometer tests and standard consoli- 

dated undrained triaxial tests on natural and/or reconstituted samples were used to 

derive the values listed in Table 8.1 to Table 8.3. 

The preconsoliclation of the soil is modelled by assuming the values given in 

Table 8.1 for the pre-overburden pressure (POP). The coefficient of the earth pressure 

at rest, K0, has been computed using the fon-nulation by Mayne and Kulhawy (1982), 

see Section 3.6.6 for details. 

DRY CRUST 

Gmund "terSevel -I m 
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The permeability (k) of the soil deposit was assumed to be the same in both, vertical 
(y) and horizontal (x) directions, as no information was available on the permeability 
in the horizontal direction. Also, the change in permeability with change of the void 

ratio has not been accounted for in the numerical simulations. 

Table 8.1: Vanttila clay: initial values for state parameters 

Depth 
Layer Iml eo 

POP 
[kPa] Kooc a XO 

1 0-1 1.7 30 0.76 0.63 90 

2 1-12 3.2 10 0.57 0.46 20 

Table 8.2: Vanttila clay: the values for conventional soil constants 

y k, =ky 
IkN/M31 IC Layer V, xM Im/dayl 

1 0-1 0.029 0.2 0.25 1.6 - 
2 1-12 0.032 0.2 0.88 1.2 6.9E-5 

Table 8.3: Vanttila clay: the values for the additional soil constants 

Layer 0 p Ai a b 

1 1.07 15 0.07 11 0.2 

2 0.76 40 0.27 11 0.2 

The predicted undrained strength profiles for the assumed soil deposit by the MCC 

and S-CLAY models in triaxial compression (TXC) and extension (TXE) are shown 
in Figure 8.2. The isotropic MCC predicts the same strength in compression and 

extension. The strength in compression is marginally smaller than predicted by the S- 

CLAY models. The S-CLAY models predict a lower strength in TXC due to the shape 

of the yield surface. MCC predicts the same strength in TXC and TXE, whereas the S- 

CLAY models predict a lower strength in TXE. 
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Figure 8.2: Initial undrained shear strength profile 

The deep mixed Vanttila clay was modelled with either the HS model or the MNhard 

model. As shown in Section 7.7 both models give a good match with the experimental 
data on stabilised Vanttila clay, when the value for the model constants (listed in Table 

7.1 and Table 7.2) were used. The stiffness values correspond to soft to medium stiff 

columns after Korkiala-Tanttu (1997). The design guidelines (e. g. EuroSoilStab 2002) 

suggest that the permeability of deep mixed material is greater than for the natural 

soil. However, in the simulations the permeability was assumed to be the same as for 

the surrounding soil. The assumption is reasonable because it is unlikely that the 

introduction of additional fines, in the form of cement, will notably contribute to a 
decrease in permeability. As no information about the tension capacity of deep mixed 
Vanttila clay was available, an average value of 20 kPa was assumed, which is a rea- 

sonable assumption based on CDIT (2002). 
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The embankment is modelled with the simple Mohr Coulomb model, assuming the 

parameters shown in Table 8.4. For computational stability in the three dimensional 

simulations a small value of cohesion was assumed. 

Table SA: Model parameters for the embankment flil 

Eur cIy 
Layer IkN/M21 V, 4p, kN/M2,41, IkN/M31 

Embanlanent fill 40000 0.3 38 20 20 

8.3 Factor of safety of stability of the embankment 
The factor of safety (FoS) of the slopes of the proposed embanianent on natural 

ground and improved ground was computed using Oasys Slope 18.2 (2007). Two dif- 

ferent strength profiles with depth were used in the simulations (Figure 8.3). Profile I 

is based on the TXC predicted by the S-CLAY models (see Figure 8.2). The und- 

rained strength in Profile I is linearly increasing with depth in each layer. In contrast, 

Profile 2 has been chosen to be constant with depth per layer. The value per layer is an 

0 
............ 

-2 

-4 

-6 

-8 

-10 

-12 L 
0 

Profile 1 
Profile 2 

5 10 15 20 

Cu [kPa] 

Figure 8.3: Undrained strength profile with depth 

Numerical modelling of embanianents on soft soils 271 



average value calculated from Profile 1. The predicted FoS for the embankment on 

natural ground are shown in Table 8.5. 

Table 8.5: Predicted FoS for the embankment on natural ground 

Cu profile FoS 
Profile 1 1.04 
Profile 2 1.46 

The predicted FoS for Profile I is 1.04. The FoS predicted with Profile 2 is larger and 
in the order of 1.46. The FoS was also computed for the embankment on improved 

ground. The c/c-spacing of the columns varied from 1.0 m to 1.6 m in 0.2 m steps. 

The diameter of the column is 0.6 m. The average undrained shear strength of deep 

mixed Vanttila clay is greater than 100 kPa. The design guidelines EuroSoilStab 

(2002) limits the maximum allowable undrained shear strength of the deep mixed 

material to 100 kPa. In the simulations a 100 kPa was chosen based on EuroSoilStab 

(2002). For the simulations an average undrained shear strength of the soil and the 

column was calculated according to EuroSoilStab (2002). The average strength is 

dependent on the improvement ratio a (see Section 7.3). The improvement ratios for 

the c/c-spacings were calculated according to Eq. 7.1 and are shown in Table 8.6 

Table 8.6: Calculated improvement ratios 

c/c-spaeing 
Im] 1.0 1.2 1.4 1.6 

a 0.28 0.20 0.14 0.11 

Knowing the improvement ratios for each c/c-spacing the average undrained shear 

strength for the improved area below the embankment (see Figure 8.1) can be calcu- 

lated using the formula by EuroSoilStab (2002). 

Cu(av) -. -= axc. (c,,, ) + (I - a)cu(soil) [8.1] 

EuroSoilStab (2002) does not assume a shear strength of the soil which increases lin- 

early with depth. The guideline assumes that the strength of the column and the soil 

are constant. However, Eq. 8.1 was used to calculate an average strength using Profile 
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1 for the soil. The determined average strength with depth assuming the undrained 

strength Profile I for the soil is shown in Table 8.7. The average strength in the 

improved area decreases with increasing c/c-spacing. 

Table 8.7: Calculated average undrained shear strength for Profile I 

c/c-spaeing 
[rnl 1.0 

. 
1.2 1.4 1.6 

Om 36.1 kPa 28.4 kPa 23.8 kPa 20.7 kPa 

-1 m 39.0 kPa 31.7 kPa 27.3 kPa 24.4 kPa 

-1 m 33.4 kPa 25.4 kPa 20.5 kPa 17.4 kPa 

-12 m 41.9 kPa 34.9 kPa 30.7 kPa 27.9 kPa 

The calculated average strength for the improved area below the embankment assum- 

ing Profile 2 is shown in Table 8.8. 

Table 8.8: Calculated average undrained shear strength for Profile 2 

c/c-spacing 
Im] 1.0 1.2 1.4 1.6 

0 to -1 m 37.2 kPa 29.7 kPa 25.1 kPa 22.2 kPa 

-1 to -12 m 37.6 kPa 30.1 kPa 25.6 kPa 22.6 kPa 

In the simulations using Oasys Slope 18.2 (2007) the calculated average strength was 

applied in 2/3 of the improved area below the embankment. This was done to ignore 

the strength of the columns in the passive area according to EuroSoilStab (2002). The 

predicted FoS values are presented in Table 8.9. 

Table 8.9: Calculated FOS for different c/c. spacing 

de-spacing 
[M] 1.0 1.2 1.4 1.6 

Proffle 1 2.75 2.48 2.18 2.04 

Proffle 2 2.75 2.58 2.30 2.11 

The predicted FoS of the embankment constructed on deep mixed columns has sub- 

stantially improved. For Profile I the FoS increased from 1.04 to a minimum of 2.04 

for a c/c-spacing of 1.6 m. In the case of Profile 2 the FoS increased from 1.46 to a 

minimum of 2.11. Comparing the predictions of the improved embankment only it 
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can be seen that Profile I results in a lower FoS compared to Profile 2. For a c/c-spac- 
ing of 1.0 in the FoS is the same for both Profiles. Inspection of the graphical output 

of the simulations shows that in both cases no global failure was predicted (the pre- 
dicted slip surface is within the embankment fill) and as such was not influenced by 

the average shear strength of the improved area. 

8.4 Numerical simulations of deep mixing 
This section concentrates on numerical modelling of deep mixing using two and three 

dimensional approaches to model the columns and the surrounding soil under an 

embankment fill. The simulations investigate how fabric anisotropy, interparticle 

bonding and the degradation of the bonds within the soft soil (between the columns) 

influences the stress-strain-strength behaviour of the soil-column system. The soil is 

modelled with different constitutive models, the isotropic MCC model, the aniso- 

tropic S-CLAY I model and S-CLAY IS, which also accounts for bonding and degra- 

dation of bonding in addition to anisotropy. The spacing of the columns is varied to 

study the effect on the overall behaviour of the proposed embankment. The parame- 

ters for the soil and the columns were shown in Tables 8.1 to 8.4 and Tables 7.1 to 7.2, 

respectively. The geometry of the simulated embankment was introduced in 

Section 8.1. The construction of the embankment and the column is modelled as fol- 

lows. First, the columns are installed by replacing the soil with column material. Next, 

the embankment material is applied as an additional layer. This occurs under und- 

rained conditions, whilst assuming the materials above the water table to be drained. 

Finally, a consolidation phase is simulated via a fully coupled static consolidation 

analysis. All simulations are small strain simulations to allow for comparison between 

the different 2D and 3D models. The PLAXIS 3D foundation is limited to small strain 

analysis only. 

8.4.1 Axisymmetric unit cell 

As mentioned in Section 7.8.1 with a so-called unit cell a single column and the sur- 

rounding soil under the embankment fill can be modelled. In the simulations the col- 
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Figure 8.4: Schematic drawing of the axisymmetric unit cell 

umn diameter is kept constant and the c/c-spacing is varied as 1.0 in, 1.2 in and 1.4 m. 
The radii of the models were calculated according to Eq. 7.2. The problem is idealised 

by using a finite element mesh with approximately 150 15-noded triangular elements 
(exact number of elements is dependent on the c/c-spacing). Mesh sensitivity studies 

using 162,402 and 800 elements confirmed that the results are insensitive to the 

number of elements. The lateral boundaries of the meshes are constrained in the hori- 

zontal direction and the bottom boundaries are constrained in both directions. Drain- 

age boundaries are assumed to be at the level of the water table at a depth of -I in. The 

model is a crude idealisation of the columns installed in a square grid under the centre 
line below the proposed embankment (Figure 8.1). A schematic drawing of the simu- 
lated unit cell is shown in Figure 8.4. 

8.4.1.1 Numerical predictions 

in the following, the results of the finite element analysis of the unit cell are pre- 

sented. 

8.4.1.1.1 Surface settlements 

Figure 8.5 presents the predicted settlements at the ground surface at the centre ofthe 

column after consolidation to a maximum excess pore pressure of I kPa. With 
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Figure 8.5: Influence of column spacing on settlements 

increasing c/c-spacing the magnitude of the settlements is increasing, as expected. 

The smallest settlement, about -0.23 m, is predicted by the MCC model and 1.0 m c/c- 

spacing. The vertical displacements predicted by the S-CLAYI and S-CLAYIS are 

almost identical. S-CLAYIS predicts -0.33 m compared to -0.34 by the S-CLAYI for 

the case of 1.0 rn c/c-spacing. That difference slightly changes with increasing c/c- 

spacing to -0.75 m for S-CLAY 1 and -0.77 for S-CLAY1 S for 1.4 m c/c-spacing. Also 

the difference between the predictions by MCC and the S-CLAY models increases 

with increasing c/c-spacing. The predicted differential settlements between soil and 

column at the surface are in general less than I mm. Thus assuming equal strains in 

the columns and the soil, as used in conventional design, is appropriate in the cases 

considered. The settlement predictions of the constitutive models suggests that the 

effects of bonding and destructuration are less important than the effect of anisotropy 

for this boundary value problem. 

In Figure 8.6 the predicted time settlement response of the simulations with the three 

models for the different c/c-spacings is presented. The consolidation time increases 

with increasing c/c-spacing and the magnitudes are greater with the anisotropic mod- 

els than predicted by MCC. The differences are relative minor immediately after con- 

struction of the embankment fill, but become significant during consolidation. 

Immediately after construction the vertical displacements predicted by all the models 

are the same. Typically in the order of about 2 cm for 1 .0m c/c-spacing and 3 cm for 
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Figure 8.6: Time settlement curves: a) 1.0 m c/c-spacing; b) 1.2 m c/c-spacing; and c) 1.4 m c/c- 
spacing. 

1.4 m c/c-spacing. According to Figure 8.6, the consolidation times predicted by the 

anisotropic models are in all cases longer than those by the MCC model. If the predic- 

tions of the S-CLAY models only are compared, it can be seen for 1.0 m c/c-spacing 

(Figure 8.6a) that both models need around 17 years to complete consolidation. With 

increasing c/c-spacing the time required increases to a maximum of about 39 years 

with the S-CLAY IS model (Figure 8.6c) for 1.4 m c/c-spacing. 
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Figure 8.7: Increase in vertical stresses: a) 1.0 m, b) 1.2 m and c) 1.4 m c/c-spacing. 

8.4.1.1.2 Differential vertical stresses 

The predicted increase in the effective vertical stresses versus the depth are plotted in 

Figure 8.7, both in the soil and columns. The results correspond to the end of consoli- 
dation. The predicted increase in vertical stresses in the soil between the columns is 

almost constant with depth. Within the dry crust the vertical stress is slightly higher 

than the stress in the soft clay. This is due to the overconsolidation of the dry crust, 

which results in a higher apparent stiffhess in the dry crust than in the underlying soft 

clay. All three models predict similar magnitudes of stress in the soil and columns 

with depth. Close to the bottom boundary a decrease of the stress in the column and a 
slight increase of the stress in the soil is predicted. A closer inspection reveals that the 

phenomenon is caused by stress rotation, associated with stress redistribution from 

the column back to the soil. Therefore it can be argued that the boundary conditions 

chosen are not ideal. The stresses in the column with 1.4 m c/c-spacing show signifi- 

cant scatter. This can be explained by the shear resistance of the columns. In the cases 

of 1.0 m and 1.2 m the shear resistance is not fully mobilised, which was confirmed 

by inspection of the plastic point plots. However, there is evidence of local failures 

with 1.4 rn c/c-spacing, which is not demonstrated in the global response. 
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d"pecing 
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Figure 8.8: Principal effective stresses: a) 1.0 m, b) 1.2 in and c) 1.4 m c/c-spacing. 

8.4.1.1.3 Principal stresses 

The predicted principle effective stresses of the simulations with the S-CLAYIS 

model at the topmost section of the models are presented in Figure 8.8. The picture 

shows approximately half of the embankment height as well as the soil and the col- 

umn down to a depth of -2.5 m. The arching of the embankment over the columns is 

clearly demonstrated by the rotation of the principle stresses. Most of the embank- 

ment load is distributed towards the columns in the bottom half meter of the embank- 

ment for the case of 1.0 rn c/c-spacing (Figure 8.8a). With increasing column spacing 

the area within the embankment where the stress rotation occurs increases as demon- 

strated in (Figure 8.8b and c). Below ground level for the case of 1 .0m c/c-spacing 

some of the stresses are transferred back to the dry crust. This phenomenon does not 

seem to be apparent for the cases with bigger c/c-spacing. Close to the bottom of the 
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dry crust there seems to be a secondary arching mechanism, resulting in the stress 

redistribution towards the columns due to the sharp change in the stiffness from the 
dry crust to the soft clay. 

8.4.1.2 Summary 

Three different column spacings were considered in the numerical simulations. The 

results of the axisymmetric unit cell clearly demonstrate that the displacements in the 

soil and in the column are equal. This suggests that the design assumption for the con- 

ventional approach of equal strains as assumed in the EuroSoilStab (2002) is appro- 

priate. All simulations show that as the c/c-spacing increases, the surface settlements 
increase. The stress in the column and soil increase as well, but due to non-linear 
behaviour of the constituent material, the increase is not linear with c/c-spacing. 
incorporation of anisotropy resulted in an increase of predicted settlements in the 

order of 30%. Destructuration seems to have a minor effect. Similar conclusions have 

been drawn for embankments on natural grounds in Chapter 4 and Chapter 6. 

8.4.2 Three dimensional unit cell (true unit cell) 

A three dimensional model has been developed in the PLAXIS 3D foundation code 
for each c/c-spacing considered. The extent of the geometry in the x and y directions 

is dependent on the c/c-spacing (Figure 8.9a). The discretisation of the problem was 

extended to a real three dimensional cluster in the z direction. The model shown in 

Figure 8.9a served as the front plane. The cross section was copied at out-of -plane 
intervals (z direction) and then the three dimensional model was generated by a linear 

extension of the two dimensional mesh in the third dimension. A part of the 3D model 
is shown in Figure 8.9b. The 3D mesh consists of approximately 2000 15-noded 

wedge elements. Mesh sensitivity studies were done with different sizes of meshes 
(2000,5000 and 12000 elements) to confirm that the meshes were dense enough to 

give accurate settlements predictions. Horizontal displacements were fixed on the lat- 

eral boundaries, whereas on the bottom boundaries both vertical and horizontal dis- 
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Figure 8.9: 3D unit cell: a) plane view and b) finite element model. 

placements were fixed. Drainage boundaries are assumed to be at the water level and 

at the bottom of the mesh. 

8.4.2.1 Numerical predictions 

The results of the numerical simulations are presented in the following via summary 

diagrams that include the results of the 2D unit cell and the 3D unit cell. Only results 

predicted using the S-CLAY IS model for the soil are shown. 

8.4.2.1.1 Surface settlements 

Figure 8.10 shows the predicted final values of vertical displacements at the surface at 

the centre of the column. This corresponds to the end of consolidation. Based on 

a 
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Figure 8.10: Influence of the column spacing on settlements 

Figure 8.10, increasing column spacing results in an increase in the predicted magni- 
tude of settlement, as expected. Interestingly, the 3D simulations systematically pre- 
dict notably lower vertical displacements than the 2D analyses. The difference 

increases with increasing c/c-spacing. It is believed that the notable difference is due 

to geometry and discretisation effects. The predicted differential settlements between 

the soil and the column for the 3D simulations are in general less than I mm. 

8.4.2.1.2 Differential vertical stresses 

Figure 8.11 shows the predicted vertical stress increase in the column and the soil ver- 

sus depth. There is no significant difference in the stresses in the column and in the 

soil predicted by the 2D and 3D simulations. For the 1.0 m c/c-spacing stress, redistri- 
bution between the column and the soil takes place in the first two meters, shown as 

small discontinuities in the stresses in the column in Figure 8.1 Ia. The amount of 

stress redistribution is governed by the relative stiffhess between soil and column. All 

simulations predict an almost constant stress in the soil and the column below a depth 

of -3 m. The shear resistance is My mobilised in the 2D and 3D simulations with a c/ 

c-spacing of 1.4 m close to the centre line of the column. In Figure 8.11 c it is shown 

as a large scatter in the predicted stresses in the column. Inspection of the plastic point 
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Figure 8.11: Increase in vertical stresses: a) 1.0 m, b) 1.2 m and c) 1.4 m c/c-spacing. 

plots for both models confirmed that there is evidence of local failure behaviour in the 

column. 

8.4.2.1.3 Influence of column stiffness on surface settlements 

The influence of the column stiffhess on the surface settlements has been studied 
using the S-CLAY IS model and a unit cell with a 1.0 m c/c-spacing. The results for 

surface settlements are shown in Figure 8.12. The reference stiffnesses used are listed 
in Table 8.10 below 

Table 8.10: Values of the column stiffnesses 

E50"f Eoed ref Eur ref . 
Type [kN/M21 jkN/M2] lkN/M2l 

Column 1 8000 8000 18000 

Column 2 12000 12000 27000 

Column 3 16000 16000 36000 

Reference stiffness for pIf = 100 kPa 

The increase of the E50'f from 8000 kPa to 12000 kPa which is an increase in stiff- 

ness by 50 % results in a decrease of settlements for 1.0 m c/c-spacing by approxi. 

mately 20 %. A further increase of stiffhess to 16000 kPa which is an increase by 100 
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Figure 8.12: Influence of numerical model on settlements 

% decreases the settlements by 44 %. This trend can also be observed for larger c/c- 

spacings of 1.2 m and 1.4 m. The effect of the stiffhess increase is constant for the 

studied c/c-spacings. Comparison of Figure 8.12 to Figure 8.5 shows that the influ- 

ence of the constitutive model of the soft soil is more pronounced than the column 

stiffhess. 

8.4.2.2 Summary 

An axisymmetric and a true unit cell has been used to investigate the stress-strain 

response of deep mixed columns below an embanlanent fill. Based on the results the 

3D simulations predict slightly less settlements than the 2D simulations. The reason 
for the difference in the settlement predictions is not : fiflly understood. Similar find- 

ings were reported for simulations of stone columns with 2D and 3D models using the 

same finite element codes by Schweiger and Gaeb (2006) and Gaeb (2006). Despite 

the difference in the settlements predictions, both models predict the same stresses in 

the soil and the column for all three c/c-spacings investigated. Even though the pre. 
dicted settlements (in the soil and the column) are uniform, the soil column system is 
far from aID problem. The difference in the apparent stiffhess in the soil and the col- 
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umn causes stress rotation in the embankment fill but also in the soil and in the col- 

From a practical point of view the 3D unit cell has a major disadvantage compared to 

the 2D unit cell in terms of computational run time. A fully coupled static consolida- 
tion analysis with the 2D unit cell takes about 30 minutes to an I hour depending on 
the c/c-spacing and the number of finite elements whereas simulations with the 3D 

unit cell takes up to several hours. 

8.4.3 Full three dimensional model 

Analogous to the true unit cell a ftdl three dimensional model was developed for each 

c/c-spacing considered. The PLAXIS 3D foundation code was utilised for the model 
development and the simulations. In the 3D code, one must first design a model on a 
2D plane (x-y plane) and later extend the model in the third direction (z) to achieve a 
full discretisation of the problem. Due to the symmetry of the embankment shown in 

Figure 8.1 only half of the embankment is represented in the finite element mesh. The 

width of the embankment strip (out of plane dimension) is dependent on the c/c-spac- 
ing. An example of a finite element mesh used can be seen in Figure 8.13. The mesh 

consists of approximately 6000 15-noded wedge elements. The lateral boundaries are 

restrained horizontally, and the bottom boundaries are assumed to be at the water level 

and the bottom of the model. Drainage boundaries are assumed to be at the water level 

and at the bottom of the model. Due to limitations in the code the undrained construc- 

tion of the embankment is not modelled in stages by activating different layers of the 

embankment fill as in the 2D and 3D unit cell. Instead the unit weight of the fill is 

stepwise increased until the full load is activated. 

8.4.3.1 Numerical predictions 

In the following the results of the numerical simulations are presented. All the results 

shown have been determined using the S-CLAY IS model to simulate the stress-strain 

behaviour of the soil. 
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Embankment fill 

Cc 

8.4.3.1.1 Surface settlements 

in Figure 8.14 the settlements for the column at the centreline predicted by tile ful 13 1) 

model are compared to the predictions by the true unit cell and the axisymmetric unit 

cell. Again the predictions are compared for the three c/c-spacings, 1.0 m, 1.2 m and 
1.4 m. Both 3D models predict surface settlements of similar magnitude for all three 

c/c-spacings. 

The settlements of the column at the centreline of the embankment at different depths 

are presented in Figure 8.15. In addition to the surface settlements, the predicted set- 

tlements at -I m and -5m are presented. The results are shown only for the t. ull 3D 

model and the 3D unit cell. As mentioned above both models predict similar surface 

settlements. The same trend can be observed for the settlements at a depth of' -I m 

which is the top of the soft clay deposit. At -5 m the true unit cell predicts slightly 

Numerical modelling of embankments on soft soils 286 

Clay 
Figure 8.13: Finite element mesh of the 3D model. 



-0.2 

-0.3 
0 2D unit cell 
A 3D unit cell 

--w- 3D 
-0.4 C 0 E -0.5 - 

CL -0.6 - 
-1 0 

-0.7 

-0.8 
L- IIT1 

0.8 1.0 1.2 1.4 1.6 

c/c - spacing [m] 
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Figure S. 15: Influence of numerical model on settlements at different depths of the column at the 
symmetry line of the embanlanent 

greater settlements compared to the full 3D analysis. Even at that depth the difference 

is marginal, in the order of I to 2 cm, and negligible for design purposes. If the 

designer is only interested in the maximum settlements at the centreline of an 

embankment it could be argued that a unit cell is a simple useful design tool to inves- 

tigate the settlements along the centreline. 
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The predicted surface settlement troughs for different construction stages are pre- 

sented in Figure 8.16. In Figure 8.16a the surface settlements after construction of the 

embankment are shown. Four different c/c-spacing have been considered in the simu- 
lations, 1.0 m, 1.2 m, 1.4 m and 1.6 m. All models predict a surface heave underneath 

the toe of the embankment. The biggest heave in the order of 0.07 m was predicted by 

the model with 1.6m c/c-spacing. With decreasing c/c-spacing the heave is decreases 

to a minimum of about 0.03 m for 1.0 m -c/c-spacing. The settlement at the centreline 
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for 1.0 m c/c-spacing is in the order of -0.07 m. With increasing c/c-spacing the maxi- 
mum settlement increases. Interestingly, the 1.6 m model does not predict the maxi- 

mum settlement at the centreline. The maximum is shown at a distance of 2m from 

the centreline. Also it can be seen that the models do not predict a smooth settlement 
line with the distance from the centreline. The settlements decrease stepwise towards 

the toe of the embankment. The steps are more pronouced for the models with bigger 

c/c-spacing. Similar behaviour has been predicted 13.5 years after construction 
(Figure 8.16b). The heave at the toe of the embankment decreases but is still apparent 
for 1.4 m and 1.6 m c/c-spacing. The 1.0 m model predicts a maximum settlement of 

about -0.3 m, from -0.07 m after construction. The 1.6 m model shows the biggest 

increase in settlement from previously -0.12 m to -0.6 m. In Figure 8.16c the settle- 

ments at the end of consolidation are shown. The heave below the toe of the embank- 

ment is reduced to zero. The maximum settlement at the toe of the embankment is 

predicted by the 1.6 m c/c-spacing; in the order of -1.0 m. Followed by -0.82 m for the 

1.4 m c/c-spacing, -0.58 m for -1.2 m c/c-spacing and -0.38 m for 1.0 m c/c-spacing. 
The 1.0 m c/c-spacing shows a smooth settlement trough below the embankment, 

whereas the other c/c-spacings show a slight fluctuation in settlements below the 

embankment. The fluctuation is more pronouced with increasing c/c-spacing. The 

scaled picture in Figure 8.16c shows the area within 5m of the symmetry line for the 

1.6 m c/c-spacing. Inspection of the scaled picture clearly demonstrates that the col- 

umns and the soil do not settle equally. Obviously the assumption of equal strain as 

assumed in the conventional analysis is not true for bigger c/c-spacings. The differ- 

ence in the settlements for 1.6 m c/c-spacing is in the order of 2 cm. 

8.4.3.1.2 Deformed mesh 

The deformed meshes of the models for each c/c-spacing after the end of consolida- 

tion are shown in Figure 8.17. In Figure 8.17a the mesh for the 1 .0m C/C-spacing is 

presented. Inspection of the deformed mesh shows that the columns below the middle 

of the slope are experiencing the most extensive shearing at a depth of about -1.2 m. 
, %q1th increasing c/c-spacing the shearing of the columns below the slope of the 
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embankment is more pronouced. The columns are heavily bent over a greater length. 

Inspection of the plots also demonstrates that the columns next to the symmetry line 

show some evidence of bulging. 

8.4.3.1.3 Plastic point plots 

The plastic point plots of the models at the end of consolidation are presented in 

Figure 8.18. With increasing c/c-spacing the area of the plastic points in the soil 

extends with a maximum predicted for 1.6 m c/c-spacing. With increasing c/c-spacing 

more embankment load is transferred to the soft soil next to the improved area. 
inspection of the plot also shows that with increasing c/c-spacing the number of pre- 
dicted Mohr Coulomb points increases as well. With the increase in the c/c-spacing 

more load is carried by the columns. The 1.2 m model shows only a localised zone of 
Mohr Coulomb points in the columns next to the symmetry line of the embankment at 

the bottom of the dry crust. For the 1.4 m c/c-spacing this zone has already extended 

to the whole height of the dry crust. In the 1.6 m model the zone has extended fin-ther 

to a depth of about -2 m. The local failure behaviour predicted in the columns next to 

the symmetry line does seem to influence the differential settlements between the col- 

umns and the soil at the ground surface. As mentioned before with increasing c/c- 

spacing the predicted differential settlements between column and soil increase from 

mm, to cm. As the columns begin to show local failure behaviour more load is trans- 

ferred back to the soil and that might explain why differential settlements occur. 

8.4.3.1.4 Differential stresses 

T'he increase in vertical stress predicted ýy the 3D model is compared to the 3D unit 

cell and the 2D unit cell in Figure 8.19. The comparison is made for 1.0 m, 1.2 m and 

1.4 m c/c-spacing at the centreline (column) and in the soil. The predicted increase in 

vertical stress in the soil is similar for all models and c/c-spacing. The 3D models also 

predict a similar increase in vertical stress in the column in the top five meters. Below 

a depth of 5m the model shows a slight reduction of the stresses in the column with 
depth which is not apparent in the 2D and 3D unit cells. The 2D and 3D unit cells 
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Figure 8.19: Increase in vertical stresses: a) 1.0 m, b) 1.2 m and c) 1.4 m c/c-spacing 

show a scatter in the stresses of the 1.4 m c/c-spacing model due to local failure 

behaviour. The stresses predicted by the ftdl 3D model do not show that scatter. 
Inspection of the plastic point plot (Figure 8.18c) shows that yielding occurs in the 

centreline column but that it is less than that predicted by the 2D and 3D unit cell. 

The predicted effective vertical stress distribution along a horizontal profile at a depth 

of - 1.0 m for each c/c-spacing modelled is presented in Figure 8.20. The stresses plot- 

ted represent the stress level in the soil and column at the end of consolidation. In 

Figure 8.20a the vertical stress for the 1.0 m c/c-spacing is plotted. At the end of con- 

solidation the stress level in the column at the centreline is in the order of -160 kPa. 

This stress level is almost constant to a distance of 7m from the symmetry axis of the 

embankment. With increasing distance the vertical stress in the column gradually 

reduces to about -30 kPa in the outer most column below the toe of the embankment. 
The vertical stress in the soil between the columns shows a lot of scatter due to inter- 

polation errors at Gauss points. However, quantitative interpretation of the stress in 

the soil shows that the stress is in the order of -25 kPa or less. The ratio between the 

maximum stress in the column and in the soil is in the order of 6.4 close to the cen- 

treline. The column carries about 6.4 times the load of the soil. 

1.2 m 
cJc-spadng 
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Figure 8.20: Increase in vertical stresses: a) 1.0 rn, b) 1.2 m and c) 1.4 rn and c) 1.6 rn c/c-spacing 

In Figure 8.20b the increase in vertical stress for 1.2 m c/c-spacing is shown. The 

maximum stress in the column at the centreline is -220 kPa. The load in the columns 
is almost constant to a distance of 7m from the sYmmetrY axis and thereafter gradu- 

ally decreases with increasing distance to a minimum of about -35 kPa. The predicted 
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stress in the soil is in the order of -33 kPa. The ratio between the maximum load in the 

column and the soil is about 6.6. The maximum stress for the 1.4 m c/c-spacing is in 

the order of -240 kPa (Figure 8.20c). From a distance of -4 m the stress in the column 

gradually decreases to a minimum of about -90 kPa. The maximum stress in the soil is 

predicted close to the centreline in the order of -35 kPa, this results in a load ratio of 
6.8. 

The predicted vertical stresses for 1.6 m c/c-spacing are presented in Figure 8.20d. 

The maximum column load is -280 kPa. From a distance of -5 m the load in the col- 

umns decrease to a minimum of - 116 kPa below the toe of the embankment. The aver- 

age stress in the soil close to the symmetry line of the embankment is -40 kPa. The 

resulting load ratio between column and soil is about 7. The results of the simulation 

show that the load ratio between column and soil increases with increasing c/c-spac- 
ing, but within a small range of 6.4 to 7. 

8.43.2 Summary 

A fidl three dimensional model was developed to investigate the stress strain behav- 

iour of the improved area below the embankment. The model was compared to the 3D 

and 2D unit cells. It was found that the fidl 3D model and the 3D unit cell predict sim- 

ilar magnitudes of vertical displacements but both give lower values than the 2D unit 

cell. All three modelling approaches give quantitatively the same results in terms of 

the predicted increase in vertical stresses in the soil and in the columns. The 3D and 
2D unit cells predict local failure for 1.4 m c/c-spacing which is not observed in the 

fidl 3D model. 

8.4.4 Floating columns 

Floating columns are an alternative solution to end bearing columns which have been 

considered in the previous simulations. The minimum length of the floating columns 

can be estimated based on the geometry of the embankment. The length of the column 

should be equal to the width of the embankment or greater (Broms, 1983). Wehr 
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Figure 8.2 1: Geometry of the embankment and the improved ground 

(2007) suggested the length of the floating columns can be shortened to half the width 

of the embankment. The latter geometry relation was used to determine the length of 

the columns in the finite element simulations. Two models have been created to allow 

comparison between an end bearing and floating solution. The geometry of the two 

models is shown in Figure 8.2 1. The geometry of the embankment is the same as con- 

sidered in the previous simulations (Figure 8.1). The end bearing columns are 

assumed to be founded on bedrock. The length of the columns in both cases is 12 in 

but the floating columns are founded on Vanttila clay. The c/c-spacing is 1.0 in and 

the column diameter is 0.6 in. The ground water level is at a depth of -I in - Due to the 

symmetry of the embankment only half of the embankment is represented in the finite 

element mesh. The finite element mesh consisting of about 10000 15 noded wedge 

elements is shown in Figure 8.22. The boundary conditions, drainage conditions and 

simulation stages are the same as for the full 3D model presented in Section 8.4.3. 
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Figure 8.22: Finite element mesh 

8.4.4.1 Numerical predictions 

The results of the numerical simulations of the two models are discussed in the fol- 

lowing. 

8.4.4.1.1 Vertical and horizontal displacements 

The predicted settlement troughs at different depth at the end of consolidation are 

shown in Figure 8.23. The maximum surface settlement at the centre line of tile 

embankment is -0.33 in for the end bearing case. At a depth of -0.2 in the predicted 

maximum vertical displacement is -0.27 in and at a depth of -5 in it is -0.16 in. The 
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Figure 8.23: Vertical displacements 

predicted settlements for the floating columns are bigger than for the end bearing 

case, as expected. The surface settlement at the centre line is -0.66 m which is an 
increase in settlement of 100 % compared to the end bearing case. At a depth of -2 m 

the vertical displacement is -0.61 m and at -5m it is -0.53 m. Overall the floating col- 

umns show a wider settlement trough compared to the end bearing. The embankment 

on natural ground would settle in the order of -1.6 m for the 12 m deep deposit (end 

bearing) and -1.8 m for the 20 m deep deposit (floating). The end bearing case gives 

an improvement ratio of 4.8 in terms of settlements and for the floating case a ratio of 
2.7. The reduction of settlements calculated in percentage, is 80 % for end bearing 

and 63 % for floating, respectively. 

The calculated horizontal displacements after the undrained construction of the 

embankment at the centre of each column (except centre line column) are presented in 

Figure 8.24. At the top of the figure a schematic drawing shows the position of the 

column below the embankment and its subsequent number. The column number is 

increasing from the centreline towards the toe of the embankment. 
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Figure 8.24: Horizontal displacements at the end of construction: a) end bearing and b) floating 
columns. 
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In Figure 8.24a the displacements for the end bearing case are shown. The biggest 

horizontal displacements of about 0.06m are predicted for column 9,10 and II at a 
depth of about -2 m. Column 9 is at the middle of the slope of the embankment. With 

decreasing distance from the symmetry axis the horizontal deformation of the col- 

umns decreases, as expected. The horizontal displacement of column 2, which is next 
to the centre line is about 0.01 m at a depth of -4 m. The depth of the maximum hori- 

zontal displacement per column changes with the position of the column. With 

increasing distance from the symmetry axis the location of the maximum moves from 

-4 m for column 2 up to a depth of -2 m for column 9. 

In Figure 8.24b the horizontal displacements for the floating columns are presented. 

The maximum of about 0.06 in is predicted for column 10 and II at a depth of -2 m. 

Obviously the maximum horizontal displacement after the construction of the 

embankment is not influenced by the bearing of the column system. All columns 

show horizontal displacements at the bottom of the columns of the order of 0.5 to 2 

cm. 

Figure 8.25a shows the predicted horizontal displacements at the end of consolida- 

tion. The maximum is predicted at a depth of -1.7 m for column 9 in the order of 

0.048 m. The maximum horizontal displacement reduced from 0.06 m (end of con- 

struction) to 0.048 ni (end of consolidation) with the dissipation of the excess pore 

pressure. Inspection of the horizontal displacement shows that the columns below the 

slope of the embankment are heavily bent to a depth of -3 m. Below -3 m there is a 

smooth reduction in displacements with depth. 

Figure 8.25b shows the horizontal displacements for the floating case. The maximum 

horizontal displacement is predicted at the bottom of the column in the order of 0.06 

m. A second maximum is found at a depth of -I m in the order 0.03 m. The shape of 

the displacement profile with depth shows that the columns are bent over the whole 

length of each column. 
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Figure 8.26: deformed mesh: a) end bearing and b) floating columns. 

8.4.4.1.2 Deformed mesh 

In Figure 8.26 the deformed meshes of the simulations at the end of consolidation are 

presented. The deformed mesh for the end bearing case is shown in Figure 8.26a. The 

columns in the middle of the slope are experiencing the most intense shearing at a 

depth of -1 .6m. The columns next to the centre line show some bulging below the dry 

crust. A different deformed mesh is predicted by the floating columns (Figure 8.26b). 

The soil-column system acts as a block with the soil sheared between the columns as 

the block rotates anti-clockwise. The columns below the slope of the embankment are 

bent the most. Inspection of the shear strain plots showed that maximum predicted 

strains in the soil between the columns below the embankment is in the order of 20 %. 

In the case of the end bearing columns the maximum shear strain in the soil is about 8 
%. 

8.4.4.1.3 Increase in vertical stress 

The increase in vertical effective stress in the columns at the end of consolidation is 

shown in Figure 8.27. The stresses are presented for each column installed below the 

embankment. Figure 8.27a shows the stresses for the end bearing case and 

Figure 8.27b shows the predicted stresses for the floating columns. The maximum 
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Figure 8.27: Vertical stresses in the columns: a) end bearing and b) floating columns. 
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stress for the end bearing columns is in the order of - 150 kPa. Columns I to 5 show 
the same maximum stress. All five columns experience almost the same decrease in 

stress with depth. In contrast column 13 below the toe of the embankment shows an 
increase of stress with depth. The columns directly below the slope of the embank- 

ment show an almost constant stress level with depth. Similar behaviour is observed 
for the floating columns. The maximum increase in vertical stress is also -150 kPa. 

interestingly, columns I to 9 share almost the same increase of stress which is in con- 

trast to the end bearing case where only columns I to 5 show the same increase in 

stress. 

8.4.4.2 Summary 

Results of three dimensional numerical simulations of an embankment constructed on 
deep mixed columns were discussed. Two different soil-column systems have been 

investigated. In one case the columns were founded on bedrock and in the second the 

columns were constructed as floating columns with a length of 12 m embedded in soft 

clay. The results demonstrate that both systems are very effective for reducing the set- 

tlements compared to the embankment constructed on natural ground. It is important 

to highlight that creep was not accounted for in the simulations and that would have 

had an large influence on the predicted behaviour of the floating columns. The float- 

ing columns are heavily bent as the block consisting of the column and the soil is 

rotated under the load of the embankment. The soil between the columns is heavily 

sheared up to 20 %. For both systems the same maximum load in the column was pre- 
dicted. 
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Chapter 9 

Conclusions 

The overall aim of this thesis was to investigate the influence of large strain anisot- 

ropy and destructuration on the stress-strain-strength behaviour of embankments con- 

structed on either natural soft soils or soils improved with deep mixed columns 

through the use of advanced constitutive models. The flnite element method was uti- 

lised to simulate the construction and consolidation of the embankments. At the end 

of each chapter individual conclusions and recommendations were presented concern- 

ing the fmdings. The most important conclusions are outlined in the following sec- 

tions, followed by some recommendations for further research. 

Chapters 3,4 and 6 dealt with finite element modelling of embankments on natural 

soils, and Chapters 7 and 8 with embankments on deep mixed columns. 

9.1 Settlements and horizontal displacements of 
embankments on natural ground 

9.1.1 Influence of large strain - small strain analyses 

The construction of the embankment is clearly a large strain problem. In the past, 

back calculation of embankments with isotropic model showed a good match with 

measured surface settlements. However, those analyses were carried out as small 
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strain analyses. Large strain analyses demonstrate that in reality it is necessary to 

account for anisotropy. 

9.1.2 Influence of constitutive models on the surface settlements 

This work demonstrated the effect of anisotropy and destructuration by simulating the 

construction and consolidation of an embankment on soft clay using five different 

constitutive models: the Soft Soil model, the Modified Cam Clay model (MCC), the 

S-CLAYI model, the Multilaminate model (MMC) and the S-CLAYI S model. All the 

model simulations assumed an identical initial state in terms of in-situ stresses, verti- 

cal preconsolidation stress and void ratio. 

The results showed that accounting for anisotropy and/or destructuration increased 

the predicted vertical displacements. It was found that anisotropy is more dominant 

than the combination of anisotropy and destructuration. Comparison of the two aniso- 

tropic models showed only that the different approaches of modelling anisotropy 

results in different settlement predictions. The MMC model based on the multilami- 

nate framework predicts more anisotropic behaviour than the S-CLAY1 model. Both 

models however predict significantly larger displacements than the isotropic MCC 

model. 

The isotropic Soft Soil model, which is a standard model in the PLAXIS code, gave a 

range of predictions depending on the shape of the yield surface. The user can control 

the shape of the yield surface via the input of the K01 (normally consolidated earth 

pressure at rest). The two versions of the Soft Soil models used gave almost the same 

range in predicted vertical settlements, as the range observed between the isotropic 

MCC model and the anisotropic models. This suggests that the correct choice of the 

shape of the yield surface in the Soft Soil. model is of paramount importance. 

9.1.3 Influence of constitutive models on the horizontal displacements 

The horizontal displacements are influenced more by the pre-yield behaviour and the 

shape of the yield surface than by anisotropy. The horizontal displacements predicted 
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by the S-CLAY models were almost identical, suggesting that the effect of bonding 

and destructuration is less marked dm anisotropy. 

All simulations showed that the maximum horizontal displacements are not below the 

toe of the embankment as is often incorrectly assumed. The area of maximum dis- 

placement is below the slope of the embankment and moves with time, i. e. moves 
deeper and marginally closer to the centerline with the dissipation of excess pore pres- 

sure. Due to practical reasons the inclinometers are often positioned at the toe of the 

embankment and thus should not be assumed to represent the maximum horizontal 

displacement. The consequence is that all previous research that aims to provide 

ranges of ux/uy-ratios (e. g. Leroueil et al. 1990) should be treated with caution. 

The predicted ux_to,, ý-ratios decrease with consolidation time. It was found that after 

10 to 20 % of the maximum consolidation the ux-toe/uy-ratio has reached its final 

value. This conclusion is of practical importance for the instrumentation and monitor- 

ing of an embankment. It suggests that the horizontal deformations of an embankment 

need only to be monitored for a certain period of time during the life time of the 

embankment. 

9.1.4 Effect of soil permeability and Poisson's ratio 

The change in permeability with compression only marginally influences the pre- 

dicted time settlement curve. This sugges ts that for practical applications, where there 

is an absence of quantitative data about the change in permeability, that this can be 

ignored, at least for non-organic soils. 

A formula was developed to estimate Poisson's ratio based on the stress history of the 

soil. This formula is very usefid for practical applications where no information about 

Poisson's ratio is available. The formula should be applied with caution for normally 

and slightly overconsolidated soils (OCR <1.2 - 1.3). Hanzwa and Kishida, (1981) 

showed that creep affects the stress history of the soil and consequently reduces the 
ne. K. Oc to Ko 
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9.2 Undrained shear strength 
It is important to note that undrained shear strength can not be considered as a soil 

constant. It has been shown that the undrained shear strength profiles predicted by the 
different models are dependent on the shape of the yield surface and the chosen state 
parameters. Consequently different models predict a different distribution of und- 

rained strength for the same value of preconsolidation stress. 

The undrained strength predicted over consolidation time is strongly dependent on the 

model used. It is important that a realistic initial stress state and correct initial state 

parameters are assumed in order to predict a realistic initial strength profile with 

depth. 

Model simulations of undrained triaxial and plane strain tests in compression and 

extension using the MCC, S-CLAYI and S-CLAYIS models demonstrated the influ- 

ence of anisotroPY and destructuration on the maximum undrained strength predicted. 

The difference in the predictions between the MCC and S-CLAYI is marginal for the 

undrained strength in compression. However, the mobilised strength prior to failure is 

higher for the S-CLAY1 model. In extension the S-CLAYI predicts a much lower 

failure strength and ultimate strength than the MCC even though both models assume 

the stress ratio to be the same in triaxial compression and extension (see Figure 2.13). 

Comparing only the S-CLAYI and S-CLAYIS models showed the importance of 

accounting for destructuration in the undrained strength predicted in compression. S- 

CLAY IS predicts a reduction in mobilised undrained strength compared to the S_ 

CLAY I model. This can be of practical importance when designing staged construc- 

tion. In extension both models predict the same strength at failure but the ultimate 

strength at failure predicted by S-CLAYIS is lower than that predicted by the S- 

CLAYI model. 
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9.3 S-CLAY1, S-CLAYIS and S-CLAY2S model 

9.3.1 Soil constant it 
The soil constant ti in the S-CLAY models is estimated based on an empirical formula 

suggested by Zentar et al. (2002). Leoni et al. (in press) suggest that for the Aniso- 

tropic Creep model the soil constant (o (equivalent to ýt in the S-CLAY models) can be 

derived by a simple relation between o) and the modified compression index X* and 

the stress history of the soil. This idea was used to develop a similar equation for the 

S-CLAY models. 

Model simulations using the S-CLAYI model suggest that the anisotropy is erased if 

the soil sample is isotropically loaded to twice its preconsolidation pressure. This is in 

agreement with findings by Anandrajah et al. (1996) based on laboratory tests on 

Kaolin clay. Model simulations demonstrate that the rate of rotation of the yield sur- 

face in an isotropically loaded test is dependent on the stiffhess of the soil. However, 

for X greater than 0.2 (as would be typical for most natural soft soils) the influence is 

marginal. 

Values of ýL estimated with the new equation are well within the limits suggested by 

Zentar et al. (2002). It was found that the formula by Leoni et al. (in press) gives 

lower bound estimates. Model simulations of drained triaxial tests on natural soil 

samples from the Murro using values of g estimated from the new equation show a 

good match with the test results. 

9.3.2 S-CLAY2S 

A conditional non-associated flow rule has been developed without adding to much 

complexity and finther parameters to the constitutive model. Simulations of drained 

multistage triaxial tests showed improvement in the predictions of the deviatoric 

strains F-q for stress ratios close to hydrostatic axis. Back calculations of the Murro test 

embankment demonstrate marginal improvement using the S-CLAY2S in terms of 

predicted horizontal displacement profile. 
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9.4 Murro test embankment 
The predicted long term behaviour of the Murro test embankment was investigated 

through numerical studies. The results of the finite element simulations were com- 

pared with field monitoring results. 

9.4.1 Comparison of the numerical predictions to the field 
measurements 

The agreement between the numerical simulations using the advanced constitutive 

models (S-CLAYI, S-CLAYIS and S-CLAY2S) and the field measurements is very 

good. These models show a significant improvement compared to the predictions 

given by the MCC model. 

The simulations demonstrated that ignoring anisotropy leads to an under prediction of 

the measured surface settlements with time. The time settlement curves predicted by 

the S-CLAY models are in good agreement with the field measurements. However, 

plotting the time settlement curve in a logarithmic scale suggests that secondary com- 

pression contributes to the ongoing settlements. Incorporating creep in the constitu- 

tive models would improve the time settlement predictions in the long term. The 

horizontal displacements were better predicted by the advanced models than by the 

MCC. The newly implemented conditional non-associated flow rule of the S- 

CLAY2S model further enhanced the predictions of the horizontal displacements. 

9.4.2 Undrained shear strength at Murro 

The in-situ testing at Murro in 2001 included field vane tests throughout the embank- 

ment to assess the increase of undrained strength caused by 8 years of consolidation. 

The results showed that in the top 7m there had been an increase in the undrained 

strength, but below a depth of 7 m, the measured strength decreased. This occurred in 

conjunction with a significant increase in remoulded strength. Obviously this is an 

indication of the gradual degradation of the bonds due to plastic straining. 
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With a constitutive model that accounts for destructuration, such as the S-CLAY IS 

and S-CLAY2S, this phenomenon can be simulated. If the assumed rate of destructur- 

ation is high, it is possible that the bonds are degrading at a higher rate than the intrin- 

sic yield surface is expanding. As a result it is expected that the undrained shear 

strength would decrease with consolidation. 

Simulations with the S-CLAY IS showed that it is quantitatively possible to simulate 

this behaviour. By changing the values for key model parameters (parameters a and b, 

see Chapter 2.5.1) in the 9-CLAYIS model the increase of undrained strength with 

time is slowed down. In some areas under the centreline of the embankment the und- 

rained shear strength was even found to decrease, similar to the field measurements. 

In nature it is expected that the rate of destructuration will eventually slow down with 

consolidation time and there will be eventually an apparent increase in the undrained 

strength. However, it was not possible to simulate this with the S-CLAY IS model and 

the set of soil parameters used. 

The influence of the change of the geometry of the Murro test embankment and the 

undrained shear strength with time on the Factor of Safety (FoS) was investigated. 

The increase in undrained strength with time increased the FoS from initial value of 

2.14 to 2.96. Accounting for the change in geometry and undrained strength increases 

the FoS from 2.14 to 4.88. T11is finding is of practical importance for assessing the 

FoS for embankments constructed on soft soils. It implies that the change in geometry 

and undrained strength with time must be related to the assessment of FoS with time. 

This is particularly relevant when re-using old embankment or extending existing 

embankments. 

9.5 Embankments on deep mixed columns 

The behaviour of embanlanents constructed on deep mixed columns was examined 

through numerical studies. In the absence of detailed field studies, numerical studies 

offer an alternative way of investigating the complex interaction between the soft soil 

and the deep mixed column. The major advantage of numerical modelling is that the 
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complex stress-strain-strength behaviour of both materials can be taken into account 
by advanced constitutive modelling. 

9.5.1 Deep mixed Vanttila clay 

The stress-strain behaviour of deep mixed Vanttila clay is non-linear and most of the 

strains are irreversible. Model simulations of laboratory tests on deep mixed Vanttila 

clay demonstrated that the Hardening Soil model (a standard model in the PLAXIS 

code) which accounts for stress dependency via a hyperbolic stress-strain relationship 

gives a good representation of the observed behaviour. 

9.5.2 Axisymmetric unit cell 

With an axisymmetric unit cell a single column and the surrounding soil under the 

embankment fill is modelled. The model is a very crude representation of a column 

installed in a square pattem at the centreline of an embankment. 

Surface settlements predicted utilising an axisymmetric unit cell, using the MCC, S- 

CLAYI and S-CLAYIS models to represent the stress-strain behaviour of the soft 

soil, demonstrate that it is important to account for anisotropy. However, the effect of 

bonding and destructuration appear to be less important. 

All three models predicted quantitatively the same increase in vertical stress in the 

soil and column due to the embankment load. This suggests that anisotropy and 

destructuration. do not influence the load transfer from the embankment to the column 

and soil. 

9.5.3 3D unit cell (true unit cell) 

In a 3D unit cell a single column and the surrounding soil are modelled. A major 

advantage of the 3D unit cell compared to the 2D unit cell is the fact that it is more 
flexible than a 2D model with regards to the geometry considered. The 2D model is 

restricted to constant c/c-spacing (the same spacing in the x and y directions) whereas 

with a 3D model any spacing in the x and y directions can be simulated. 
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Simulations using a 3D unit cell systematically predicted slightly lower settlements 
than the 2D unit cell. One possible reason for this is the different discretisation in the 

2D and 3D unit cell. Also the shape of the firtite elements and the shape functions of 
the elements contribute to the predicted difference. 

9.5.4 Full 3D model 

Comparison of the surface settlements at the centreline of the embankment predicted 
by the full 3D model and the 3D unit cell are in good agreement. The predictions by 

the unit cell suggest that the differential settlements between the column and soil are 

negligible. In contrast the fidl 3D model shows that with increasing column spacing 

the differential settlements at the surface are in the order of I to 2 cm. This suggests 

that the assumption of equal strain, as adopted in the conventional design, is only 

appropriate for small c/c-spacings and that the lateral deformations cannot be ignored. 

The load transfer from the embankment to the column and the soil is dependent on the 

apparent stiffness ratio between the column and the soil due to the effect of arching. 
With increasing c/c-spacing more load is transferred to the columns and local failure 

was predicted in the columns. With increasing c/c-spacing the zone of local failure 

observed in the columns expanded, downwards and widthways. 

"Ist 3D simulations are ideal for research purposes, they much more complex and 

time consuming than a 2D analysis. For practical applications it is recommended to 

undertake parametric studies on c/c-spacing, soil parameters and column parameters 

with a 2D unit cell and once the design is in a more advanced stage embark on a full 

3D analysis. An alternative approach is the application of the volume averaging tech- 

nique (Vogler, 2008). The volume averaging technique is less complex to set up and 

less time consuming in terms of simulation run time. 

9.5.5 Floating columns 

Floating columns are not embedded in a competent strata and as such do not transfer 

the load in terms of end bearing. However, 3D simulations of floating columns sug- 
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gest that floating columns are a suitable alternative solution for the settlement reduc- 
tion of embankments constructed on deep mixed columns. The simulations carried 

out demonstrated that the soil and columns act as a block. The block is rotated out- 

wards towards the toe due to the embankment load. 

9.6 Recommen ations for further research 
Following the research presented in this thesis, the following areas outlined are rec- 

ornmended for ftu-ther research. 

9.6.1 Embankments on natural ground 

Accounting for creep in the simulations of the Murro test embankment would poten- 

tially improve the long term predictions. The increase of undrained strength with time 

should be studied with a constitutive model which accounts for creep. Implementation 

of a non-associated flow rule into the S-CLAYIS model, with plastic potential of a 

different shape could improve the predictions of the horizontal displacements. The 

interaction between the embankment fll1 and the dry crust at the interface needs to be 

explored. The application of interface elements should be considered. 

9.6.2 Embankments on deep mixed columns 

Further 3D simulations are needed to demonstrate the behaviour of the soil-column 

interaction under working and ultimate load conditions. More parametric studies on 

the column material should be performed to investigate the influence of column stiff. 

ness and homogeneity on the settlement behaviour. So far creep has not been 

accounted in the simulations. Model simulations accounting for creep in addition to 

anisotropy and destructuration are recommended. More work is needed to understand 

the soil - column interface and the smear zone between the soil and the column. The 

possible application of an interface betwe en the column and the soil should be consid- 

ered in a 3D analysis. 
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Effect of Anisotropy and Destructuration on the Behavior 
of Murro Test Embankment 

Minna Karstunen'; Harald Krenn 2; Simon J. Wheeler3; Mlrva Koskinen 4; and Rachid Zentar5 

Abstract: This paper investigates the influence ofanisotropy and destructuration on die behavior of a test embankment on soft clay. The 
test embankment at Murro, FinlarA was commissioned in 1993 by the Finnish Road Administration and has been monitored for over 
10 years. The construction and consolidation of Murro test embankment is analyzed with finite element method using three different 
constitutive models to represent the soft soil. The results are compared with field observations. The constitutive models used include two 
recently proposed constitutive models. namely S-CLAY I that accounts for initial and plastic strain induced anisotropy and its extension. 
called S-CLAYIS. The S-CLAYIS model accounts, additionally, for interparticle bonding and degradation of bonds. For comparison. the 
test embankment is also analyzed using the isotropic Modified Cam Clay model. The simulations demonstrate that for this type of 
problem. it is important to account for the anisotropy, whereas destructuration appears to have less influence on predicted deformations. 
However, only a model incorporating destructuration can explain the decrease in undrained shear strength during consolidation that was 
measured in field. 
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Design and construction on soft soils is still a challenge fbr gco- 
technical engineers. and yet this is becoming more common due 
to the lack of land available for construction in well-developed 
regions. The challenges involve appropriate constitutive model- 
ling of soft soil behavior, including such fitridamental leatures as 
anisotropy, destructuration, and creep 

The paper investigates how fabric anisotropy, interparticle 
bonding and degradation of bonds in the underlying soft clay 
influence the behavior of a test embankment The analyzes use 
two recently proposed clasto-plastic constitutive models for soft 
days, S-CLAY I (Wheeler et al. 2003) and S-CLAYIS (Koskinen 
or al. 2002a). The models account fbr plastic anisotropy and art- 
isotropy combined with destructuration, respectively. Both mod- 
els have been implemented at Glasgow Univ. within SAGE 
CRISP and PLAXIS 2D V8 finite element codes. The former 
implementation was used for the simulations presented in this 
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paper. For ownparison, the problem is also analyzed with the 
isotropic Modified Cam Clay model (Roscoe and Burland 1968). 
First, some background information on dw cmbar*j=nt, its loca. 
tion and site conditions is given. The new constitutive models are 
dwa briefly described, followed by information about the em. 
bankment geometry material parameters and initial condition%. as 
necessary for the input of numerical analyzes. Finally. the results 
of the numerical analyzes are compared with die cormsponding 
field observations. 

Background 

In 1993 the Finnish Road Administration commissioned the con- 
struction of it test embankment at Marro, with the aim of using 
the information for the design of Highway IS between the cities 
of Vassa and Jyviskyld. Marro is situated near the town of Scinfl- 
joki in Western Finland close to the coast ot the Gal f of Bothnia. 
Marro test embankment is founded an a "I deposit about 23 m 
deep that consists of soft silty clay overlain by a relatively thin 
dry crust. Underneath the soft soil them is a layer ofmoraine. The 
deposits found along the coast of Che Gulf of Bothnia consist 
typically of young postslaciall sediments with high organic and 
sulphur content. The soils in the area are predominantly silty 
clays or clayey silts that were sedimented in brackish water or the 
postgIscial Littorina Sea (Schwab 1976). which was one or the 
latest postslacial evolution stages of die Baltic Sea around 
7,000 years ago. The deposits are therefore relatively yotuig and 
typically normally consolidated. The rate ofismatic uplift around 
the Gulf of Bothnia is still about Im per century. The ground 
level at the site of the test embankment is currently at 37.5 m 
above mean sea level and the groundwater table is estimated to be 
at 0.8 m depth. 

The first site investigation stage in 1993 was a routine site 
investigation to assess die suitability ofthe site for a tea embank- 
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Fig. 1. Typical churactedstic of Morro deposit: (a) organic content. (b) sensitivity, and (c) liquid and plastic limits and water content 

ment. It was followed by a thorough site investigation, which 
involved four types of in situ testing methods, including Swedish 
weightsounti testing (a routine site investigation method in Scan- 
dinavia), field vane testing, piezocone tes6ng and static dynamic 
penetration testing (a method developed in Finland that combines 
piezocone testing in cohesive soils with dynamic testing in non. 
cohesive soils). In addition. a number of undisturbed and dis- 
turbed samples were taken for laboratory testing at Helsinki Univ. 
of Technology. Those tests included drained and undrained in. 
axial tests and oedometer tests on undisturbed samples and vari. 
ous index tests. Fig. I shows some typical properties of Murro 
clay before construction of the test embankment. The undrained 
shear strength varied typically from 10 to 30 kPa (Koskincn et al. 
2W2c). The soft "I can be classified as silty clay or clayey silt 
with organic content of 2-3% (determined from the ignition loss). 
The color of die clay is black due to the presence of sulphur. The 
water content of the soil vaties between 65 and I (X)%. The sen- 
sitivity of Marra Clay is moderate, typically between 2 and 10 
(Koskinen ct al. 2002c). 

An additional in situ testing and sampling exercuie was per. 
formed in NXII, 8 years after embankment construction. This in- 
cluded field vane tests through the embankment (to assess the 
increase in the undrained shear strength due to consolidation of 
die subsoil) and sampling beneath and next to the embankment 
(Koskinen et al. 2002c). The samples that were taken next to the 
embankment were used to investigate the effect ofthe structure of 
die soil, This involved ooWmeter testing and specialist triaxial 
testing of both natural and reconstituted samples (Karsturign and 
Koskincn 2(X)4; Koskinen and Karstunen 2004). A subsequent 
mineralogical study conducted at ETZ Zurich (M"serklinger et 
al. 2(X)3) identified the main mineMs of Murra clay as quartz 
(26%) and feldspar (46%) widi the clay minerals as illite (11%), 
chlonte 00%). and kaollmitc (511. ). Overall. given the wealth of 
infortmition about the soil deposit. and that die embankment has 
now been monitored for 10 years, it is an attractive case study for 
testing advanced constitutive ideas and numerical models. 

The locations of the field monitoring instrurnents were decided 
based on preliminary finite element analyzes. The information 
available at that time was very limited. Subsequent finite element 
analyzes were conducted using well-known isotropic constitutive 

models Moskmen et al. 2002b, 0. The %oil deptis-it lit Murrt, is. 
however, characterized by a high degree of anisotropy, its shown 
by Karstunen and Koskmen (2004). ark] due to the albeit moder- 
ate sensitivity (Fig. 1). there is some natural interparticle bonding 
present in die soil in situ. Fabric anisotropy can influence both 
elastic and pl"*c behavior. For normally consolidated or lightly 
overconsolidated soft clays. however, plastic deformations are 
likely to dominate for many problems of practical interest, with 
elastic stralins often being much smaller than the plastic strailm 
This is particularly true for problems such as embankments. The 
natural interparticle bonding, which Originates from the mineral 
and porc water composition at the time of deposition, gives die 
I soil extra strength and additional resistance to yielding. Plastic 
straining causes slippage and rearrangement of particles and lit. 
terparticle contacts and, consequently. causes degradation of 
bonds (a process referred to as destructuration). 

Constftutive Models 

There are several different approaches to represent anisotropy of 
plastic W, uivior within a constitutive onodeling framework. After. 
natives include die standard clasto-plastic framework or die soý 
called multilaminate framework (Zienkiewicz and Pande 1977). 
Compututionally. the standard clasto-plamic framework is; much 
morc efficient than the multilaminate framework, and conse. 
q=itly. them have been numerous model proposals using this 
framework (e. g., Banerjec and Yousif l9ft Dufahas 19M. Ban. 

erjec of al. 1988; Nova 1988, Davies and Newson 194)3: Whiffle 

and Kavvadas 1994: Postana and Whittle 1999). The recently pro. 
posed S-CLAYI modcl by Wheeler of al. (2003) has several ad- 
vantage% over many of the models proposed. Theme include the 
relatively simple model formulation, realistic KI, prediction, and 
in addition. the values for the model pamnwfors can be defor. 
mined from standard laboratory test results by using well-defined 
methodologies. Furthermore, the model hat; been sticcessfidly 
validated against experimental data on several natural and recon- 
stituded clays (Koskinen of al. 2002a, d; Wheeler of al. 2(X)3). 
including Murro clay (Karstuncn and Koskinen 2IOD4). Thorofare, 
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Fig. 2. S-CLAYIS yieki surfm: jý ill: (a) thice-dimen. %ional stlc%%* sixice and IN triaxial slrc%s space 

S-CLAY I hits hcen chosen a, one of the cothlitum c models used 
ill this study. 

Gens and Nova ( 1993) prewnted a general framework for in- 
corporating bonding and destructuration within claýto-plastlc 
con. fitume modek. In addition to the real yield surface for the 
natural material mith bonding). a notional "intrinsic yield sur- 
fuce- j% introduced, to represent the size that tile yield surface 
would be ifthere %%ere no bonclaig. The differcricc in size ofthe 
real yield surface anti the intrinsic yield surface lexprcssed either 
as a ratio or as a difference) is a measure of the bonding effect. In 

recent years a nuinher ofelato-platic conslitutne models incor- 
porating Ninding and destructuration haw been published isec, 
c, g.. Kj%%adjs and Amorosi 2(9)0: Rotianna and Muir WmA 
2OW: Ci4jo and Muir Wood 2(X)l: Liu anti Carier 2(X)2: Liu ct al, 
20(13: No%a el al. 21W). Moq ofthese models. lio%vc\er, do not 
incorlum-ate anisotropy of large sirain belim ior. %k Inch is consid. 
civil essential for soft clays. Thc S-CLAYIS model iKokinen ci 
a]. 21X)2jl is in extension ofthe S-CLAY] moilel. \%Inch accounts 
for bonding and destructuration. in addition to plastic anisonop), 
and i% the second ad%inwed constitutive model used in this study. 

In three-dimensional stress space the )icId suiface of the 
S-CLAY IS inodcl is a sheared ellipsoid [Fig. 2w)]. given by 

1= I ky'- -P, "Al 

- [AP -, I"A, *11(/'. - P, )/" = (I III 

where 4r,, =dc%1atonc stre%s tviisor: p'=mcan effochw stress: and 

a,, = dimension less second order tensor describing the fabric an- 

isotropy. called [lie deviatoric fabric tenor [as its fornUllatiOn 1% 

analogous to the do% iatoric tre,, tonsor. see Wheeler or a]. 12(9131 
for details]. V=critical state VaIW of file slresi ralio in triaxial 

space and the state parameter jý, definei the size of the natural 

yield %urface of the clay. As di%CUssed in Wliceler ct al. QW3). it 

1. % possible to account for LoKle, angle dependency. but a% the labo- 

ralory tests on Klurro clay do not include any tests shcared to 
failure in tnaxial extension. the triaxial conipreýsion %alue of. %/ is 

ii, ed throughout. Zmar et al. (private communication 20(4) ex. 

plain in detail how the initial % allies of the temi% of do% iatoric 

fabric tellsor a,, are calculated. 
For a special cise. Mien the material and the stress Ntatc are 

both cross anisoliopic. and the plane of material isotiopy coul- 

cides " ith the plane of stress isolrop). the fabric tensor a., call tv 

replaced isidi a scalar parameter Li describing the inclination of 
file ), told surface in the p'-q space [Fig. 21b)], Where q is the 
dexiatim'stress. This would Iýpically be the initial in situ condition 

lbeforc embankiment construction). 
The effect of building is descriNd by all intrinsic )-told surface 

I (jells and No%: k 140 1. The intrin, ac ) told surface is of tile sallic 

Numerical modelling of embankments on soft soils 

AlOfýO Mid 1110illiltiOll ll-ý tile yJCIJ Stiff')CC for 1110 INIIIIII'M Still [Fig. 
2(b I]. bill with a ýjzc p_ that is related to /),, i tile size of tile %'jcld 
surface for the natural clayý by 

ID 
%shere i =amount of bonding. 

Increwse in the mze of the soninsti: k ield surtacc is tcl; lle, l to 
die increment., of plaltiC VOILlinviric tram b) .a hardening 
law for unhouded Irccoustituled) oil. %%fuch i, iniflar to that of 
Modified Cain Clay (MCC) 

= I3 

Nklicre i-specific volume: h, =slore ofthe intlinsic normal com- 
ptv, slon line in the compression plane dup'-1--sixicel: alul 
K =sION Of :1 S"'Ciling fille in the compression plane. IticalI5. tile 
%, ilm foi x. should Iv (Icterminctl firom ; in mdometel- test on :1 
reconstituted sample. 

The second haidening I; i%%. desciihing the rotation of the pel, l 
stifface the c%ohnion of amsolrop) I title to r's-1,, sualiling. 
is cxpiv,., -d as 

141 
L4 

3 

Nkhci*c Tl=lcusorial equi%alent of tile sllcý% ratio. defined as 
anti of plastic dc% iatoric straill. The 

llc%v soil constanis It and 0 control. respecti%ely. the absoluic rate 
at which a,, heads iLmard its current target Nallic and the relativc 
effectnencý% of plasli%ý de% ialoric stiams arid PlaStIC % OlUoICItic 
straims in rotatiol; the 

.% 
idd surface (for details see Wilceler el al. 

cmq. 
The third haideoing la" of the S-CLAYI S nuxlel lecribe, tile 

degradation of bonding and it 1, a-tillied that both pla, ttv %niu. 
metric ýIraios and plastic ticnialoric straois lend lo retitwe the 
hooding parameter ic to zero 

A= 

miere the ne%% soil constant a controls the ah"'hile rale of dc- 
strucluration and 1) controls fit,: reholtw efleawness of pia, tic 
Lievialolic %tiaills and Plastic %olunictric strains fit destroying file 
honding [, c,: KoAmen ct ; it. (24)(12a) for details]. 

B5 setting the initial value of life %tale parameter i to zt-i o alul 
using ; &it ; ipparettl value of XI deterinined from an ockloincler lest 
off a natural clay ample), instead of the I')[[ nmc %altic A. of a 
rcconstittacd chy. S-( LAY IS rcduceý to flit: S-CLAY I model 
111al accolints for platic am, olrop) only. Funhei-niorc. if fit inkh- 
lion the Initial %attic, of aII (If (V" and life % attic of the soll 
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TW* 1. initial Values for Stec Parameters; 
Layer DqAh (W eu POP MN IM2) (XO XO 

la 0-0.8 1.4 20 0.63 4 
lb 0.8-1.6 1.4 10 0.63 4 
2 1.6-3.0 1.9 1 0.63 8 
3 3.0-6.7 2.4 1 0.63 8 
4 6.7-10.0 2.1 1 0.63 to 
5 10.0-15.0 1.8 1 0.63 9 
6 15.0-23.0 1.5 1 0.63 9 

constant p are set to zero, the model ultimately reduces to die 
isotropic Modified Cam Clay model. The S-CLAY IS model was 
implemented by Zentar in the &4GE CNSP finite element code 
using an explicit forward Euler algotitfun. 

G*owotry and Input Daft 

The Murro test embankment is 2m high and 30 m long. The 

width of the embankment at the top is 10 m and the slopes have 

a gradient of 1: 2. The embankment material is crushed rock 
(biofite gneiss) with a grain size of 0-65 nun. The construction 

was completed within 2 days. The embankment was modeled 

with a simple linear elastic-perfectly plastic Mohr Coulomb 

model using die following typical values for the embankment 

material: E-40. OOOkN/m2, V=0.35,4'=400,4#1=0*. c' 

-2 kN/m2, and -y= 19.6 kN/ml. Parametric studies showed that 

the simulations were not sensitive to die values of the parameters 

chosm for the embankment material, because the problem is con- 
trolled by die response of the underlying soft soil. 

Based on the ground investigation data (Koskinen ct al. 
2002c). the 23 m thick clay deposit can be roughly divided into 

two main layers: a 1.6 m thick overconsolidated dry crust and an 

underlying thick layer of almost normally consolidated soft clay. 
The underlying layer can be further subdivided into five sublayers 
(see Table 1). The most compressible layers are at depths between 

1.6 and 7 m. The groundwater level is assumed to be at approxi. 

mately 0.8 m from the ground level. 

The values of soil parameters and initial state (Tables 1-3) for 

the finite element analyzes have been worked out from laboratory 

results using the best practice for the determination of model and 

state parameters for the S-CLAY IS model and its simplifications 
(i. e., S-CLAY I and MCC). Due to natural variability, there was 

some scatter in die values and for each layer average values have 

been chosen. It is important to note that with the simple exception 

of the preconSOlidation stress in the dry crust (see next pars- 

graph). the values for soil parameters and initial values of state 

variables were all selected independently from laboratory tests 

Tablo Z Values for Cornvational Soil Constants 
Layer -j IkN/mll Ic P. x Af ký ON k, WO 

la 15.8 0.010 0.35 0.16 L6 2A7E-09 1.90E-09 
lb 15.8 0.010 0.35 0.16 1.6 2.47E-09 1.90E-09 
2 15.5 0.030 0.35 0.50 1.6 2.47E-09 1.90E-09 
3 14.9 0.036 0.10 0.50 1.6 2.06E-09 1.55E-09 
4 15.1 0.0.10 0.15 0.36 1.6 1.27E-09 1.05E-09 
5 15.5 0.034 0.15 0.32 1.6 7.93E-10 6.34E- 10 
6 15.9 0.004 0.15 0.14 1.6 1.20E-09 9.51E- 10 

data and were not backcalculated to optimize the fit of numerical 
simulations to the observed embankment performance. 

The initial values for the state parameters are shown in Table 
I- Based on the oedometer test results on natural samples. only 
the dry crust has some evidence of overconsolidation. This is 

represented in Table I by "pmoverburden pressure" (POP), d,,, 
fined as the difference between the vertical preconsolidation site. %, 
(a, 

?) an d the in situ vertical effective strcss e. g. POP 

=a, P-a,. 
The oedometer test results for the (try crust material 

had a lot of scatter, as expected, suggesting POP values between 
10 and 80 kPa. Preliminary finite element analyzes suggested that 
values towards the bottom of the range needed to be adopted in 

order to got the best match (this was true with all three consfitu- 
rive models). Based on this a POP of 20 kPa has been adopted for 
Layer la and a POP of 10 kPa for Layer Ib of the dry crust (see 
Table 0. 

Based on the ocdometer tests, the soft clay layer (sublayers 
2-6) is practically normally consolidated. The POP values of 
I kPa were. therefore, chosen to ensure that the in situ stresses 
remained inside the yield surface at the start of the numerical 
analyzes. Sensitivity analyzes were perfbrmed to investigate the 
influence of the POP value of the soft clay layers. by using POP 

values 0.5,1, and 5 kPa. The results of these analyzes showed 
that such small changes in the value of POP do not significantly 
influence the overall deformation behavior. 

Given that the clay layers are lightly overconsolidated. the 
initial inclination a,, of die yield surface (Table 1) wag determined 
by following the procedure described by Wheeler et al. QW31. 

using the values ofAf given in Table I for estimating the normally 
consolidated Ku values. By combining the POP values in Table I 

with normally consolidated Ko values and the yield curve equa- 
tion [Eq. (1)], the values of p. were calculated for the MCC. 
S-CLAYI. and S-CLAYIS models. The initial value for xj). the 

parameter describing die amount of bonding. was estimated based 

on sensifivity, as suggested by Koskinen et al. (2002a). The de- 

gree of bonding is relatively low in the dry crust and nearly con. 
stant for the layers underneath varying between 8 and 10. 

The values for the standard soil constants in Table 2 were 
determined in a conventional manner from triaxial and oedoincter 
tests on natural samples and are the same for all modek The 

values for permeability were determined Rom CRS oedometer 
tests. These also included some tests on horizontal samples and 
based on these the ratio of horizontal to vertical permeability was 

taken as 1.3. 
The values for the additional model parameters required for 

the S-CLAY I and S-CLAY IS models are listed in Table 3. The 

values of \, measured from ocilorneter tests on reconstituted 

samplesý were worked out for two different depths (7 and 9 in) 
for which experimental results existed and estimated for die re- 
maining layers assuming similar A to X, ratios. It is important to 

Tablo 3. Values for Additiorial Soil COM-12FIN fbr S-CLAYI sod 
S-CLAYIS 

Layer A A X. a h 

Is 1.02 45 0.07 9 0.2 
lb 1.02 45 0.07 9 0.21 
2 1.02 23 0.24 9 0.2 
3 1.02 21) 0.24 9 0.2 
4 1.02 25 0.18 9 0.2 
5 1.02 25 0.16 9 0.2 
6 1.02 30 0.07 9 u. 2 
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note that the simulations with MCC and S-CLAY I employed the 
model parameter X (measured fivul oedometer tests on natural 
samples), whereas the simulations with S-CLAY IS employed the 
model parameter X, (measured from oodonicter tests on reconsti- 
tuted samples or estimated from an assumed ratio ofAj/X). The 
values of soil parameter 0 were calculated using principles out- 
lined in Wheeler ct al. (2003) using estimated normally consoli- 
dated K,, values. The values of g were estimated based on appar- 
ent values of A (given in Table 1), as suggested by Zentar et al. 
(2002). Karshmen and Koskinen (2004) determined the values of 
parameters a and b (that control rate of degradation of bonding) 
using an optimization proccdurc by simulating triaxial test results 
from the depth of 6.9- 7 to on natural Murro, clay. These values 
, were used as delault values throughout the deposit. Model simu- 
lations ofother Finnish natural clays have indicated similar values 
(Koskinen et al. 2002d) for soil constants a and b. 

Numerical Analyzes and Comparisons 
with Observations 

The construction and consolidation of Murro test embankment 
has been modeled with the two-dimensional (2D) finite element 
code SAGE CRISP. Site investigations suggested the deposit is 
rather homogeneous. and furthermore, the ground surface is al- 
most level. Given the dimensions of the embankment, it is pos- 
sible to idealize it as a plane strain problem. Due to the symmetry 
of die problem. the analyzes considered just one half of the em. 
bankment. The problem was discretizcd by using a finite element 
mesh with about 1,400 eight-noded quadrilateral elements. The 
lateral boundary. at 36 m from the symmetry sxisý was fixed in 
the horizontal direction. and the bottom boundary in both vertical 
and horizontal directions. Mesh sensitivity studies showed that 
the mesh was dense enough to give accurate results. The problem 
was modeled using small strain analyzes. 

The initial stresses were calculated by inputting a horizontal 
effective stress distribution, using Kj) values estimated with equa- 
tion K0=(I-sm4') OCR-*' (Mayne and Kulhawy 1982), 
where 4, ' is the triaxial compression friction angle and OCR is the 
vertical overconsolidation ratio. It was assumed that the dry crust 
above the water table was fully saturated, and hence it was as- 
sumed initially to have negative pore pressures. The suction was 
assumed to increase linearly, from zem at the level of ground 
water table (at 0.8 m depth). to a value of -8 kPa at the ground 
level. All calculation phases. including the construction of the 
embankment, were computed as fully coupled static consolidation 
analyzes with addi tional degrees of fivedom for pore pressures at 
the comer nodes. With VGE CRISP it is not possible to allow for 
the decrease in the permeabilities. k, and k, as the void ratio de- 
creases, and therefore the constant k values listed in Table 2, were 
used. Drainage was allowed through the top and bottom of the' 
clay layer. given that die permeability of the underlying moraine 
is likely to be orders of magnitude higher than the permeability of 
the clay. 

It would have been possible to use the MCC model that is 

Table 4. Locatim of Porc Prcuure Probcs 

Fig. 3. Layout of instrumentation at Murro test embankment 

included in the commercial version ofSAGE CRISP for die MCC 
model simulations. However. because the S-CLAYIS model re- 
duces to S-CLAY I and then to the MCC model, by setting certain 
state parameters and soil constants to zero. the %ame (in-house) 
model implementation was used for all simulations. The results 
are. therefore, free of any discrepancies due to differences in 
implementation. SAGE CRISP uses a fully explicit incremental 
(rather than incremental-iterative) solution scheme and conse- 
quently the computational results are very sensitive to the chosen 
load increment size; in the case of coupled consolidation analyzes 
this relates to the sizes of the time increments. The problem is 
apparent when any of the constitutive models used incorporate 
any type of hardening. It becomes particularly significant when a 
model with complex hardening laws, such as S-CLAY IS, is used. 
Hence, die analyzes were repeated using different time increment 
sizes until such a time stepping scheme was found that the global 
solution for the simulation with the S-CLAY IS model converged. 
The same time stepping scheme was then used for the S-CLAY I 
and MCC model simulations. 

The instrumentation of Marto test embankment included sev- 
eral settlement plate% (LI-V), inclinometers U1,12), an exten- 
someter (E) and numerous pore pressure probes (IJI-00). as 
detailed in Koskinen et al. (2002c). The embankment has been 
monitored since 1993 and currently the measurements are taken 
annually or biannually. The layout of the instruments is presented 
in Fig. 3 and the depths and locations of the pore pressure probes 
are summarized in Table 4. The instrumentation has been concen. 
trated at a 10 in section at the center of the longitudinal section. 
As seen in Fig. 3, the settlement plates L2, L5, and V are directly 
underneath the centedine ofthe embankment. while the rest ofths, 
settlement plates are located symmetrically along the cross scc- 
tion of the embankmem The porc pressure probes U9 and U10 
are outside the embankment and hence act as useftil teterence 
points. 

The comparisons between die results of the finite element 
simulations and the field observations are presented in Figs. 4-9. 
using different line "a for the different models IMCC. 
S-CLAYI and S-CLAYIS). Discrete valuer.. shown with various 

pore pressure probes ul V2 G3 L14 U5 L16 (17 us CA) 00 

Depth (m 1 -15 -2 -3.5 -5.5 -7.5 -9.0 -12.0 -20.0 -2A -7.5 
E)tstawc from 1.5 0.5 0.5 1.5 1.0 0 1.0 2.0 19 20 
symmetry axis (m) 
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Fig. 4. Time settlernent curves: (a) linear scale (for 10 years) and (b) 
log scale Ifor 100 years) 

solid symbols, correspond to the field measurements, as stated in 
the legends of individual figures. 

The observed settlements and predicted vertical displacements 
versus time for the node directly under the center line of the 
embankment are presented in Fiigý 4. Fig. 4(a) shows the results 
with time on a linear scale. The settlement plates L2, L5, and 17 
are all along die center line (Fig. 3), and yet Fig. 4(a) shows that 
they have not settled equally. The difference is about 0.1 m be- 
tween L2 that has settled the least and V that has settled the 
most, Had the deposit underneath the test embankment been ho- 
mogemous, L2 located mid-way along the 30 m length of the 
embankment would be expected to settle the most. The results 
show, however. that L2 has settled the least This could be due to 
small variations either in the thickness of the deposit or in the 
soil properties along the longitutfinal section. Alternatively, it 
could be due to some complex three-dimensional effects that the 
analyzes are not accounting for. Overall, the measured settlements 
underneath die center line after about 10 years of consolidation 
vary between 0.7 and 0.8 m for this 2m high test embankment 
[Fig. 4(a)]. 

The finite element predictions by the two anisotropic models 
(S-CLAYI and S-CLAYIS) suggest similar magnitudes (about 
0.75) for the 10 year vertical settlement [Fig. 4(a)]. S-CLAYIS 
predicts marginally higher vertical settlement than S-CLAYI, but 
the differences between the two model predictions am smaller 
that the scatter in die field measurements. The MCC model, in 
contrast. predicts a notably smaller 10 year vertical settlement 
under the center line of the embankment than die two anisotropic 

models. suggesting a value of around 0.6 ni. The only way to 
improve the match of the MCC model prediction would be to 
assume the dry crust to be normally consolidated. which cannot 
be justified given the measured POP values varied from 
10 to 80 kPa. 

In Fig. 4(b), die results have been plotted on a semilogarithmic 
scale considering 100 years. The results suggest that primary con. 
sollidation is still ongoing after 10 years of consolidation (this 
hypothesis is supported by the measured excess pore pressures). 
Thu numerical results indicate that die average degree of consoli- 
dation is about 65% after 10 years of consolidation, if estimated 
based on vertical settlements. Based on the numerical analyzes it 
will take approximately 100 years to dissipate the excess pon: 
water pressures completely. The final values of the primary cron- 
solidation settlement. corresponding to IW years of consolida- 
tion, predicted by the models (Fig. 4(b)] vary from about I in. 
predicted by MCC, to about 1.15 in predicted by the S-CLAY I 
model, which predicts a slightly higher final settlement than 
S-CLAY I S, in contrast to the 10 year predictions [see Fig. 4(a)]. 
The rate of destructuration is, therefore, predicted to decrease 
with time by the S-CLAY IS model., 

All the constitutive models used ignore the effect of creep. 
which is a fundamental feature of soft soil behavior and the ulti- 
mate values of vertical settlement might therefore be even higher. 
Fig. 4 also suggests that the rate of consolidation was underpic- 
dicted by all models in the first couple of years but has been well 
predicted after 10 years of consolidation. This slight mismatch 
could be due to the constant k values assumed in the analyze%. 

The predicted surface settlements arc shown in Fig. 5. corre. 
. sponding to a time immediately after construction [Fig. 51 a)] and 
after 10 years of consolidation [Fig. 5(b)]. All models predict 
small surface heave outside the embankment immediately after 
construction (Fig. 5(a)]. but this is more marked for S-CLAY I 
and S-CLAY IS than for MCC. The maximum vertical displace- 
ments, predicted underneath the ccnier line, are on the order of 
0.07 in (by MCC) to 0.09 rn (by S-CLAY I and S-CLAY IS) im- 
mediately after construction [Fig. 5(a)] and 0.61 in (by MCC) to 
about 0.77 rn lby S-CLAY IS) after 10 years of consolidation 
[Fig. 3(b)]. Both anisotropic model. % are, hence, predicting higher 
settlements than MCC. Them, is a marginal difference, in the pro. 
dictions; by the two anisotropic models immediately underneath 
the center line, but results are indistinguishable beyond H rn Itom 
the symmetry axis. 

As wen in Fi& 5(b), the field measurements and the numerical 
predictions by the two anisotropic models for the surface settle. 
ments after 10 years of consolidation are in good agreement. The 
measured settlements at LI and D differ by less than 0.05 in and 
die same applies for the measurements at U and L6. This would 
SUgpgt that the deposit is rather symmetrical along the cross 
section, and assuming symmetry along the center line was hence 
justifted. 

Figý 6 shows the vertical displacements at different levels 
urajerneath the center line of the embankment against time. The 
model predictions are compared with the results finim die ex. 
rensometer, which was installed at die center line (see Fig. 3) 
between L2 and L 7. At the time of writing, exttivionicter results 
were only available for 8 years after the construction. The into- 
sured values at I in depth are consistent with results from 
the settlement plates shown in Fig. 4(a). suggesting a vertical 
settlement after K years of die order of 0.65 in. The measurememN 
shown in Fig. 6 indicate that most of the vertical displacc- 
ments arise from compression of the normally consolidated layer 
(1.6-6 in beneath the gmund level) and that the imidel predic- 
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Fig. 5. Surface settlenwnts: (a) immediately after construction and 
(b) after 10 yeark 

tions within this depth range are lower than the actual observa- 
tion& Thus, either the stiffness of the soil in this zone has been 
slightly overestimated or the vertical stresses caused by the load 
of the embankment are distributed in a different manner titan 
predicted. Alternatively, the permeability of this zone in the field 
might be higher than assumed in the numerical analyzes. At all 
depths the MCC model predicts lower values ofvcrhcal displace. 
ment than die other two models, as shown by Fig. 6, and is over- 
all in worse agreement with the field measurements than the an- 
isotropic models. 

within the dry crust ttlepths -1 and -1.5 m in Fig. 6) the 
values of vertical displaccinent predicted by the arnswor. vic mod. 
cis we in excellent agreement with the field data, S-CLAYIS 
predicts marginally higher vertical settlements than S-CLAY 1. At 
a depth of 2.5 m the two Predictions are identical. Below thai 
level the order changes: S-CLAYI predicts higher settlements 
than S-CLAYIS. The difference between the model prodictions 
and field measurcments is greatest around 3-4 m below the sut. 
face, where the discrepancy in about 0.1 m. At a depth of 8.4 m 
below die surface, the numerical simulations oveqwWict the ver- 
tical settlements. In this case only, MCC is giving better predic- 
tion than the two anisotropic models. Overall. although the nu- 
mancal simulatiorv; with the anisotroplic models seem to have 
carAmed well die overall vertical displacement% of the ground 
surface, the distribution ofthc vertical displacements with dcpth 

is not as well represented. Despite this. the two new models per- 
form better than the MCC nioilcl. 

Fig. 7 shows the comparison of the measured horizontal dis. 
placemonts (inclinometer II in Fig. 3) with the horizontal dis- 
placements predicted by MCC, S-CLAYL and S-CLAYIS di- 
rectly unilcmeath the top of the embankment slope (about 4.9 at 
*am the center line). Immediately after construction, the area. 
sured maximum horizontal displacement is about 0.042 in [Fig. 
7(a)l The measured horizontal displacement, are approximately 
zero at IS in depth and below. The, predictions by S-CLAY I and 
S-CLAY IS are much closet to the observed results than die ones 
predicted by the MCC model (Fig. 7(a)]. The match by the two 
anisotropic models is very good down to a depth of 5 in. while 
between 5 and 15 to depth all models seem to overpredict the 
horizontal displacements. The maximum displacement is pre- 
dicted at the correct level, at a depth of about 2 in, by all models 
considered. 

The tesufts corn: 4, rcarding to a time of 8 years after the con- 
struction ofembankment arc presented in Fig. 7(bi, togetherwith 
the inclinometer results. Now the models that take into account 
plastic anisotropy overestimate the maximum horizontal displace- 
ments, by about 0.05 m, while the MCC model slightly under- 
predicts the maximum horizontal displacement. The measured 
maximum horizontal displacement is about 0.1 m and it occurs 
at a slightly lower level (at a depth of about 3 ni) than predicted 
by the models (at a depth of about 2 in). S-CLAYIS predicts 
slightly higher horizontal displacements than S-CLAYI up to a 
depth of 3 in. 

The horizontal displacements directly under the too of the em- 
bankment slope (9 in front the center line) immediate-ly after con. 
%truction and after 9 years ofcomiolidation arc shown in Figs. 8(a 
and b). After construction, the predicted displacemLots arc much 
larger than the measured values tip to a depth of 15 in [Fig. 8(a)]. 
Given that the MCC overall predicts lower values of horizontal 
duilAacements' (and vertical settlements) than the two anisottopic 
models, it gives it better prediction of immediate horizontal dis- 
plaeý. -jnents thain die other two models. The maximum value mca- 
sureci was about 0.019 in. it, contrast to the best prediction of 
0.03 in (by the MCC). The maximum was predicted at a depth of 
about 2 in by all models. while the measured maximum was at a 
dcMh ofabout 5 M. Interestingly, the field measurements indicate 
that the dry crust initially moved horizontally as a rigid block 
[Fig. Mir , )]. 

The calculated horizontal displacements alter 8 yeam ofcon- 
%olidafion predicted by the S-CLAYI and S-CLAYIS mode-Is 
[Fig. 8(b)] ana- in good agwiticat with the measured one-.. corre- 
sponding to 12 in Fig. 3, but the depth at which the maximum is 
predicted is difNnvm; the measured maximum value occurs at a 
depth of about 5 in, while the predicted one is at 2 in depth. 
Interestingly, the Held measurements show negati%e horizontal 
displacements close to the ground surface undirnicath the tot of 
the embankment (Fig. 8(b)]. not captured in die predictions. The 
former results are quite logical since the vertical deformations am 
so large that the surfiwo of die soil is dragged inwards as it rol- 
low% the slope ofthe settlement trough. The surface layer is then 
likely to be in tension, while the constitutive models assume zLto 
tensile stresses. One possible cause of these ink-resting difter- 
ences relates to representing die embankment material. Sensitivity 
analyzes suggested that die results are rather insensitive to the 
value of Young's modulus for the embankment material, Given 
that the problem is a soil-structure interaction problem, the firic. 
non between the soil and the embankment also plays a role. The 
fiction angle assumed for the embankment material is rather 
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higl-4 and reducing this might slightly change the results. Týe 
measured behavior shown in Figý 8(b) is. however, so extreme 
dot it almost suggests a slippage between the embankment and 
the soil. Future simulations of the problem should therefore ex- 
amine the influence of an interface element between die embank. 
mentand die dry crustto allow forthe possibility of slippage, but 

then there will be the difficulty in deciding what the interface 
properties should be. 

The predicted and measured excess pore water pressures at 
different locations are Compared in Fig. 9. Points &V and UIO are 
reference points that are outside the embankment area. at 19 and 
20 m from the axis of symmetr34 respectively. At these points, the 
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measured excess pore pressures inull"fiately after construction 
are small. about +2 and -2 kPa, respccfi%vfy. LN is suggesting an 
inciraw in the exec" Pore ffeSSUPCM with time from 2 to about 
8 kPa. The predicted excess pore pressures at points U9 and Ul() 
are notably greater than measured, but the absolute differences are 
about 5 kPs as a nuximum, which is within the flucrujifions of the 
measured VOIUM 

Underneath the embankmient itself the predicted excem pore 
presaum are in general higher dun the measured ones, and this is 
particularly marked at 2-9 in depth. At U2, which is located ordy 
2 in below the ground surface (and hence very close to the actual 
load) and U3 (39 v=-3.5 m) die measured excess pore pressures 
immediately after embank'inent constructkin are only about 

_umes the 15-20 On while the predictions by any model that a. 
soil to be saturated (with an inconipmssible pore fluid) would 
predict much higher excess pore pressures. Even ifthe penneabil- 
ity of the soil were much higher than assumed, it would not be 
possible to match the results. Overall. according to Fig. 9, the 
anisocropic nuxlels predict slightly higher excess pore pressures 

beneath the embankment than the MCC model. The difrorences; 
between S-CLAYI and S-CLAYIS am small. As expected, all 
numerical simulations show excess pore pressures gradually dis. 
sipating with time. 

Although the measured excess pore pressures seem it, be dis. 
sipating with time according to. e. g.. U5 and U6. there have been 
a lot of fluctuations in the field measurement%. with sudden in- 
creases and decreases on the order of tens of kiloPascals, and 
he= the field monitoring results need to be viewed with caution. 
Particularly suRpicious are the results for Ul and t/4 that are 
suggesting maximum excess pore pressures ofthe order of4O kPa 
after 5.5 years of consolidation. in contrast to the Values of about 
23 and 28 kPa, respectively, measured immediately after con. 
struction. Generally. it would be difficult to estimate the average 
degree of consolidation based on porewater pressure me4asure, 
nients only. The field observations in Fig. 9. however, confirm the 

. speculation that the primary consolidation is not yet compk-rc, as 
there is still about 10- 13 kPa of excess pore pressures at sonic 
layers after R years of consolidation. 
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Conclusions 
Murro test embankment is a2 ni high embankment that was con-. 
structed on a 23 rn thick soft clay deposit at the commission of 
die Finnish Road Administration in 1993. Except for a 1.6 rn 
thick dry crust. the soft soil deposit in Murm, is normally consNi- 
dated and hence very compressible. The embankment was well 
instrumented and has been monitored fbr over 10 years. The con- 
solidation of Morro test embankment was simulated with SAGE 
CRISP finite element code using three different constitutive mod- 
els. The models used were the isotropic Modified Cam Clay 
mo&I (Roscoe and Borland 1968l. the recently proposed 
S-CLAY I model (Wheeler et al. 2003), which accounts for initial 
and plastic strain induced anisotropy, and its extension, die 
S-CLAY IS model (Koskinen et al. 2002a). The latter accounts for 
plastic anisotropy and interparticle bonding, as well as the degra- 
dation of the bonds due to plastic straining. The values for the 
parameters used in die finite element analyzes were derived using 
current best practice for the constitutive models adopted and were 
not optimized to match numerical simulations to the measured 
embankment behavior. Given the amount of laboratory data avail- 
able, the soil constants for the advanced models could be selected 
with a relatively high degree of confidence. 

The results of the finite element simulations were compared 
with the field monitoring results. Generally. the agreement be- 

tween the finite clemew predictions using the advanced new con. 

stitutive models (S-CLAYI and S-CLAYIS) and die field mea- 

surements is very good. The models seem to be a significant 
improvement compared with the MCC model. The numerical 

simulations demonstrate that for this particular boundary value 

problem ignoring the cftect of anisotropy leads to usiderprediction 

of vertical displacements. and also die horizontal displacements 

were better predicted by the now models than by the MCC model. 
Considering the difficulties in estimating the coefficient of'penne- 

ability in the field, the predicted firric--settlement curves were in 

good agreement with die field observations. 
The only measurements that the finite element models failed to 

reproduce well were the excess pore pressures, but as discussed 

the same would apply to any soil models that assumed the soil to 
be fully saturated below the water table. Furthermore, the reliabil- 
ity of the field measurements of pon: pressures was perhaps ques- 
tionable. Given that this was the first application of the two re- 

cently proposed advanced constitutive models to a real field 

problem. the results were encouraging. Although the analyzes 

presented were performed as a small strain analysisý it is expected 
that qualitatively the results would be similar if large strain ana. 
lyzes were adopted. 

The predictions by die two anisatropc models were overall 

very similar. Based on this study and benchurtark simulations of 

other problems involving embankments on soft soils (Krenn or al. 
2003: Wiltafsky of al. 2003). it appears that the effects of bonding 

and destructuration am averaged out in this type of boundary 

value problem. Consequently, a model that accounts only for plas- 
tic anisotropy can produce reasonable results, provided that the 

value for die main parameter controlling the conwessibility, (i. e., 
die apparent gradient ofthe normal compression line X in In 1)'-v 

space). is determined appropriately. In contrast to a common be- 

lief that the value of X is a "I constant. its value for natural soils 
is apparently stress-ratio dependent. This stress-rigio dependence 

ofthe apparent, \ value fbr a natural soil increases with increasing 

sensitivity, as demonstrated by Koskinen and Karsturien (2004) 

for a range of soft Scandinavian clays. 
The suggestion that the effect of plastic anisotropy is more 

important than the eftct of destructuration for the problem Lon- 
sidered is usefid from the computational point of view, because 
modeling of destructuration can lead to problems with nonconver- 
gence in finite element analyzes. The reasons for this stem from 
the constitutive level, as the S-CLAY IS model can, for example. 
predict strain softening during undrained shearing of a normally 
consolidated sample, as shown by Zentar et al. (2002). 

Modeling destructuration may, however, be important if staged 
construction is utilized on sensitive soft soils. The in situ testing 
at Murro in 2001 included a field vane test through the embank- 
ment to assess the increase in the undrained shear strength caused 
by 8 years of consolidation under embankment loading. These 
results, reported in Koskinen et al. (2002c), are rather intemstir* 
In the top 7m there had been an increase in the undrained shear 
strength due to consolidation, with a maximum increase from 
7 to 17 kPa at a depth of about 4.5 m. Below the 7m depth, 
however. the undrained shear strength had actually decreased 
from about 30 kPa to about 20 kPa. This occurred in conjunction 
with a significant increase in the remolded undrained strength. 
Overall, the sensitivity, measured with the field vane, had signift- 
candy decreased throughout the deposit. This is a clear indication 
of thc proms of gradual degradation of bonds due to plastic 
straining. A constitutive model that accounts for destructuration. 
such as S-CLAY I& can explain these phenomena. Ifthe assumed 
rate of dcstructuration is high, it is possible that tht, bonds are 
degrading at a higher rate than the intrinsic yield curve is ex- 
panding. and as a result the undrained shear strength of die soil 
may actually decrease due to consolidation. This will occur in 
conjunction with an increase in the remolded undrained strength. 
As the rate of destructuratiO" is predicted to reduce with time, 
eventually them will be an apparent increase in the undrained 
shear strcngoL as indicated for the top 7m in the case of Murm, 
test embankment. 

Prediction of deformations on soft soils is difficult and there 
will always be some uncertainty with regards the values of soil 
parametem in particular Me vertical preconsolidation stress cr, ' 1, 
and the permeability. Often, for the sake of simplicity simple 
isotropic models are adopted. Natural soils are, however, uniso. 
tropic. Given that accounting for anisotropy via S-C. LAY I model 
does not require any additional laboratory tests to those required 
far file use of an isotropic critical state modd, such as the MCC 

modeL accounting ror it does not significantly increase the diffi- 
culty of performing numerical analyzes. For some Problems, such 
as staged construction on soft sensitive soils. it is necessary to 
account for destructuration, in order to prevent embankment fail. 
ures, which can be very costly. 

The reliability of the predictions can be increased by increasm 
ing die number of boreholes and sampling locations and by In. 
vesting in laboratory costs and the interpretation of the laboratory 
results. The application of the proposed constitutive models in an 
industrial environment will require development of more eMaive 
and robust algorithms then used is this work. In parallel there 
would be a wed for advanced training to ensure the appropriate 
application of the models. 

Acknowledgments 
The work presented was carried out as a part of a Research Train. 
ing Network "Soft Clay Modelling for Engineering Practice', sup. 
ported by the European Community through the program . -Im- 

proving the Human Research Potential and the Socio. Etononlic 

Knowledge Base. " The expcrinictital programme was fbmk-d by 

96 / INTERNATIONAL JOURNAL OF GEOMECHANICS 0 ASCE / JUNE 2005 

Numerical modelling of embankments on soft soils 343 



the Academy of Finland tGrant Nos. 53936 and 78569) and by 
die Finnish Road Administration. The second author is sponsored 
by Donaldson A ssociateg Ltd. (United Kingdom) and a Faculty or 
Engineerml; SLholarship at the University of Glasgow. The writ. 
ers would hke to thank the staff at Hclsmki University of Tech- 
nology. in particular. Laboratory Manager Marti Lojander, for 
their support. In addition. the writers would like to love credit to 
the staff at the Finnish Road Administration who had the foresight 
to finance the construction of Murro test embankment, and hence 
invest in fundamental gmechnical research that inight, in the 
long term, enhance geotechnical &-sign practice. 

References 

FlanciJoe, P. K.. KuiubhDjkw. A. S., and You-if. N. B. (1988). "Finite 
element analysis of the stability of a vertical cis using an aniscampic 
"I modcl. - Can, Gkvmcwk. J., 25il). 119-127. 

Bancr*, R K.. und Yousif. N. B. 41986). -A plasticity model fbr tic 
mechanical befimiour of anisolropicully consolidated clay. " hit. J. 
Nurser AmIrt. Melk. C^jmeck.. 10.5211-541. 

Dafalias. Y. F (19R61. -An anisotropic critical biato soil plasticity model. " 
Ala* Rm. Cournimi. 13(6). 341-347. 

Davies, M. C. R.. and Newson, I A. (W), -A critical btatc constitutive 
model for unisotropic wils. " /`hihrIiiv. %Wb Mechank-s. Phw., Whoh 
Aferaorial SYmp., G. T. Houlsby and A. N. Schoificid, ads.. Thomas 
Teltupj. London, 219-lig. 

Gajo. A.. and Muir Wood. D. (2001). "A new approsch to anivotropic 
bounding surface plasticity: General formulationa and simulations of 
natural and reconstituted clay behaviour. " Ini. J. Numer Anul. w. Meth. 
G, opnevii.. 25,207--' . 41. 

Gens. A.. and Nova. R. (1993). "Conceptual bases for a constiantive 
model for bonded soils and week mcLs. " Proc.. hiienwtjoml. ývwp. 

on 1Iaid. %, d%-Sqfl Riwkv, Athena. Groom, W-494. 
Karstunen. M.. and Koskincis. M. (2004). -Anisotropy and dastructuris. 

tion of Mum) clay. - Phw., A. W Atwpton Atenirwitil Coqf. R. J. 
Jardine, D. M. Potts, ourlK. G. Higghwods.. Vol. 1. ThomasTelford, 
London. 47(-487. 

Kavvadm. M.. and Amom%L A. OWN)). -A constitutive model for %into. 
rated soil. " (A,, Icch#riq&w. WA 263-274. 

Ko, ikiwn. M.. and Karstution. M. 12(X)4). 'nse effied of structure on the 
compressibility of Finnish clay#. - Pný*-. N(410,1 (XIV NWk- Gty, - 
te, -kniml Medink), Yorad. Sweden. Vol. 1. AI I-A22. 

Koiikincn. M.. Kaniturien. M.. and Wheeler. S. J. Q(Wal. "Modelling 
jestructuration and intisorropy of a natural soft clay. " Prov.. Jik tis. 

, rj)twv Con): Numeriml MedWs k; Geotatillind EriginecTing, P. 
Mostat, ctl.. Presses do I'ENPC/LCPC. Paris, 11-20. 

Koskincn, M., Wander. M., Tolla. P, and Volisillincin, P. 12002b). "Nu- 

merical analysis of Mum test embankment. " Ptm,. 54 Funipnift 

("off]. ' Ntiawriarl AfelludT in Ge"Irviliniml Englnmring, P. Mrstat, 

cd.. Presses do I'ENPCILCPC, Paris. 397-40.1. 

Koskincri. M., Volisiffiricn. P. and Wander. M, (2002c). -Modelling of 
aniscstropic behaviouroftlays (Test embankment in Mum% Scinljoki, 
FialarsO. " Fiume Mr. No. 10512002, Finnish Road Administration, 
Helsinki, Finland. 

Koakincri. M.. Zontar. R. and Karsturion, M. (241412dl. "Anisotropy of 
reconstituted POKO clay. " Nk-.. Rik lnrertrwionwl, ýwvnp. Numeriml 

Mixlelv in Gwrom-hanivs (NUMOG) Rome, Q N. Node anti S. Pi- 
elm-zczak, od.., Balkema. Low. Q9-105. 

Krona, H.. Karstunon, M.. Wheeler. S. J.. awl Zcniar, R. (2(X)3). -The 
influence ofunisoiropy and destiticlutation on an embankment on soft 
ckiyý- Pnw., Int. lfor*xhop tw (; ýmcvhnics ell No# Nods Tho". aird 
Pnwdaý, Vermeer or al. orls.. Noorthvijiterhout, The NothorlamU. 
VGE, Essen, Germany. 293-298. 

Liu. M. D., and Carter. J. P. (2002). "A Iructured Cam Clay model. " 
Out. G'esvTk,. I. 39,1313-1332. 

Liu. M. D., Carter, J. P.. and Desai, C. S. (200.11). "Modeling compression 
behavior of structured primaterials. - Inr. J (Avorhy-h 304). 191- 
204. 

Mayne, P. W. and Kulhawy. F. H. (W82). "Ki)-OCR relationship in soil. - 
J CýIft* Eng. DAý, Am- %m% Cht Enz, 19(h), 851-X72. 

Mosserklinger. S., Kuhr. G, P16tze, M.. Gwdici. Truu*clt. J., Springinam 
S. M., anti Lojander, M. (2(X)3). "Mineralogical and mechanical be. 
laviour of soff Finnish and SwiHs clays. - PivAc., haermutsawl Ma4. 
shop w Gaarcknkýs af.! týyi St, ilv Throry atki Pnictire. P. A. Ver, 
men or al.. eds.. Noort1wijkc&out. The Netherlands, VGF_ Essen, 
Genturny. 467-472. 

No%a, R. (1988). **Mathematical modelling of anisotropy of clay%. 
[Inw., Uth ICNUFE, San Francisco, Vol. 1, Balkenut. Rotterdam, The 
Nolierlandt, 607-661. 

Nova. R.. Castellanza. R., and Tarnagnini. C. (21(X)3). "A totatitutivc 
model for bonded! geomaterials subject to mechanical andor chemical 
degradation. " /pg. J. Nurser Anab-1. Aferk. Georrhvit., 27,703-7]W12. 

Pouna, J. M., and Whittle, A. J. (1949). "Evaluatiots of a unified consti- 
tutive model for clays mid mrids. " Int. J Momer. AnuIrt. Airth 
Gammech. 23,1215-1243. 

Roscoe. K. H., and Burland. ). B. 11968). "On the verremlizod tire"- 
strain behaviour of 'wet' clay. " Eirgirweriog idastivitv. Cambridge 
Univ. Press. Cambndlite. U. K., 553-609. 

RouamiA. M.. and Muir Wood, D. (20(g)). -A kinematic hardening con. 
stitutive model for natural clays with loss ofstnicittre. " i7myttechnique. 
$012), 153-164. 

Schwab, E. F. (1976). "Beenini; capacity. strength and deformation behav. 
iour ofsoff organic sulphide wils. - Dept. of Soil and Rock Mochan, 
ics, Royal institute of Technology. Stockholm. Sweden. 

Wheeler, S. J.. N11fitlinen, Aý Karstumon. M.. and Lojawler, M. 12*131. 
--An anisotropic clasto-plaidic model for soft clays. " (7, u,, (; tymch J_ 
40(2). 403-4 1 S. 

Whittle, A. J., mid Kavvwlas. M. J. (1994). -Formulation of MIT-0 
cma, titutive mociel for Overcota'Olidated clay%. " I Golirch. 
124X 1). 173-198. 

Wiltafsky. C.. Schurinvor. F, Stiiweiger. H. F., Krona, H.. Zentar. R., 
K4rdorm% M.. Cudny. M.. Nehor. H.. awl Vermeer, A A. (201.1). 
"Results front a gcotechnical benchmark exemike of air embankment 
oil soft ; Jay. " Pn, c.. hovautimal Ill; wkshop urt Gý, irtknw., .I %ýý41 
&, iJV Theoly and Pnxthv. Nuoida, bliorixue, The Netherlands, 
VGE. Eisen. Germany. 381-390. 

Zentitr, R., Karblution. M., and Wheeler, S. J. (2(XI21. Influctice of un. 
isotropy and dostructuration on andmined blicasing of suntunil clays. " 
rmv.. 5A EwtVirtrar Conf. Nuriterind Afethols ito 
neetipAr, P. Mesm. cdý Press" do VENPC/LCPC. Parhk 

Zienkiewicz, 0. C.. awl Pawle. 0. N. (1977). "Tinto dopetalont muiti. 
laminate model of tocks-A numerical stud) of deforimittoo and 
failure of rock masses. " /Mr. J. Murtirr. Anal. o. Ahrih. r; eoni. Th, 1. 
219-247. 

INTERNATIONAL JOURNAL OF GEOMECHANICS *ASCE/ JUNE 2006/97 

Numerical modelling Of embankments on soft soils 344 



A. 2 Journal paper 11 

INTLRSATIOINAL JOURNAL FORNUMERICAL ANDANALYTICAL MLTHODS IN GLOIVILCHANICS 
ha. J. Nunkr. Anal. Meth. Gemt#, Th.. (in press) 
Published online in Wilm hactScionce (w%ý. in1crscicncc. wiIcy. coH0,1>01: 10.1 002: na#.. %07 

Modelling the behaviour of an embankment on soft clay 
with different constitutive models 

M. Kurstunen"". C. Wiltafsky2-0, H. Kjýnnl, '. F. Scharingcr"' 
and H. F. Schwcigcr-, ** 

'Depcirmsent (if Ovil MgMeerlig,. tonlrershy q, l*Strwht-4vA-, John AneJersm thilldlim. Gia. \, L W OA'(,. Scolland. UX. 
' Verbumlplý Gnd)lf. Bromh Qlfitr &ilzburg Raftwmirtwe . 19, A-30, I) Stdzburg. Asourlo 

'Imainitefor Sidi Merhamics aid Fomdwimi FAgimeerlow. Ompidadomal 6ftnitiAodev Groult. Graz lialrervilY ,j 
rechm, logy. ReddAwrtirmw /, ', A-MO110 Gw., Awrld 

SUMMARY 
The paper investigates the effect of constitutive models on the predicted response of it Rmpliflod timch- 
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1. INTRODUCTION 

Building embankments and other constructions on soft natural soil deposits is still 
a challenge for geotechnical design. Construction on soft soils becomes increasingly 
important as urban areas become congested. and thus development occurs on areas thut were 
considercd unsuitable for construction just U Couple or decades ago. The stress strain 
behaviour of soft soils is very complex as diffierent rundamental features of natural soil 
behaviour, such as anisotropy, creep and destructuration, influence the soil response to foun- 
dation loading. 

A Research Training Network on Soft Clay Modelling for Engineering Practice (SCMEP) 
in 2000--N)04. involving 5 universities in 5 European cowntrics was funded by the EC. 
The research [asks of the Network covered constitutive modelling, numerical implcmcn- 
tation and practical application. The work on constitutive modelling focu%ied on anisotropy, 
destructuration and timc-dependency (creep). Improved models were developed incorpo- 
rating the influence of these three factors, as summarized byWheelcr et al. [I]. In order to ensure 
the possibility for widespread practical application of the constitutive models, the models 
were kept as simple as possible. It was also important that model parameters could be dctcr- 
mined in a reasonably simple and robust. manncr, preferably from standard laboratory 
tests. Modelling developments were validated by expcrimentul datu from laboratory test 
programmes undertaken by the Network teams or published in the literature. The aim was 
to explore various alternative strategies and models ror representing a given phenomenon. 
By comparing these alternatives against each other and against experimental data. the 
successes and limitations of different modelling approaches could h-6 identified (%cc' e. g. 
References (1-71). The constitutive models were implemented in commercially available 
finite element programs and then applied, in conjunction with conventional constitutive 
models, for modelling both simplified 'benchmark' boundary Value problems fR. 91 und 
rcA- case histories ftf). 111. The intention was to demonstrate the improved modelling 
capabilities and the practical implications for analysis and design of gcotcchnical structures in 
soft clays. 

The aim of this paper is to show some of these results by simulating the construction and 
consolidation of an embankment on soll clay, using five different constitutive models. Two (if 
the constitutive models am commonly used isotropic clasto-plastic models. In addition, the 
problem is simulated with three recently proposed constitutive models that account fOr plastic 
anisotropy. The S-CLAYI model [41 and the S-CLAY IS model (3.111 are embedded in the 
standard clasto-plastic framework, and account for plasdc-strain-indLiccd unisotropy 
(S-CLAYI) and anisotropy combined with destructuration (S-CLAYIS). In contrast, (he Mul- 
filaminate Model for Clay [61 referred to as the MMC model, accounts for plastic strain an. 
isotropy within so-called multilaminate rramework, following the ideas of Punde and his -. 0. 
workers (see. e. g. Reference [12D. 

First, a brief description of the constitutive models is given rollowed by the benchmark 
specification. The subsoil is modelled by using a characteristic set or parameters 
representing a soft Finnish clay, called POKO clay [3,131. All models have been 
implemented into PLAXIS 2D Version 8.2 finite element code as uscr-defined soil 
models. The simulations aim to compare the overall response predicted by the 
advanced models to the results obtained using the isotropic models that arc often employed 
in practice. 
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2. CONSTITUTIVE MODELS 

2.1. Background and terminology 

The 'structure' of a nit tural soil according to Burland [141 consists of two parts: the 'fabric' and 
the bonding between particles. The fabric refers to the spatial arrangement of soil particles and 
inter-particli: contacts [141. Natural soft clays tend to have significant anisotropy of fubric. 
developed during deposition and onc-dimensional consolidation, which demonstrates as an 
apparent inclination of the yield surface in the p'-q-plane (where // is the mean cn*cctivc %Irc, %s 
and q the deviatoric stress), us shown, e. g. by Diaz Rodriguez et al. (15] for many natural soils. 
During subsequent plastic straining, due to re-orientation ol'particles and changes in particle 
contacts. the fabric anisotropy can change (see. e. g. Reference (41). Anisotropy can influence 
both elastic behaviour and plastic behaviour. For normally consolidated or lightly overcon- 
solidated soft clays, plastic deformations are likely to dominate for many problems, such as the 
embankment loading considered in this paper. Hence, only plastic anisotropy will be considered 
in the following discussion. 

Some of the earliest suggestions for considering both initial and pluslic-strain-indumd 
anisotropy of clays using the standard clasto-plastic framework were put forward by Nova [161 
and Dafalias [17]. In this framework constitutive models that amount for anisotropy incor- 
poratc hardening laws that describe, as a ranction or plastic strains. either the change in the 
orientation of the yield surface. referred to as a rotational or distortional hardening law 
(e. g. 11cfercriceJ171). orashift ofthc cenirc ofthc yield surfaccin sircss space via a translational 
(kinematic) hdrdcning law (e. g. Reference [181). 

An alternative to the standard elasto-plustic framework is to describe anisotropy via the 
so-called multilaminate framework. The multilaminatc framework was introduced for rocks 
by Zienkiewicz and Pandc [19] and further extended to clays by Pande and Sharma (121 
and Pictruszczak and lldndc (201. In multilaminatc framework each stress integration point is 
associated with a certain number of sampling planes at differcm orientations. The clasto-plastic 
strcss-strain relations arc rormulatcd locally on the planes (at the microscopic level). The global 
strains are obtained by numerical integration of the inelastic contribution from each sampling 
plane and the global clastic contribution. MMC (61 is an clasto-plastic constitutive model that 
has been embedded in the multilaminate framework. 

In addition to anisotropy. natural soft soils exhibit bonding between particles. These bonds 
can be progressively destroyed during straining. Leroucil el id. (211 call the process 'destructu- 
ration'. The term destructuration is now often limited to describe the progressive damage to 
bonding during plastic straining, and this is the sense in which the word is used here. The 
presence of intcr-particlee bonding, demonstrated, e. g. by sensitivity in many natural clays. 
provider soil with additional resistance to yielding. As a consequence, ocdomelcr tests on nal- 
ural soils generally show compression curves that plot above the so-called 'intrinsic compression 
line' for the reconstituted material. with the post-yicid compression curve for the natural soil 
gradually converging with (he intrinsic compression line us bonding is progressively destroyed 
during plastic straining (see Figure 1. where r is specific volume and e, is the vertical cft"fivc 
stress). The influence of bonding and destructuration is apparent in most nu(ural geological 
materials, rrom soft clays to weak rocks [22], 

Gens and Nova [231 were the first to suggest a general framework for incorporating bonding 
and dcstructuration within clasto-plastic constitutive models. In addition to the yield surface for 
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Figure 1. Oedonwier curves for natural and reconstituted wil. 

the natural material (with bonding), a notional 'intrinsic yield surface' is introduced. to rep- 
resent the size that the yield surrace would haVe if there were no bonding. The difficrence in the 
sizes of the yield surfaces (expressed either as a ratio or as a difference) is a measure of the 
amount of bonding. The increase in the size of the intrinsic yield surface is related to plastic 
strain increments by a conventional hardening law for unbonded (reconstituted) soil. while the 
reduction of bonding is related to plastic strain increments by a destructuration law. 

In recent years. a number of clasto-plastic constitutive models incorporating bonding and 
d"ructuration have been published (see, e. g. References P4-291). The various models difN: r in 
the precise form of dcstructuration law and in the form ofthe underlying reference model used 
for the unbonded (intrinsic) material. Several of the models involve no anisotropy due to plastic 
strains, although this is essential for soft clays. The S-CLAYIS model [3.111 adopted in this 
paper incorporates bonding and destructuration within the anisotropic S-CLAYI model. 

2.2. lsotropir matlels 
The isotropic clasto-plusfic models that have been used include the Modillud Cain Clay (MCC) 
model [301 and the so-called Sofl-Soil model implemented in the commercial version or PLAXIS 
2D Version 8 finite element code P 11. The latter is a modification of the MCC model with a yield 
surface that can be presented in 1ý-q-space as shown in Figure 2. The shape of the yield surface 
of the Soft-Soil model is defined by soil constants cl (effective cohesion). ýp' (effective friction 

angle) and Af*. *Tbe latter constant. M*. is a parameter that defines the shape of the yield 
surface. For the case of triaxial compression the value for Al, can be calculated from the value 
or)ký` (thecoctficicni oflateral earth pressure in the normally consolidated condition)ctitered 
by the user according to equafion 

M*ý3 (I -- K`X I -- 2i')(;. */K* -- 1) 
VTI + o7)j 

+ 
(I + 2KOKC)(I 

ý 
2vW/K* -0 -- t, "X14 1") - FK Y., "ý 

where ;, * and 0 are the so-called inodificd compression indices (see W, ow) and %" is the 
Poisson*s ratio (for details on the derivation or Equation (1) see Rcl'crcnLv [321). The size (if 
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Figure 2. The Soft-Soil model. 

the yield surface is defined by the slate parameter 4, in Figure 2, which can be evaluated based 
on the vertical preconsolidation stress. The failure surface of the Soft-Soil model is defined 
by a Mohr Coulomb failure criterion, with a non-associawd flow rule, in contrast to the 
Drucker-Prager criterion or the MCC model, and the cap surface of the Soil-Soil model also 
has a hexagonal projection in the Yr -plane. Unlike in MCC, the yield surface or the Soft-Soil 
model is totally independent or the failure surface. On the cap surface. the flow rule is 
associated. 

A feature ofthe Soft-Soil model is that the uscrean directly influence the & prediction ofthc 
model (and hence indirectly, via Equation (1), dcfinc the shape of the yield surface). By entering 
a value of 4C that approximates the value predicted by the MCC model and setting the value 
oftJ to zero, the yield surfaces or the soft-soo model and MCC approximately coincide in the 
1ý--q-planc for triaxial compression. In the model simulations (Section 4) this version or the Soft- 
Soil model will be referred to as the SSI model. It is gcncrully recognized, however, that the 
MCC model gives a poor prediction of the normally consolidated Kt, value. Therefore. for 
practical boundary value problems it is advisable to give a realistic K04(-valuc, calculated. 
e. g. by using Jaky's simplified formula (KNC =I- sin tp') as the input for the Soil-Soil model. 0 In this case the line defining the apex of the cap (W.. in Figure 2) is above the Mohr 
Coulomb failure line. This version of the model will be referred to in [he following -is the SS2 
model. Consequently, the difference between SS I and SS2 is simply the shape of the initial yield 
curve. resulting from different values of W. 

The MCC and Soft-Soil models also differ in the way they model the bchaviour on the left 
side or the critical state lincTailure line (so-called *dry side' in the MCC model). MCC predicts 
quite notable wain softening on the dry side, whils( in the Soft-Soil model the behaviour is 
controlled by the Mohr Coulomb failure surface and is. therefore. perfectly plastic. This 
difference is. however, not particularly relevant for the simulations prcscn(ed. In addition. the 
MCC model and the Soft-Soil model differ in terms of their compression relationships. In 
the MCC model the compression relationships are defined via parameters 1 and K. representing 
the slopes orths: normal compression line and the swelling line in the In//-vplane (where r is the 
specific volume). In contrast. (he Soft-Clay model uses the -so-called modified comprcssion 
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indices ; ý* and K*. dcfincd in Inp'--c, -planc (where c, is the voltunctric strain). Due to these minor 
differences, it is not possible to exactly match the MCC and Soft-Soil models. In the model 
simulations in Section 4. both the SSI and SS2 versions of the Soft-Soil model are used to 
demonstrate the implications of the K, 'c prediction (and the shape of the yield surface). The 
results arc compared %ith the corresponding MCC model simulation. 

2.3. The S-CLAYmmlels 

The S-CLAY IS model is an extension of the conventional critical state models, with anissolropy 
of plastic behaviour represented through an inclined yield surface and it hardening law to model 
the development or erasure of fabric anisotropy during plastic straining. Additionally. the 
model accounts for dcstructuration. The yield surface is defined as 

j'=411 _p, ITITd_p,; ITI; d,, I(l 4 24 [d) [M2 
._P, 

) 0 
- 

417d I, (2) 

where qj is the deviatoric stress tensor and grd is a dcviatoric fabric tcnsor (a dimensionless 

second-order tensor that is defined analogously to the deviatoric stress tensor, we Rcl'crcnce [4) 
for details), M is the value of the stress ratio at critical s(alc and p. ' dcfincs the size of the yield 
surface of the natural clay. Equation (2) shows (hat the generalized version of the yield surface 
cannot be expressed solely in terms of stress invariants. Figure 3(a) illustrates the shape ofthc 
S-CLAYIS yield surface in three-dimensional stress space, for the case where the principal axes 
of both the stress tensor and the fabric tensor coincide with the x. il and z 

directions. 
Within the yield surface there is a notional *intrinsic yield surface' lor the equivalent 

unbonded soil at the same void ratio and with the same fabric. which is assumed to be orthe 
same shape and orientation as the real yield surface. but smaller in size. The size or the intrinsic 
yield surface is sp-mified by a parameter #,. and this is related to the size p. ' of the yield surface 
for the natural soil by a parameter Y. defining the current degree of bonding: 

0+ 
For the simplified conditions of a triaxial test on a previously one-dimensionally consolidated 
sample. it can he assumed that the horizontal plane in the triaxial sample coincides with the 
plane ofisotropy ofthc sample. In this special case, the fabric tcnsor can be replaced by a scalar 
parameter a dcfincd as 

or' = 
J, 7d )Tj Zdl (4) 

which is a measure of the degree of plastic anisotropy of the %oil. The yield curves of the 
S-CLAYIS model can then be visualized by Figure 3(b). For the sake of simplicity, the 
S-CLAY IS model assumes isotropic elastic behaviour, of the same form as in the conventional 
MCC model [30]. and an associated flow rule. 

S-CLAY IS incorporates three hardening laws. The first of these Mutes the chunge in the size 
ofthe intrinsic yield surface to the plastic volume(ric strain increment d&,: 

dpýw = -TýLdiý (5) 
). j -K 

where Aj is the gradient of the intrinsic normal compression line (for a reconstituted soil) in the 
lnjý-r-planc. Equation (5) is of the same form as the equivalent hardening law it, S-CLAY 1. but 
with 1, ' replaced by 1);, and ;. replaced by ;.,. 
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of x. 1, whereas the soil constant u controls the absolute rate of rotation of the yield surface 
towards the current target values of the components of ;d (we Reference [41 for details. ) 

The third hardening law in S-CLAYIS (the destructuration law) describes the degrudation 
of bonding with plastic straining. It is similar in form to the rotational hardening law 
(Equation (6)). except that both plastic volumctric strains and plastic shear strains (whether 
positive or negative) tend to decrease the value of the bonding parameter x towards a target 
raluc of zero: 

dx = a([O -. rjldcP, I+ b(O - Y)drP) = -ar(ldi4, 'l + bdcP) (7) 

where a and b are additional soil constants. Parameter a controls the absolute rate of 
destruciuration and parameter b controls the relative cffectiveness of plastic deviatoric strains 
and plastic voltunctric strains in destroying the bonding (see Reference [3] for details). 
Theoretically. as pointed out in Reference (331. a monotonic reduction in x implied by the 
hardening law (Equation (7)) can sometimes result in reduction of li. during hardening for 
certain combinations of parameters a, b and x. As a result, the peak undrained shear strength 
of the natural sod may actually be predicted to decrease during consolidation. There is 
field evidence for such behaviour on a moderately sensitive Finnish clay. as discusscd in 
Reference f 111. 

By setting the initial value of the state parameter x to zero and using an apparent value ol'A 
(determined from an oedometer test on a natural clay sample), instead of the intrinsic value ;. 1 of 
a reconstituted day. S-CLAYIS reduces to the S-CLAYI model that accounts ror plastic 
anisotropy only. Furthermore. if in addition the initial value of the state parameter 2 (used for 
calculating the initial values of the components of the fabric tensor) and the value of' the soil 
constanip are set to zero, the model ultimately reduces to the isotropic MCC model. 

The doemination or the values for the state parameters and the soil constants in (Ile 
S-CLAYI model is straightforward. as described in Reference f4l and does not require any 
non-standard laboratory tests. For S-CLAY IS model, however, additionally an mdomcter test 
on a reconstituted sample is needed to dcfinc the value of ;, and a measure of sensitivity is 
required tocstimatetheinitiaivaiucsorx(see Reference [31 for details). For soil constants a and 
b, optimization simulations for a number of soft Finnish clays suggest that default values or 
a=9 and b=0.2 can often be adopted (see, e. g. References [3.71). 

The S-CLAYI model shows excellent agreement with experimental data on several difterent 
reconstituted soils. as shown in References f3,71. and the discrepancies in simulating the 
behaviour of natural days can be attributed to the effeef of destructuration. S-CLAY IS has 
been shown to overcome some of these discrepancies and gives a reasonable representation of 
the stress-strain behaviour of natural clays (soc References 13,7,341). 

2.4. Multiltuninare Modelfor Clay (UMC) 

The multilaminate framework, introduced for rocks by Zicnkicwicz and Pandc [191, was 
extended for clays by Pande and Sharma [121. A formulation that enables the use of multi- 
laminate models in combination with an clasto-plastic tangential stiffnc%s algorithm was first 
presented by Pictrus=ak and Pande [20). Within the multilaminate framework each stress 
integration point is associated with a certain number of sampling planes at different orientai- 
ions. The normal effeLtivc stress a. and shear stress r on cachsdimpling plane arc dcri%vd from 
the global stress tensor by a stress transformation. The stress-strain relations are formulated 
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lo -wily on the planes (at the microscopic level), except for the elastic part. which is calculated at 
the global or macroscopic kvcl. The global strains are obtained by numerical integration of tile 
inelastic contribution from each sampling pidnc and the global elastic contribution. 

When a soil clement is subjected to an isotropic global stress state. the stresses on all sampling 
planes are identical, and therefore. the yield curves on all planes are of the sanic size. Ali 
anisotropic global stress state will. however. produce different combinations of a, ', and r oil the 
different sampling planes, and hcncc an anisotropic stress history results in different sliws of' 
yield curves on the different planes. This leads to apparent anisotropy in terms ofglobal yield 
stresses, and anisotropy of the predicted stress-strain behaviour or the soil. If the anisotropy of 
the globdi stress state subsequently applied differs from the anisotropy of the previous stress 
state. yielding will not occur simultaneously on all sampling planes. Instead, yielding will Mur 
progressively on an increasing number of planes, as the applied stress is increased. During this 
process, the anisotropy will gradually change. 

in the MMC model [6ý the yield curve is based on the double hardening formulation pro- 
posed by Vermeer [351. The formulation is described in detail in Reference f6]. but a brief 
description is included here. The yield curve in the a. -ir-planc. shown in Figure 4. consists of 
three parts: an ellip tical volunictric hardening section (f, ). a deviatoric hardening section (1) and 
a tension cut-off Vd- 

The equation of the elliptical 'cap' section of the yield curve is given by 

/a, N, 2 
f+ 

(VI. Ir 0 (8) 

where the normal preconsolidation stress a_' defines the current size of the yield curve 
(see Figure 4) and the soil constant U, defines the aspect ratio of the yield curve, and thus 

influences the predicted global KO-valuc. A4 is not the same as (he criticid state stress ratio Af. 

Tlic value of At. is calculated from 

M. =X tan o) (9) 

where 2 is a material constant, takLn as a :tI- sin(ip') for normally consolidated clav% (%4. V 
Reference [6) for details). (Note: The parameter x in . MMC should not be confused %ith the 

scalar z in the S-CLAYIS model. ) 

Figure 4. The yield surface of Mullilarninatc Model for Clay (MMC) on a -. ampling plarve. 
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I'lic, hardening of the cap section of the yield curve is related solely to di,., P_p (ihe increment of 
plastic normal strain on the sampling plaric) in a relationship analogous to Equation (5): 

e d& 
diir. '. 

L4L---L 
(10) 

4-K 

For yielding on the cap section of the curve. an associated flow rule is used. 
The equation of the deviatoric hardening section of the yield curve is given by 

, tan , 
f=r- a' , tan (p'. - 

L-O' 
=00 1) 

tan Ir, 

where 4p. is the mobdizod friction angle (a hardening parameter). e' is the cohesion and (P' is the 
friction angle at failure (see Figure 4). Hardening of this deviatoric section of the yield curve is 
raited solely to dif, 

ý ((he plastic shear strain on the sampling plane) according to 

d(tan lp. ) = 
(tan V- tan 0' (12) A [an (p' 

where A is a soil constant controlling the rate of deviatoric hardening of the colic. Plastic now 
on the deviatoric hardening section of the yield curve is governed by a non-ass-ociatcd flow rule 
(see Reference [61), using a mobilized dilation angle 0'.. based on the strcss-dilatuncy theory of 
Rowe [36). 71is ensures that the dilatant behaviour is gradually mobilized with increasing shear 
strains. it differs from the original formulation in the sense that it is formulated on each contact 
plane rather than globally. 

The third part of the yield curve provides a tension cut-off criterion and for this part of the 
yield curve an associated flow rule is assumed. The elastic behaviour is modclkd globally. rather 
than locally at sampling plane level. and is assumed to be the same as in the MCC model. 

The values for the input parameters of the MMC are derived in convcn(ional manner. with 
the exception of parameter A. which is found by optimizing model simulations with the 
experimental data on triaxial compression tests to failure. Comparisons between IVIMC and 
experimental tests have been presented in References [2.6,371, albeit the validation has not been 
as comprehensive as for the S-CLAY-modcls. The results of the MMC simulations so far 
suggest a similar quality of match to the experimental data as S-CLAY 1. 

I 2.5. Aladel simidatiom 
In order to investigate the influences or anisotropy and dcstructuration in thecomex I of I ypica I 

geotochnical problems. several boundary value problems (embankment, excavation and tunnel) 

were simulated with different constitutive models as a part of collaboration within the SCMEP 

network (sm. e. g. References (8,9.111). The biggest differences were predicted for the case of un 
embankment. which is a case where plastic straining dominates the stress-strain behaviour. 
Somcdifferences could also be attributed to differences in finite element codes: in Reference[ III 
the MMC simulations used PLAXIS 2D Version 8.2, whilst the simulations with S-CLAYI 

models (and MCC) used an implementation in SAGE CRISP. Hence, to eliminate any non- 
modcl-depcndent differences, for the problem analysed in this paper (Benchmark Embankment) 

model implementations in PLAXIS 2D Version 8.2 are used. The spccification is slightly 
modified from the one presented in Reference [8) to eliminate some inconsistencies in rcprc- 
scnting the initial state. 
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3. BENCHMARK EMBANKMENT 

3.1. Nupwrical m(klel 

The geometry of the embankment is shown in Figure 5. The groundwater table is located 2m 
below the ground surface. Drained conditions and zero initial pore pressures are assumed above 
the water table. The domain to be analysed (under plane strain conditions) has an extent ol'60 m 
in the horizontal direction from the symmetry axis and 36 m in the vertical direction. The lateral 
boundaries are restrained horizontally. and. the bottom boundary is restrained in both direc- 
tions. Drainage boundaries arc assumed to be at the level or the water (able and ut the bottom of 
the nush. Due to symmetry, only half of the embankment is represented in the finite element 
mesh. 

First. the embankment loading is applied under undrained conditions. assuming the cm- 
binkment and the soil above the water table to be drained materials. Next. a consolidation 
phase is simulated via fully coupled static consolidation analyses. A mesh with 629 six-noded 
triangular elements has been used in all analyses. with extra degrees of freedom for excess pore 
pressures at comer nodes. Mesh sensitivity studies were done to confirm that the mesh was 
dense enough to give accurate results for all of the constitutive models concerned. The problem 
was modclied using small strain analyses. because large strain analyses. perl'ormod with some of 
the models, gave only marginal differences in the results. 

3.2. Input values and comments about impkmenlation 
T'he embankment. assumed to be made or granular fill, was modelled with a simple Mohr 
Coulomb model assuming the following material parameters: E' = 40 000 kN/m 2, 'ý0.3, 

14m 

8.0 m 
F 2.0 m 

m LGW2 1LO m 
2ýý4 

1 
m m 

POP m 30 kPa -- -------- POKO Clay 
Iro 1,0 

2,1 ter table y -2.0 m 

POP - 20 We 
N -0,7 POKO day 

m a. = 2,1 

Pop-towa 
Ke = 0.52 POKO day 
1%. Zi 

-M. Orn 
v 

Figure 5. Gconwtry of Benchmark Embanknwnt and as%uj-ncd soil profile 
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V'= 38', #'= 0% e=I kN/M2 and 7= 20 kN/m-, where E' is the Young's modulus, r' is the 
Poisson*s ratio. #' is the dilatancy angle and ;- is the unit weight of the embankment material. 
The problem is dominated by the soft soil response and is hence rather insensitive to the 
embankment parameters. 

The soft soil profile corresponds to the so-called POKO clay [3,13). The abbreviation POKO 
stands for Porvoo-KoskenkylA. a 25km long section of motorway construction near the 
medieval town of Porvoo, in Finland. For The benchmark simulations the deposit was idealized 
by using a single set of soil parameters throughout the deposit with an ovcreonsolidation prolilc 
that approximates the conditions at the site. The deposit was modelled as a lightly overcon- 
solidated soft clay with vertical pre-ovcrburden pressure (POP) values and ht situ X) values 
varying with the depth as shown in Figure 5. The vertical POP is defined as POP = a' - a, P (where a', 0 and a' are. resNctivcly, the in situ value and maximum past value of the vertical 
effective stress). 

iflý insitu stresses were estimated assuming a bulk unit weight of 15 kNW and 
the Aa values given in Figure 5. Consequently, all model simulations have identical initial state. 
Because it is not possible to enter confinuous'distri but ions of POP and K, ) in PLAXIS. the 
assumed initial state will cause some discontinuities in the predicted local response. but as this 
applies equally to all models. the results arc comparable. The symbol eo in Figure 5 stands for 
the initial void ratio, which has been (for simplicity) assumed to be constant with depth. Void 
ratio is a state variable in all models used. with the exception of the Soft-Soil models (SS I und 
SS2). The permeability of the soil was assumed to be 10 -9 m/s in both vertical and horizontal 
directions for all analyses. 

The values of the input parameters and additional state variabi -for the diffc ntmodclsarc L. re 
shown in Tables "11. The values have been determined systematically from the same set of 
laboratory data, namely oedometer and triaxial tests on natural and reconstituted POKO clay 
P. 131. Table I gives (he input values for the Soft Soil models: for the SSI model a KNc value that 
corresponds to the MCC model has been given (to best match the MCC model). in contrast to 
the value corresponding to Jaky's simplified formula that has been assumed for the SS2 model. 
Based on the Jqc values. the values for AI* are calculated %iihin the codc using Equation (1). 
resulting in different shapes of the yield surface in the two cases. as discussed in Section 2. 

For the S-CLAYI and S-CLAY IS models (Table 11) the values for the initial inclination 2K., 
of the yield surface and parameter p were determined by following the procedure described in 
Reference f4j, using A; ýc values corresponding to Jaky's simplified formula. Hence, the SS2 
model and the S-CLAY models should predict approximately the same value of Ko during 
plastic loading. Based on the sAn value, the components of the fabric tensor arc calculated 
within the code assuming initially cross anisotropy in the horizontal plane. This assumption is 
valid for the initial state of normally consolidated or lightly ovczvonsolidated deposits with one- 
dimensional consolidation history, which has resulted with approximately horizontal soil layers. 
(Due to rotation of principal stress axis caused by the embankment loading. the orientation of 
the stresses and fabric arc no longer predicted to coincide in some stress points during the 

Table 1. Input pararnelers and initial state for Ebe Sofl Soil models. 

model Ii! e V, cl (kPa) v C) 01c) K: c 

SSI 0.24 0.01 0.2 0 30 0 0.67 
SS2 0.24 0.01 0.2 0 30 0 (). 5 
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Table If. Input pardmeters and initial state for MCC, IS-CLAYI and S-CLAYIS 

Model i (or ; 4) K v m 11 ab CO ZKO -vo 
MCC 
S. CLAYI 
S-CLAYIS 

0.71 
0.71 
0.26 

0.03 
0.03 
0.03 

0.2 
0.2 
0.2 

1.2 
1.22 
1.2 

- 2.1 
20 0.76 2.1 
20 0.76 9 0.2 2.1 

0.46 - 
0.46 12 

Table Ill. Input paranvtcrs and initial stale for the MMC model. 

Model AK (I (kPa) 01 c)- 'k, c') 2 (b 
mmc 0.71 0.03 0.2 0 10 0.67 0.015 2.1 

analy. scs. ) The initial value for xo was estimated based on sensitivity, as suggested in Reference 
f3], and for sod constants ju, a and h typical values for POKO clay have been assumed. 

Finally. the input values for the MMC model arc shown in Table 111. The value for .4 wits 
found by optimizing simulations of drained triaxial shear tests on POKO clay. Tile initial 
anisolropic state of the soil is represented by application of an anisolropic stress state (cor- 
responding to previous Ko consolidation) globally and calculating the resulting different initial 
sizes of the yield curves on the various sampling planes. 

The S-CLAY IS model and MMC were implemented to PLAXIS 2D Vcrsion 8.2 as user. 
detined models by Wiltafsky f6.381. All soil constants and state variables rvlutcd to the new 
models are input in the user-defined model interface, rather than its 41 part of the initial %tress 
generation procedure. The user-defined model subroutine is called whenever information of the 
constitutive model is required, i. e. at initialization stage, for forming the strcss-struin matrix 
required for assembly of the stiffness matrix, and finally to Qi1culate the stresses and update the 
state variables. 

For the S-CLAY IS model. II state variables tire stored (i. e. six components of2j. the scalar 
value or x. Pf,, x. p. ' and 0. of which 9 am independent. The values of 2 and tire only stored 
for the convenience (if the output. For the MMC model some of the saitte variubles need to be 
stored for each sampling plane. and given that a 33-planc integration rule by Ha2a lit and Oh (391 
is adopted. 4x 33 state variables are stored related to individual planes (i. e. and 
dr, P,,,. ) whilsi the rest of the state variables, such as void ratio e. tire stored glilally. 
Consequently. the multilaminatc models require significantly more memory and run time titan 
corresponding models embedded in a standard clasto-plastic framework. Typically, an analysis 
that takes 10min with an aniso(ropic model in standard clasto-plastic rtamcwork call take 
several hours when multilaminate model is adopted, However, part of the additional run time 
can be attributed to the deviatoric hardening, which is not accounted for with the other 
anisotropic models. This feature is not very important for the problem considered, but plays a 
significaut role in other boundary value problems, such as excavations (101. The benefit or [he 
multilaminatc modd is that plastic anisotropy is a natural outcome of the model formulation 
and no additional hardening laws are required. 

The new models, i. e. the MMC and S-CLAY models. arc highly non-lincar modcls; and the 
accuracy of the results depends on the size of the strain increment. The strcsswintegration 
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algorithm for the user-dcfined models adopted is based on a forward Euler algorithm with all 
elastic trial stressand plastic correction. The size of the elastic trial strain increment iscontrolled 
at local level within the user-defined soil model implementation by sub-stcpping (via all 
additional input parameter 'StepSizc'controffing the maximum strain increment Sim within the 
uscr-defincd subroutine) in order to avoid inaccuracies and convergence problems. For the 
analyses presented, the value given for 'StcpSizc' (= -0.01) ensures that the norm ofthe Irial 
strain increment does not exceed 1.0-5 (StcpSizc/1000). If the strain increment is greater than 
that, the strain increment is automatically subdivided until it is small enough to fulfil this 
criterion. This is a very crude approach. In future alternative approaches for error control, such 
as proposed by Sloan et aL [401, should be investigated. Convergence studies were performed 
with all models to ensure that the results were acceptable and MMC was found to be the most 
demanding. The commercial implementation of the Soft-Soil model uses a fully implicit stress 
integration scheme at integration point level, and therefore. no sub-stepping at integration point 
level is used. 

At global level. the iterative procedure aims to satisfy both the equilibrium conditions and 
constitutive relations. PLAXIS incorporates an automatic step size procedure. The 0' obal 
iterative process am be controlled by the user by adjusting the appropriate control parameters, 
such as the tolerated error, the maximum number of iterations and furthermore. it is possible to 
control the global load step size by entering values for desired minimum and maximum number 
of iterations per step. respectively. If the step size is too small, the load is adjusted automatically 
by the code by multiplying it by two. If the solution fails to converge with the desired maximum 
number of iterations, the load increment is automatically divided by two and then the iteration 
procedure is continued. For the next calculation step the initial size of the load increment is 
made equal to the size used in the previous successful step. For these parameters recommended 
default values have been used (0.01 for tolerance, 60 for the maximum number of iterations, 
6 for desired minimum and 15 for the desired maximum. respectively), In order to rLduLc the 
numbc-r of iterations needed for convergence'. so-called ovcr-rclaxation is used (see Rcremnces 
[41.421 for details). For the simulations Shown, the parameter controlling the over-rclaxation 
was set to 1.2. 

4. RESULTS OF NUMERICAL ANALYSES 

4.1. Vertkaldisplacti"ents 

The predicted vertical displacements versus time at the node directly under the centreline of the 

embankment arc presented in Figure 6 for 100 years consolidation time. For some or the 

models. the 100-year consolidation time was not enough to complete the primary con solid a lion. 
In particular, the anisotropic models required 200 years consolidation time for (almost) 100% 

consolidation. The final values of vertical settlement referred to in the following discussion. 

therefore, relate to the values corresponding to 200 years. 
The isotropic MCC model gives a lower bound estimate orabout o. 8om for the final vertical 

settlement. whilst the highest prediction of about 1.35m is given by the S-CLAYIS model 
(corresponding to 200 years). If the predictions by the isotropic models only are compared 
(Figurv QbA it can be seen that the SSI model (that attempts to match the isotropic MCC 

model) gives a notably higher prediction, of about 1.23 m. for the final vertical settlement than 
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the original MCC model. Investigation of void ratios predicted by the MCC model suggest that 
the void ratios change from the initial values of 2.1 to a minimum of about 1.9 in the sofl clay 
layer. and from 2.1 to about 1.76 in the dry crust. The predicted void ratios are therel'orc not 
constant with depth. The predicted changes in the void ratios are notable and understandably 
the MCC and SSI simulations do not match. This emphasiscs the importance ofeslimating the 
values of;. * directly from soil data. at an appropriate stress range, rather than estimating it from 
;, by assuming a constant value for the void ratio. as often done in practice. The prediction of' 
the SSI model represents one of the uppcr. bound predictions (Figure 6(a)). In contrast. if u 
different shape of a yield curve is adopted (by assuming a realistic value for the normally 
consolidated Ko as the input for the Soft-Soil model). as was done in the case ofthe SS2 model, 
the settlement predictions are, by coincidence. relatively dose to that of the original MCC 

Copyrish, C 2006 John Wiley & Sona, Ltd. Int. J. Mawr. And. Akth. (in prem) 

Numerical modelling of embankments on soft soils 359 

20 40 so so 100 
Time [Years] 

Figure 6. Time settlement curves. 



M. KARSTU NEN AT AL. 

model, with a final value of about 0.94m. This demonstrates how small differenccs in the shape 
of the yield surface (and the resulting Ko prediction) can lead, quantitatively, to a notably 
different response (SSI vs SS2) by the same constitutive model. Interestingly. two models with 
very different shapes for the yield surfaces (MCC and SS2) coincidentally predict quite similar 
vertical deformations. due to the very different Kjj predictions made by the models. 

In Figure 6(c), the conventional MCC model has been taken as a rclerence isotropic model, 
given that no isotropic equivalent for (he MMC model exists. Accounting for anisotropy vial it 
rotational hardening law (S-CLAYI). results in 38% increase in the predicted final settlement 
(1.11 m) and incorporating additionally the effect of destructuration (S-CLAYIS) increases the 
value further, to the maximum value prcdictLd (1.35m). The MMC model predicts a final 
vertical settlement of about 1.25m. and gives, therefore, very similar predictions to the S- 
CLAYIS models. Based on the results in Figure 6(c). there is a suggestion that incorporation of 
plastic anisotropy increases the predicted vertical settlements. Consequently. MMC is overall 
perhaps predicting overall more 'anisotropie behaviour than the S-CLAYI model. Further- 
more. in this case the incorporation of dcstructuration cffccts seems to increase the predicted 
final settlement. 

The predicted surface settlements are shown in Figures 7 and 8 corresponding to the time 
immediately after the final construction step (Figure 7) and after 100 years of consolidation 
(Figure 8). All models predict small amounts of surface heave outside the embankment 
immediately after construction. as expected (Figure 7(a)). The maximum vertical displaccinctil 
immediately after construction is predicted to be directly underneath the cenirclinc. and 1he zero 
settlement point is about 14m from the symmetry axis for all models, corresponding to the 
width ofthc embankment base. The lowest value (about 0.14 m) is predicted by the conventional 
MCC model and the highest values by MMC and SSI (about 0.19m). The SSI model also 
predicts marginally more heave than the conventional MCC and SS2 models (Figure 7(b)). 
MMC predicts slightly more heave than the isotropic MCC model and its anisotropic 
extensions, S-CLAY I and S-CLAY IS, as shown in Figure 7(c). As all models shown in Figure 
7(c) have identical elastic relationship-, and yet the predictions are notably dilYercnt, the plastic 
behaviour dominates the response during construction. 

The predicted settlement troughs after 100 years ofconsolidation tire presented in Figure 8(a). 
At this stage the point corresponding to zero settlement is about 30m from the symmetry axis, 
extending to about twice the base width of the embankment. All models predict a rather sharp 
discontinuity at about l4m from the centrclinc. With the multilaminatc model, this is perhaps 
more gradual than with standard clas(o-plastic models. The predictions by [he isotropic MCC 
model and the SS2 model arc only 10cm apart (Figure 8(b)) in contrast to the SSI model that 
predicts much higher values of vertical settlement than MCC and SS2. Accounting for anisot- 
ropy. as well as anisotropy and dcstructuration, results in a wider and steeper settlement trough 
at the end of consolidation than predicted by the isotropic MCC model (Figurc 8(c)). 

4.2. H(wi--ontal displacemenis 

The predicted horizontal displacements versus depth under the toc of the embankment are 
shown in Figures 9 and 10. Immediately after construction of the embankment (Figure 9) most 
models give almost identical predictions of the horizontal displacements. the two exceptions 
being SSI and MMC, which predict significantly larger horizontal displacement than the other 
models (Figure 9(a)). Therefore, the attempt to match the yield surfaces of the isotropic MCC 
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Figure 7. Surface, settictnents iminedialelY after constrwion. 

model and the Soft-Soil model (the SSI model), results in not only very diftcrent predictions in 
terms of vertical displacements (Figure 6(b)), but also very different horizontal displacements 

(Figure 9(b)). The former is partly due to the differences in the assumed compression relation. 
ships. but in this case it may also be attributed to the differences in modelling the behaviour on 
the *dry side' of the critical state (in some stress integration points) during the undrained 
loading. Some integration points underneath the loc exhibit a perfectly plastic behaviour pre. 
dicted by the Soft-Soil model. The results, overall, clearly demonstrate that it is not possible to 
match MCC and the Soft-Soil model in plane strain conditions. In practise it would be best to 
adopt the version of the Soil-Soil model that yields a realistic Ko prediction (SS2). 

Given that all unisotropic models have the game elastic relationship as the conventional MCC 
model, and the two S-CLAY models give very similar predictions to the MCC model (maximum 
horizontal displacement 4, about 0.024m), the significantly larger horizontal displacements 

Copyright 4,2006 John Wiley & Som. Ltd. hit. J. Alissier. Anut Aleth. jin prc, ý) 

Numerical modelling of embanlanents on soft soils 361 



M. KARSTUNUN ETAL. 

-0.2 
-0.4 -0- mcc 

-0.6 
S-CLAY1 
S-CLAY1S 

-0.8 :0 ssi 
1 

-1.0 ,rm -O-SS2 

-1.2 
mmc 

0.0 1-8 Is so R*4*V4 
-0*2 

1-0.4 

-0.6 
. 0.8 

-1.2 
fh)-IA 

0.0 ....... I** ow 000 Wows go 

-0.2 

-OA 

-0.6 
-0.8 

-1.0 

-1.2 

.4... I...... 
0 10 20 30 40 50 eo 

W Dstance from symmetry axis [m) 

Figute 8. Surfatv setilcInents allur WO years of con%olidaýion. 

predicted by the multilaminute model uý, about 0.042 in) in Figure 9(c) arc attributuA to wry 
different plastic behaviour. It was confirmcd. by plotting the plastic points predicted by the 
MMC model at thecrid ofconstruction, that the deviatoric burdening part oftlic multilaminaw 
model seems to be activated (in it number of stress integration points) during the undraincd 
embankment construction. Consequently, this is very likely to be the main cause for dimrcncos 
between the two types of unisotropic models. 

The ratio or the predicted maximum horizontal displacement (u,, ) to the vertical settlement 
(u, ) at the end ofconstruction is, consequently, very different from one model to another: u. l,, 

'u,. 
is about 14 and 16% for S-CLAYI and S-CLAYIS. respectively, and much higher, i. e. 19 and 
22%. respectively. For the conventional MCC model and the MMC model. The ratios of 
immediately after construction predicted by the models used are within the range suggested by 
Leroucil et al. 1431, who attributed tiý/toy-ratio to depend on the geometry on the problem. 

Copyright ! il 2(ft John Wiky & Sons. Lid. ba. J. Nwner. Alkil. Melh. Gmpnech. (in prm) 

Numerical modelling of embanlanents on soft soils 362 



MODELLING THE BEHAVIOUR OF AN EMBANKMENT ON SOVI'CLAY 

0 

-12 

I 
is F.; " YA 

-24 
- S-CLAY I 
- S-CLAYiS 

-30 
sI 

SS2 

13 

MCC I $-CLAY, 
S-CLAYIS 
MMC 

(a) 0.000 0.025 0.050 (h) 0.000 0.025 0.050 (C) 0.000 0.025 ODSO 
Horizontal displacement (m] 

Figure 9. Horizontal displacements underneath the toe of the embankrivni 
immediately after construction. 

0 

4 

-12 

m le 1 

-24 MCC 
S-CLAY I 
S-CLAY IS 

-30 
SS 1 MCC 
SS2 SSI 
mmC SS2 

-36 ýA ta) . 0.1 0.0 0.1 (b) . 0.1 0.0 0.1 (c) . 0.1 0.0 0.1 
Horizontal cuplacement (m] 

Figure 10. Horizonlal displacervients underneath jlw toc ofthe embankinent aller 
IM years of consolidalion. 

Copyright C'. -100h John Wik-y & Som Ltd. 1, jr. J. %lwser. . 4njsL Akih. Gwiw, b. jin pms) 

Numerical modelling of embantanents on soft soils 363 



M. KARSTUNEN EFAL. 

'me results or the numerical simulations shown in Figure 9 indicate that it is the predicted 
plastic behaviour that controls the u, lu,, ratio. Based on the conventional interpretation. the 
embankment is predicted to be much closer to faflure with MMC (and SSI) at the end or 
construction than by the other models. 

Figure 10(a) suggest that the conventional MCC model, S-CLAYI and S-CLAYIS predict 
very similar values for the maximum horizontal displacement 11, Within tile soft Ckly underneath 
the toc or the cmbu nkmcm after 100 years ofconsolidation (about 0.06m). The SS2 model 
predicts k, or about 0.04 in. The largest horizontal displacements within tile soft day are pre. 
dicled by SSI and MMC to be about 0.08 in (Figure 10(a)). The predicted maxima within the 
soft %. Iuy are located at about 6m depth coinciding with the sharp change in the in sim Ko value 
und POP (Figure 5). 

At the soil --embank ment interface. all models predict some neptive horizontal displacements, 
i. e. movements towards the symmetry axis. and the magni(tid-i or these arc not negligible. This 

phenomenon is most notable in the predictions by the anisotropic models (S-CLAYI. 
S-CLAY IS and MMC). as shown in Figure 10(c). The predicted horizontal displacements tit tile 
Surface are of the order of 0.0". 12 m. As seen in Figure 10(b). the predictions by the con- 
ventional MCC model and SSI are almost identical within the two topmost layers and the 
differences become apparent only at givater depths. Unlike for the vertical deformations 
(Figures 6 and 8). the S-CLAYI and S-CLAYIS models give rather similur predictions for 
horizontal displacements after 100 years of consolidation, suggesting that dc-structurtifion has 

only a minor effect on the results. The predicted ratio of u, /u, within the soft clay luyer is 

predicted to be between 5 and 6% by tile anisotropic models compared to 8% by the isotropic 

models. 

4.3. Total displaceinent contours 
it is also uscrul to look at the overall displacement patterns predicted by the models. Due to 

restrictions with space, it is not possible to include these plots for all the models considered. In 

particular. it is interesting to compare the two very different formulations for predicting an- 
isotropy. In Figure II the total displacement contours arc shown for two of the anisotropic 
models: S-CLAYI and MMC at the end ofconsiruction and after 100 years of consolidation. 
The same scale is used for both models in'ordcr to highlight the differencVs. At [he end of 
construction, the displacements predicted by the MMC (Figure I I(a)) extend much further, 
both laterally and depth wise, than predicted by the S-CLAYI model (Figure I I(c)) and overall, 
the predicted displacements are higher (ban suggested by S-CLAYL This is likely to IV at. 
tributed to thcdcviatoric hardening part ofthe model, activated during undmined embankment 
construction. rather than a direct consequence of the multilaminate formulation. This is con. 
firmed when the results are compared at the end of consolidation (Figures I 1(h) and (d)). The 

results become increasingly similarduring the consolidation period. albeit still the effect of the 

embankment loading is seen to extend deeper in the deposit with MMC than S-CLAY 1. 

4.4. Ercess pore pressures 
The predicted excess pore water pressure distributions under the wntrclinc of* the embankment 
at the end of construction have been presented in Figure 12. All models predict a sharp dis- 

continuity at the depth of about 6 m, where there is a notable change in the ovcrconsolidation 
and the assumed in situ & value (Figure II (a)), This effect is, however. somewhat smeared out 
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(b) 

Figure 11. Total displacement conlourc (a) MMC imrnediately after construcLion; 
(b) MMC after 100 years of consolidation; (c) S-CLAYI immedialely after 

construction: and (d) S-C. LAYI after 100 years of wnsolidation. 

when the nodal results are mapped to the stress integration points. The maximum V31UC Of tile 
excess pore pressure is predicted to occur at 6 in depth by all models. There is another apparent 
discontinuity at a depth ofabout 27m. attributed to a sudden chun), v in the density orthc mesh. 
&vause the construction was modelled as a fully undrained process, non-zero excess Pore water 
pressures (10-150a) arc predicted at the bottom of the mesh. As soon as the coupled con- 
solidation starts, these will become zero due to the boundary conditions imposed. 

The SS2 and MCC models predict a maximum excess pore water pressure or about V Va. 
whilst the SSI predicts about 35 kPa (Figure II (b)). As seen in Figure II (c). tile predictions by 
the MCC, S-CLAYI and S-CLAYIS models are almost identical between 6 and 24m. Above 
and below, the S-CLAY models predict marginally higher excess pore pressures than the con- 
ventional MCC model. The multilaminute model predicts notably higher excess pore water 
pressures than the other models, with a maximum excess pore pressure of about 39 kPa. 

4.5. Strain contours 
In Figure 13, the volumctric strains contours have been plotted for the two anisotropic models, 
MMC and S-CLAY I. respectively. During construction, all volumetric strains occur in the soil 
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Fig ure 12. Excess pore pressures i mmediately after construction at the symnietry axis. 

layer that is above the water table. As seen in Figures 13(a) and (c) the predictions by the two 
models arc very similar. The same applies for the predicted volumetric strains at the end of 
consolidation (Figure 13(b) for MMC and Figure 13(d) for S-CLAYI). The patterns or vol. 
umetric strains predicted by the two models are them-fore practically identical. The effccls of the 
discontinuities in the POP values are rcflcctcd in the volumctric strain predictions by the two 
models as discontinuities at the interfaces. This suggests that it would be better to dcscribc 

ovcrconsolidation in terms of vertical overconsolidation ratio rather than POP. although the 
latter approach often matches well with the soil data. 

The deviatoric strain contours arc plotted in Figure 14 for MMC and S-CLAYI at theend of 
construction (Figures 14(a) and (c)) and at the end of consolidation (Figures 14(b) and (d)). 

During the undrained loading, the deviatoric strain predictions by the two models are not 
dissimilar, albeit MMC (Figure 14(a)) predicts non-acro dcviatoric strains up to the depth of 
12 m in contrast to S-CLAY I (Figure 14(c)). The same holds true at the end of consolidation, 
but overall the results are again quite similar. The differences between the devialoric strain 

patterns, however. arc more pronounced than those between the volumetric strain patterns. 

which demonstrate that globally the flow rules arc not identical. Overall. the two modelling 

approaches, i. e. the MMC and a model incorporating rotational hardening (S-CLAY I) repro. 
duce globally similar patterns of behaviour. 

4.6. Selected stress paths 

In comparing the predictions by different constitutive models it is often extremely informative to 
plot stress paths. For a real boundary value problem, such as the embankment considered. the 
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(b) 

Figure 13. Volunwtric strain contours: (a) MMC immediately afier Construction; 
(b) MMC after 100 years of consolidation; (c) S-CLAYI immediately after 

construction; and (d) S-CLAY I after 100 year,.; ofconsolidation. 

difficulty is that it is possible to present only projections of the stress paths in a two-dintensiona I 

space. In (his exercise one of the key interests is to comparc the &, predictions and the llow 

rules. Hence. it is convenient to look at the projections of (he predicted stress paths in the ji-q- 
plane. Two selected points in the subsoil arc considered: a point Wa depth of 8m W. ow ground 
level underneath the centreline of the embankment (Figures 15(aHc)) and a point ut the same 
depth under the toc of the embankment (Figures 15(d)-(I)). The stress puths reflect the evolution 

of effective stresses during the construction of the embankment and sub%., quent consolidation. 
Bemuse the problem analysed is a plane strain problem, and MCC. S-CLAY I and S-CLAY IS 

assume a Druckcr-Pragcr type of failure condition. in contrast to the Mohr Coulomb assumed 
by SSI and SSI. it is not possible to visualize the failure lines in Figure 15. This issue is further 

complicated by the fact that in the MMC model the failure surface is expressed at local level 

rather than at global level. Because all simulations assume the same initial stress state. all stress 
paths start at the same point. 

Underneath the ccntreline of the embankment, the directions of the principal %tresses stay 
fixed, and hence the stress paths are perhaps easier to understand. All models predict initially 

elastic behaviour, with a constant value ofil, until at some point during construction the soil is 

predicted to yield. This point is different from one model to another. because of the differences 
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(b) 

Figure 14. Dcviatoric strain contours: (a) MMC imittediately after conslruclioný 
(b) MMC after 100 years of consolidation; (c) S-CLAYI immWiately tiller con- 

struction, and (d) S-CLAY I after 100 years of consolidation. 

in the yield curve shape. Figure 15(a) shows clearly the difTcrcnees in the & predictions by (he 
different models. During consolidation the predictions by the SS2, S-CLAYI and S-CLAY IS 
models converge towards an incremental stress ratio that is consistent with Jaky*s & 
(Figure 15(a)). Tbc MMC predicts a slightly higher & sire&% ratio, whilst MCC and the SSI 
settle towards an incremental stress ratio [hat corresponds to the theoretical, albeit unrealistic, 
prediction by the MCC model. 

Although the predictions by the SS2 model are rather similar to the ones by the S-CLAY 
models in terms of Ko predictions, there are notable differenocs in the predicted stress paths 
during the undraincd loading. The SS2 model predicts yielding earlier than the S-CLAY modcLs 
(Figure 15(a)) and the shape of the stress path (Figure INN) suggests that (he soil element 
considered might be close to failure during the undrained loading (or that there arc Some 
numerical problems at this integration point at the start of consolidation). In contrast, 
the predictions by the isotropic MCC model and the SSI model indicate no such behaviour 
(Figure 15(b)). 

'Me MMC model predicts yielding much earlier than the other models (Figure 15(c)) and once 
consolidation starts the stress path is predicted to settle towards an incremental stress ratio that 
corresponds to the & condition predicted by the model. As discussed earlier, the & values 
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predicted by MMC are lower than predicted by, e. g. Jaky's simplified lormula. By changing the 
value of the input parameter or in the MMC model. the K,, prediction would change. The 
predictions by the S-CLAYI and S-CLAYI S models, in terms or the stress paths. at the point 
considered arc almost identical (Figure 15(c)!. 

At the same depth (of 8m). underneath the toe of the embankment the projections ol'the 
simss paths in the pl-q-plane arc rather complex due to the rotation of the principal strcss 
directions. In terms of the & predictions at the end ol'consolidation, [he results am similar to 
those underneath the cen(reline (Figure 15(a) vs (d)). When considering the predictions by the 
isotropic models only (Figure 15(c)), both MCC and SS2 models predict very shnilar 
behaviour until, during consolidation. the stmss; paths devialc due to the different & prodic- 
tions. When considering the predictions by the anisotropic models. again S-CLAYI and 
S-CLAYIS predict practically identical results (Figure 150)). The predictions by MMC arc 
radically different though. The MMC model predicts a reduction in both the values ofp'and q 
during the undruined construction, which basically implies unloading, followed by a gradually 
increasing gradient of the strcss path. As the elastic laws are identical for ull the models in 
Figure 15(l), this must be due to the plastic part of the model. Again. it is likely that this is 
caused by the deviatoric hardening part of the model and would require further investigation. 

5. CONCLUSIONS 

The paper studied the influence of constitutive models on the predicted strcss-struin behaviour 

of an embankment on a soft clay during undrained construction and subsequent consolidation. 
Tile soft clay was chosen to correspond to a simplified profile of POKO clay. The benchmark 

example, a 2m high embankment, was simulated using five different constitutive models it) 
represent the soft clay. Two of (hoe were isotropic clasto-plastic models (Modified Cam Clay 

and the PLAXIS Soft-Soil model). The other three models were recently proposed constitutive 

models that account for plastic anisotropy. cither viu a rotational hardening law within a 
standard clusto-plastic framework (S-CLAYl and S-CLAY IS) or via u formulution embedded 
in the so-called mulliluminuic framework (the MMC model). The S-CLAY IS model addition- 
ally accounts for bonding and destructuration. These (hrce advanced constitutive models have 
been implemented us u%cr-defined models in the PLAXIS 2D V8 finite ck-mcni code. 

Ile results of the numerical simulations showed that for this particular b0tindary value 
problem. accounting for anisotropy and/or destructuration generally increased the predicted 
finul vertical settlements (Figure 6). The highest values ofthc final vertical settlement (ubout 
1.25 and 1.35m) were predicted by the MM 

'C 
and S-CLAYIS models, respectively. and the 

lowest values (about 0.8 m) with the isotropic MCC model. 
All model simulations assurned an identical initial state in terms of in shu stresses and the 

vertical prLconsolidation strcss. The Soft-Soil model (the standard isotropic model in the com- 
mercial version of PLAXIS) guve a range of predictions depending oil the shape of tile yield 
curve assumed for the simulation. The shupe is controlled by the user via the input value for 
Kosc, the coefficient ofearih pressure at rest corresponding to normally consolidated condition. 
Therefore, the users can directly decide the predicted Kwvaluc during plastic loading. A lower 
bound, in terms o(vertical settlement, ofO. 94 in was predicted when the value for (he Kýc was 
chosen 10 give a realistic K(. prediction (SS2). In contrast, an tipper bound of 1.23m wus 
predicted when Kýc was chosen to approximate the &, prediction by the MCC model (SSI). 
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indeed. the predictions by thesc two versions of the Soft-Soil model (SS I and SS2) gave almost 
as big a range in the predicted vertical settlements as the range between the isotropic MCC 
model and the anisotropic: model predictions. The results were greatly influenced by the assumed 
K, prediction, and therefore, the shape of the yield surface. The simulations suggest that this 
may be as important as the dT,. vt of anisotropy. It is generally acknowledged that the con- 
ventional MCC model gives unrealistic predictions of Ko, and hence the predictions made by the 
SS2 model can be considered more realistic than those made by the SS I model. Wi(h it realistic 
k, prediction. incorporation of anisotropy (and to u lesser extend destructuration) results in u 
notable increase in the predicted vertical strains. This seems logical, given the soils ho firm are 
likely to have bow more highly compressed in the vertical direction than in the horizontal 
direction during their past history. Assuming isotropy. therefore, results in underprcdiction of 
the vertical deformations. This further suggests that traditional settlement calculations. which 
assume one-dimensional consolidation, may be non-conserva Live. 

The influence of the constitutive models on the predictions of the horizontal displacements 

under the toe of (he embankment was also notable. During construction, the anisolropic models 
embedded in standard clasto-plastic framework (S-CLAYI and S-CLAYIS) predicted much 
lower ratio of u., Iu, (maximum horizontal displacement in the soft %oil underneath the toe over 
the corresponding vertical displacement underneath the ocritreline of the embankment, respec- 
(ivcly) than the isotropic modcL% and the MMC model. The difference between the S-CLAY 

models and MMC was most likely due to the deviatoric hardening part of the multilaminale 
model which influenced the predicted strcss-. strain response during the undrained construction 
of the embankment, whilst having only a minor effect during consolidation. After 100 years of 
consolidation. the k, /u,. ratio predicted by the anisotropic models is between 5 and 6% com- 
pared to about 8% predicted by the isotropic MCC model. Hence. when considering the long. 

term behaviour, accounting for anisotropy seems to reduce the predicted maximum horizontal 
displacements in the soft soil layer. Assuming isotropy, as is commonly done. results in over. 
prediction of horizontal displacements. The horizontal displacements predicted by S-CLAY I 

and S-CLAY IS were almost identical. suggesting that the effect of bonding and destructuration 
is less marked than the effect of anisotropy. Similar conclusions were made in References f8.1 11 
for similar boundary value problems. The comparisons between measured and prWicted bc- 
haviour in Reference 111) suggested that the predictions made by the anisotropic models were 
more realistic than those predicted by the isotropic models. 

The overall global response, in terms of displacement contours, volumetric strains and shear 
strains. predicted by the anisotropic models S-CLAY) and MMC. was very similar. Consc- 

qucntly. the two very different model formulations, an claslo-plastic formulation with a ro- 
tational hardening law and a multilaminatc formulation. predicted the global effects of 

anisotropy in a very similar manncr. In particular, the results at the end of consolidation were 

practically identical. The minor discrepancies were, therefore, likely to be caused by the 
deviatoric hardening part of the MMC model, which activated during the undrained loading, 

rather than the multilaminate formulation itself. 
The selected stress paths further cmphusiacd the significant influence or the Ko prediction. 

which is inherent to most constitutive models. in the case of the Soil Soil model. this can 
however, directly be controlled by the user (SSI or SS2). The S-CLAY 1. S-CLAY IS and SS2 

models predicted very similar values of the normally consolidated Ko. whilst MCC and SSI 

predicted unrealistically high Ko values. The lowest values of normally consolidated Ko were 
predicted by the multilaminate model. Although the selected stress paths (Figure 6) indicated 
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only small differences between the S-CLAY1 and S-CLAY IS model predictions. there was a 
notable difference in the predicted final consolidation settlement. 

Overall. the following conclusions can be made: 
" The three anisotropic models, the rotational hnrdcning models (S-CLAYI. S-CLAYIS) 

and the MMC model. gave qualitatively very similar predictions (if the long-term settle- 
ment behaviour. 

" During construction. however, the MMC model predicted much higher horizontal dis- 
placements than the S-CLAY models. When considering the results overall, this was most 
likely due to the activation of the deviatoric hardening part of the model during the 
undrained construction rather than due to the fundamental differences between the I'or- 
mulations (standard clasto-phisfic vs multilaminatc). 

" 'llic KO p"ction by the MMC model was slightly lower than predicted by Jaky's formula, 
but the user can influence this by changing the input value for the parameter a. The S- 
CLAY 1, S-CLAY IS and SS2 models result in Ko predictions that were similar to that of 
Jaky*s. provided the user follows the recommendations on how the values for the relevant 
input parameters (a and P for the S-CLAY models (see Reference (41) and A; ý" for the 
Soft-Soil model, respectively (see Reference [311)) should be calculated. 

" For this particular boundary value problem. the effect of anisotropy was more dominant 
than the effect of bonding and destruct urution. A similar conclusion was derived in, 
e. g. Reference fI I]. 

" At stress point level the predictions by the MMC model differcol qualitatively from those 
predicted by the other anisotropic models. in particular underneath the toe of (he em- 
bankment. At this location. MMC predlicted unloading in the soil element during the 
undrained construction process, which seems very unlikely in reality. This will require 
further investigation. 

Future research will concentrate on testing the validity ofanisolropic models against data from 
real field problems, such as test embankments, in order to see if the results arc us promising as 
shown in Reference [111 for the Marro test embankment. A I-atrallel aim is to consider 
other types of gootcchnical boundary value problems. including problems that involve 
ground improvcment techniques. The application of the proposed constitutive models in an 
industrial environment would also require development of more effective and robust algorithms 
than used in this work, so that the quality of the results is not adversely affected by the 
experience of the user. Finally, there is a need for advanced training on the appropriate ap- 
plication of constitutive models for soft soils. given that it whole range of results can be pn-- 
dicted by a single constitutive model (Soft-Soil model) depending on the values of the input 

parameters chosen by the user. 
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